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Abstract

Hepatitis C virus (HCV) is a hepatotropic pagen present in approximately 2&®f the
population with 24 million newinfections everyear. Up to 8% of infectionsprogress

to a chramic disease associated with developmerstehtosis, cirrhosis areepatocellular
carcinoma. Wfal protein, Nomstructural 5A (NS5A) has eluded a defined roletime

HCV life cycle despite being essential viral propagatiorandhost cell modulation.

NS5A is a pheploproteinappearing as twmolecular weighproteoforms bysDS

PAGE rekrred to as the basally phosphorylated and pymesphorylated forms.

Different NS5A phospheproteoformamay direct its funtton actingas amolecular

switch betweemeplication and assemblyfwo aspects of NS5A biology were addressed:
1) NS5A host cell protelprotein interactions and 2) defining phosphorylation sites on
NS5A. To identify NS5Ahost proteipproteininteractions, a novel tandem affinity
purification (TAP) technique was implemented. A HBH (histidmetin-histidine) tag

was affixed to NS5Aa (JFH1) and cells were generated stably expressing this construct.
Tagged proteins were purified using natstate (nTAP) and crodsked, denaturing

(xdTAP) using immobilized metal chelate and streptavidin resins. Purified samples were
subjected to tandemmass spectrometry and database searching to generate an NS5A
interacting proteirist. Coimmunoprecipitatn and colocalization confirmed host cell

Cell Cycle and AoptosisRegulator protein 2CCAR2) as an NS5A interacting protein.
Phosphorylation analysis used NS5A isolated as a tagged protein, part of a subgenomic
(SG) replicon, or a tagged protein witlarsG replicon. Subsequent tandem mass

spectrometry allowed for identification of 28 phosphorylation sites, 20 of which were



novel. Phosphoablatant and phosphomimetic mutation of the phosphoacceptor sites were
used to evaluate the impact of phosphorylatirege residues to the JFH1 virus. While
majority of these mutations had no impact, T204D, T2D0A225D, S229A/D,

S232A/D, S235A/D, S238A/D, T334A/D, and T363A/D mutants were reduced in their
replicative capacity. NS5A phospipooteoform ratios were evated with S151D,

S225A and S232A mutants primarily basally phosphorylated while T213D, T210A/D

were mainly hyperphosphorylated. Mutants T218R229A,S229D,and S235Aailed to
producevirus. A novel observation was made that NS5A is principally

hyperphophorylated at early timpoints post RNA electroporation but past 72 hours the

basally phosphorylated form predominates.
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AB Buffer - Ammonium Bicarbonate buffer
ACN T Acetonitrile

ADAP - Adhesion and degranulation promoting adaptor protein
Akt i Protein kinase B

AKT1- RAC-alpha serine/threoningrotein kinase
Apo - Apolipoprotein

ATXNL1 - Ataxin-1

BCA'i Bicinchoninic acid

BH - Bcl-2 homology domain

Binl (Amphysin 1) Myc box-dependentnteracting protein 1
BSAT Bovine serum albumin

CBP- Calmodulin binding peptide

CCAR2- Cell Cycle and Apoptosis Regulator 2
CD81- Cluster of differentiation 81

CDK1i Cyclin-dependent kinase 1

CDK12- Cyclin-dependent kinase 12

CID1 Collision-induced @ssociation

CKlalphai Casein Kinase | alpha

CKldelta Casein Kinase | delta

CKII'7 Casein Kinase Il

CLDN1 - Claudinl1

Co-IP- Co-immunoprecipitation

DAA - Directacting antiviral

DAPI - 4',6-diamidino-2-phenylindole
DMEM-Dul beccodés modunii ed Eagl eds medi
DMSO - dimethyl sulfoxide

DSG- Disuccinimidyl glutarate

DSS- Disuccinimidyl suberate

dTAPT Denatured tandem affinity purification
DTT - 1,4-Dithiothreitol

EDTA - Ethylenediaminetetraacetic acid
EGFEpidermal growth factor

EGFR- Epidermal growtHactor receptor

elF2- Eukaryotic intiation factor 2

elF3- Eukaryoticinitiationfactor 3

elF4Fi Eukaryotic initiation factor 4 F

EMCYV - Encephalomyocarditis virus

EphA2- Ephrin typeA receptor 2

ER’1 Endoplasmic reticulum

ESG- Ethylene glycol bis(swmnimidyl succinate)
ESI- Electrospray ionization

FADD - Fasassociated protein with death domain
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FBS- Fetal bovine serum

FKBP8/38 FK506 binding protein 8/38

FPLCi Fast protein liquid chromatography

GFP1 Green fluorescent protein

HA tagi Humaninfluenza hemagglutinin amino acids-286 tag
HBH tag - Biotinylation recognition signal flanked by two hexahistidine sequences
HCC - Hepatocellular carcinoma

HCD High-energy collisional dissociation

HCV - Hepatitis C virus

hp70S6KiI Human phosph@70S6 kinase

hpei Hours post electroporation

hpi T Hours post infection

hpti Hours post transfection

HRPT Horseradish peroxidase

Hspi Heat shock protein

HSPG- Heparin sulfate proteoglycans

hVAP-A i H-vesicleassociated membrane prot@issociated proteiA
IAA T lodoacetamide

IF T Immunofluorescence

IFN T Interferon

ILF3 71 Interleukin enhancebinding factor 3

IPO571 Importin 5

IREST Internal ribosome entry site

IRF3 - Interferon regulatory transcription factor 3

ISDR - Interferon Sensitivity DetermingiRegion

JFHZ Japanese fulminant hepatitis virus 1

JNKT c-JuN Nterminal kinases

KLD - KinaseLigation Dpnl

LATS2 - Serine/threoningrotein kinase LATS2

LCST Low-complexity sequence

LDLR - Low-density lipoprotein receptor

m/zi Mass to charge ratio

M2H - Mammalian twehybrid system

MALDI - Matrix assisted laser desorption ionization

MEKT1 - Dual specificity mitogeractivated protein kinase kinase 1
MKK®6 - Dual specificity mitogeractivated protein kinase kinase 6
MTORT Mechanistic target of rapamycin

NF-KB 1 Nuclear factor kapplght-chain enhancer of activated B cells
NKRF - NF-KappaB-repressing factor

NLS - Nuclear localization signal

NMR i Nuclear magnetic resonance

NP-40- Igepal CA630

NPC1L1- NiemannPick CkLike 1

NS - Nonstructural

NTAPT Native state tandem affinity purification

NUP - Nuclear pore complex protein
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OCLNT Occludin

OGDH - Oxoglutarate dehydrogenase

OREF- Open reading frame

PAGET Polyacrylamide gel electrophoresis

PARP- Poly ADP ribosome polymerase

PBSi1 Phosphatéuffered sline

PBST- Phosphatduffered saline, 0.1% Tween

PCR- Polymerase Chain Reaction

PFAT Paraformaldehyde

Phosphoablataritmutation of a phosphorylated serine/threonine residue to alanine that
does not function as a phosphoacceptor site

Phosphomimeti¢ mutation of a phosphorylated serine/threonine residue to an aspartic
acid that functions of mimic the negative charge associated with the addition of a
phosphate

PI3K - Phosphoinositide-RBinase

PKA- U- cAMP-dependent protein kinase catalytic subunit alph
PKRT Protein kinase R

PIk1i Serine/threoningrotein kinase PLK1

PPI1i Proteirprotein interaction

protA- Immunoglobulirinteracting domain of Protein A

PVDF LFi1 Polyvinylidene fluoride low fluorescence membrane
RBM17 - RNA-binding motif protein 17

REAP - Rapid, Efficient, And Practical cell fractionation method
RIG-I - Retinoic acidinducible gene |

RIPA - Radioimmunoprecipitation assay buffer

SCA - Six spinocerebellar ataxia types

SCX1 Strong cation exchange

SDSi Sodium dodecyl sulfate

SG- Sulgenomic

SH3- Src homology 3 domain

SOD1- Superoxide dismutase

SR-B1 - Scavenger receptor class B type |

SVR1 Sustained virological response

TAP - Tandem Affinity Purification

TBE - Tris-borate/EDTA

TBST1 Tris-buffered saline, 0.1% Tween

TEMED 1 Tetramé¢hylethylenediamine

TFA - Trifluoroacetic acid

TfR1 - Transferrin receptor 1

TIPE2i1 Tumournecrosis factor alphimduced protein dike 2
TNFR1- Tumour necrosis factor receptor type 1

T N F-Tumour necrosis factor alpha

TOM 1 Translocase of the outer mbrane

TRADD - Tumour necrosis factor receptor typ@adsociated DEATH domain protein
TRAF2 - TNF receptorassociated factor 2

UBP - Urea Buffer with Phosphate
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UEB - Urea exchange buffer

UTR- Untranslated region

VSV-G i Vesicular stomatitis virus glycoprote

wt - Wild type

xdTAP - Crosslinked denaturing tandem affinity purification
Y2H - yeast two hybrid

ZAP70 - Tyrosineprotein kinase ZAF0
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Chapter 1: Introduction

1.1 Hepatitis C Virus
1.1.1Burden

1.1.1.1 HCV Global Impact

Hepatitis C virus (HCV) is a hepatotropic pathogeesent in approximately 28of the
wor | dos ,mewlyinfecang34onilion individualsevery yea(1). In
approximately80% of those afflictedacuteinfection progresses to chronic disease which
can resulin thedevelopment of hepatic steatodibrosis,cirrhosis and hepatocellular
carcinomgHCC) (2). Globally, approximately 27% of liver cirrhosis, 25% of HCC and
366,000 deaths annually are attributed to HCV infedt®)nEndstage liver arhosis due

to HCV infection is novithe leading indicator for liver transplantation in developed
countrieg4). Data from the USA has determined that HCV related mortality rates
increased more than 50% from 192007,and that 50% of HCC cases were due to viral
infections. These continually rising HCC incidence rates have led HCC related fatalities
to become the fastest growingncesrelateddeathq5,6). HCV andis now responsible

for morefatalitiesin the USA thanhuman immunodeficiency virusi(V) (7).

HCV morbidity and mortality forecast modeling based on 2005 incident rates predicted a
dire future. If infections were left undiagnosed and untreated, by 2060wt0M be
responsible for cirrhosis 1.76 million people, resulting in 400,000 cases of HCC and

one million death48). The incidence of HC\s concentrateth the baby boomer



population, born between 194964. The spread was primardye to the lack of

adequate blood screening methodologies prior to 1992. The CDC has recommended
screening the entire US baby boomer population due to the often asymptomatic nature of
the infection(9). Incontrasta Canadiasbasd task force recommended identifying

those at increased risk of HCV in order to implensaméening10). This decision has

been met with disappointment from many prominent Canadian scientists citing the fact
that riskbased approaches haeded previously, that harms to the patient were
overemphasized and that the potential for patient isolateye alleviatedy the

development of new direetcting antivirals (DAA) and their price reductiofi®).

HCV is a bloodborne patheg and transmission is primarily through injection drug use

although unsafe healthcare practices, vertressmissionand sexual contact also

contribute(11). Currently, @ HCV vaccine exists andntil recently therapy was limited

to a combination of pegylatddinterferon (IFN) and ribavirin with varying efficag2).

Despite the dire statistics surrounding HCV, dramatic success with recently approved

DAAs have acheved asustainedirological response (SVRabsence of HCV genome

detection 12 or 24 weeks post treatment) in the majority of patients enrolled in clinical

trials thus fAcuringo individuals of the infe
drug and anhinistrationcostscoupled with the potential falrug resistance indicate that

continued HCV studies and the development of novel treatment modalities will remain in

high demand.



1.1.1.2 HCV Pathogenesis

Humans, chimpanzees and possibly tree shrews are the only organisms susceptible to
HCYV infection with hepatocytes serving as the primary cellular tgiat Other cell

types support viral replication, albeit @xtraordinaity low levels.HCV replication has
beenobservedn nonhepatocytes of infected patients ad culture models including:
cholangiocarcinoma cells (bile duct epithelial ce(ls}), endothelial cells of the bloed
brain barrier(15), cerebral spinal fluigl6), epithelial intestinal cellgl7), B cells(18i

20)and T cell{21i 24).

HCYV infection has been able to spread relatively easily as the acute phase of infection is
oftenasymptomatic leaving afflicted individuals undiagnosed. If symptoms are present,
they are often nebulous and may inclmgaise nausea, fatigyeanorexia, and jaundice
(25). There arevery rareoccurrences where acute HCV infection can result in fulminant
hepatitis, a prodigious liver necrosis leading to impairment of liver ifume&and
encephalitis but these cases are excepti@@l In 1520% of acute cases, there is
spontaneouslearance of the virus withione week to three years after the original
infection and this clearanigbelieved to be the result of a vigorous T cell assault
(27,28) For those individuals that are unable to clear HCV during the acute phase, the
infection becomes persistent and progresses to a chronic diseasgbivh &9 those

afflicted (2). Liver disease progression is gradual and protracted in chronic HCV

infection and can take 20 years for damageeiwome appareli29).



Failure of the host immune response to eliminate persistent HCV infection results in
chronic liver inflammation that activates regenerative mechanesaasng to fibrosis and
eventually liver cirrhosi¢30). The estimated incidence of cirrhosis in HCV patients was
found to be 20920 years following infection and 41% at 30 years post infe¢8an

HCC is a major risk factor for individuals with H@Wduced cirrhotic livers with an

annual rate increase per year of up to 889 HCV is considered to be carcinogenic both
by directexpressiorof the viral proteins and indirectly throughronic inflammation,
oxidative stress and increasing hepatocyte proliferg8@h There is a discrepancy in the
risk of developing HCC based on infecting HCV genotype with genotype 1b infections
representing higher risk facto(33). Steatosis, (accumulation of fatty acids/lipids in the
liver) is a frequent complication observed in HCV infections, with a higher prevalence
observed irgenotype3 infections(34). A single point mutation in the HC&ore protein,
Y164F,in vitro resulted in a significant increase in cellular lipid droplet accumulation

when compared to wiltlype (wt) virus(35).

Il n spite of HCVOGs propensity for hepatocyte
have been associated with HCV infection and include insulin resistance, type 2 diabetes

(361 38), nonHodgkin lymphom&g39,40) mixed cryoglobulinemig41), renal disease

(42)and cognitive dysfunctio®3). However, it has ndieen elucidatedhether the

extrahepatic manifestations of HCV infection are tesult of direct virus infection of the

tissue or is occurring indirectly via the host immune response and impaired liver

functions.



1.1.1.3 HCV Treatment

One of the largest hurdles in treating HCV infection is the identification and diagnosis of
infected individuals. lis estimatedhat 44% of infectethdividualsunknowngly harbour

the virus and arehronic carries (44). Currently, there is no protective or neutralizing
vaccine or prophylactic measure capable of preventing HCV infection, and thus treatment
is applied posexposure. Historically, HCV therapyas limited to a combination of
pegylated-interferon (IFNU) andthe nonspecific ribonucleosidanalog ribavirin, with
varyingefficacy:40%response fogenotypel and80% for genotype 2 or 3 infections

(12). Treatment was typically accompanied by severe side effecisamnturther

complicatedby the presence of liver damage

The HCV epidemic and the p&ctant rise in HCV morbidity and mortality rates spurred
efforts to develop antiviral medications. 2011 heralded a new age of HCV treatment
when two HCV DAAs Boceprevir and Telaprewrere approvedor clinical use in
combination withFNUand ribavirin(45,46) Unfortunately, DAAresistant strains
quickly emerged due to thrapid andarge production of viruglaily coupled with the

high mutation rate associated with the viral polyme(dgg As therapeutic targets, three
HCV nonrstructural (NS)proteins; NS3protease)NS5A, and NS5HBpolymerasehave
been successfullypursubdy t ar get t i ng t [(48) bmding thempeoteims act i v e
directly (49) or halting genome replicatiq®0), respectively These compounds include:
Asunaprevir, Boceprevir, Telaprevir, Paritaprevir, Grazoprevir, Simeprevir, Vaniprevir,
and Voxilaprevir (NS3)51), Daclatasvir, Ledipasvir, Ombitasvir, Elbasvir, and

Velpatasvir (NS5A)49) and Sofosbuvir and Dasabuvir (NS5BD) (Table 1.1)



SuccessfuantrtHCV compounds need to achieve an SVR, exclude the need for IFN
treatmentandcanbefunctional even in a damaged liy&2). However, HC\can
develop resstance to DAAS due to the errprone nature of the NS5B polymerase in
combination withselectionof resistant quasispecies varia88,54) The genetic barrier
to resistance of the first generation of NS3 and NS5A DAAs anehogleoside
inhibitors of NS5B proved to be quikaw in in vitro based systems with several
resistance mutations obser@&®). Due to thehighlikelihood of developing genetic
resistance, the most successful treatment regimens usg@ation of DAAs targeting
more than one viral protein. Epclusa which incorporates an NS5A inhibitor, and a
nucleoside analog reported a SVR in 99% of liver-oomplicated patient&6).
Remarkably the treatment was broadly effective in a genotype independent (ad&hner
Thiswasa significant achievement as many of the previous and cureaitnents were
more successful witbpecificgenotypegTable 1.1) One of the greatest hurdles to DAA
treatment is affordability. SimepreviBofosbuvir and Ledipasvir/Sofosbuvir treatments
range in price from $80,000 to $94,500 for anléek cours€57,58) As new drugs

come to market, price competition will help in alleviating some of the associated costs.



Table 1.1. FDA approved treatments for HCV infection. Information adapted and
compiled from review article: Li and De Clercq, 2Q5B).

Average SVR12 from

Treatment FDA Approval Date and
Genotypes Approved

clinical trials without

cirrhosis(56)

Victrelis® May 2011 Discontinued

| FNU/ RBV + | Genotype: 1

Incivek® May 2011 Discontinued

IF NU/ R Balaprevir | Genotype: 1

Sovald® December 2013 G1: 87.6%

RBV + Sofosbuvir Genotypes: 1, 2, 3, 4 G2: 95.6%

or G3:91.3%

| FNU/ RBV + | G4: 92.3%
G5: 100%
G6: 100%

Olysio®
Simeprevir+ Sofosbuvir

November 2013
Genotypes: 1, 4

G1: 93.8% or 65.9%
G4: 97.9% 0166.6%

or Genotype: 1

| FNU/ RBV + !

Harvoni® October 2014 G1:96.1%

Ledipasvir+ Sofosbuvir | Genotypes: 1, 4, 5, 6 G4:91.6%
G5: 96.8%
G6: 95.6%

Vi ekira Pak | December2014 G1: 96.9%

Ombitasvir+ Paritaprevir | Genotype: 1

+ Ritonavir + Dasabuvir

Technivi eE |July2015 G1: 95%

Ombitasvir+ Paritaprevir | Genotype: 4 G4:90.9% or 100%

+ Ritonavir

or

+RBV

Dak | i aSoxdid® |July2015 G1: 99%

Daclatasvir +Sofosbuvir | Genotypes: 1, 3 G3: 96.3%

ZepatierE January 2016 G1:95.5%

Grazoprevir+ Elbasvir Genotypes: 1, 4 G4:94.1%

Epclusa® June 2016 G1: 98.7%

Sofosbuvir+ Velpatasvir | Genotypes: 1,2,3,4,5,6 G2: 99.5%
G3: 96.8%
G4: 98.9%
G5: 96.5%
G6: 100%

G7: 100% ** one patient




1.1.2 HCV Virology

1.1.2.1 HCV Diversity

HCV waspostulated to banovelvirus in 1975responsible for inducing transfusion
induced hepatitis in patients negative for hepafitend B antigeng59). In 1989 the

virus was isolatedsequencedand wadormally identified as the agent responsible for
nonA, nonB hepatitis(60). HCV was classifiednto theHepacivirusgenus of the
Flaviviridae virus family (61). Seven genotypes and 67 subtypes hmen recognized
with genotypedliffering by 31-33% and subtypes differing by -PD% at the nucleotide
level (61,62) Worldwide, the genotypidistribution of HCV vaies Genotype 1s the
most prevalent and along with genotgReand 3, are found globallyGenotypes 4, 5, 6
and?7 are foundess broadly wittdiscreetareas in Africa, the Middle Eastnd Southeast
Asia(63). HCV circulates in afflicted individuals as a heterogeneous population of
closely related quasispecjdbe resulbf errorprone generation of nascent genomes
combined wih selectiorof these sequencésr both viral function and immune evasion
(53). The HCV polymerase, NS5B, contributes to this diversity, as it ladafreading
ability and is particularly erreprone with the propensity to produce uracil to cytosine
substitutions Theerror rateis estimated to be 3.5 x Per replication cya (54).

Infection of new individuals creates an HCV quasispecies genetic bottleneck whereas
only virions that have successfully avoided antibotdiated neutralization and display

an efficient entry phenotype are selected for n&ection(64).

The origin of HCV remains unknown, as a zoonotic source has hegarconclusively

determined Recently, two hepacivirusagere identifiedas HCV homolog both dogs



and horses with up 50% nucleotide consensus, but no evidence of zoonotic transmission,

even among highly susceptible veterinarians, has been docun(@bies)

1.1.2.2 HCV Virion

HCYV existsas a lipoviroparticle. Theirion is composed of viral RNA encapsulated by

the Core protein and cloaked with a hostlerived lipid envadpe spiked with the two

HCYV glycoproteins, E1 and E2, which exist as a heterodimer. HCV virions appear as
pleomorphic particles with an asymmetrical internal structure and a smooth surface when
viewed by electron microsco@7). The lipoviroparticle is the result t§ht association

of the core virion with sera derived lipoproteins whose function is to transport lipids in
serum(68). Two models havbeen proposefbr the structure of thiparticle first,

inclusion suggests a particle where lipals and accompanying proteiase incorporated

into the virion(69) and seconda model where the amsation is peripheral and is

facilitated by apolipoprotein&0). An inverse correlation between buoyancy and HCV
infectivity exists. Lowdensity virus isolated from human plasma, chimpanzee or
hepatomaell culture have a higher infectivity, and therefore the most highly infectious
HCV particles are associated with very low density anddewsity lipoproteing71i 73).
However, the associated apolipoproteins differ between virions isolated from patients or
cell culture. Serunderived virus contains apoAl, apoB48, apoB100, apoChpoH
whereas cell culture derived HGRcludeapoE apopClyariabke apoB(74), with apoE

being essential for infectivit{Z5). A schematic representation of the HCV virion and

two lipoprotein association modetspresentedn Fig.1.1.
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Figure 1. 1. Schematic representationthe HCV virion.(A) The positive strand RNA
genomgred)is containedvithin the viral capsid by the Core protépurple) A lipid
envelopgblue)is derivedfrom host membranes, whichstudded with the E1 (green)
and E2 (pinkglycoproteins(B) HCV lipoviroparticleassociatioomodels. There
currently are two hypothesizas tohow the HCV virionassociatewith host

lipoproteins. The inclusion mod@éft) proposes that lipoproteinsdorporatedirectly

into the virion(69). The association modélight) suggests that lipoproteins are
peripherally attached to the virion. Image modified from Lindenbach et al., 2013 and
Vieyres, 201474,76)

1.1.2.3 HCV Genome

The HCV genome consists o0& kb singlestranded positive sense RNA encodingeor
single open reading frame (®Rof ~3000 amino acids flanked Byand 3 untranslated
regions(UTRs)(Fig.1.2 (77). The positive sense RNA genome provides a replication
template for negative polarity RNA strands intermediates required for genome
amplification. The 5and 3 termini of the RNA genome are highly ordered containing
complex secondary sictures that are involved in regulating the HCV life cycle. The 5

UTR contains an internal ribosome entry site (IRES), a structural motif that initiates cap

1C



independent translation. Whereasonicakukaryotic translation recruits ribosomes and
proteinsrequired for host protein translation via thaérminal cap on mRNA(78,79)
the HCV IRES itself directly recruits the 40S subunit of the ribosome followedHS

and the elFZGTP-tRNA complexs(80).

The 3 UTR possesses a polypyrimidine/polyuridined that terminates in three stem
loops described as théX3box regions, with genome replication believedbéoinitiated

at this sitg81). The 3UTR has also been shown to stimulate IRB&diated translation

of the viral polyproteir(82). A stretch of RNA within the NS5B coding region

(5BSL3.2) binds to aregion withinth& BT R t o f orm a #fAki ssing
for RNA replication(83,84) The 3UTR-5BSL3.2 interactiomay circularize the

genome and enhance replication by allowing the replicationplExes to remain
continuously in contact with the genomic templk@4). A functional link between the

two distant viral termini has been suggested wieedements irthe 5 UTR IRES bind
the5BSL3.2cruciform structuren NS5Bto mediate circulization of the HCV genome

and modulate HCV protein translati¢(8b) (Fig. 1.2).

The HCV polyprotein is cleaved €and postransldionally by both host and viral
proteases to liberate ten mature HCV proteins. Three structural proteins include Core,
E1l, and E2. The Core protein is an Riiading protein that envelopes the HCV
genome creating the viral capsid that is gostsnatioally cleaved at the @&rminus

into a 21 kDa mature prote(86). A ribosomal frameshift in the Core protein reading

frame results in the production of a 17 kDa F pro8if). E1 and E2 are 30 kDa a6d

11
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kDa highly glycosylated proteirenchoredwvithin the HCV envelope as a disulfide

linked covalent heterodimer that engages host cellular receptors facilitating viral entry
(88). p7 is asmallhydrophobic protein thdtexamerize$o form aviroporinion channel.
While dispensabléor RNA replication, p7 is critical for HCV assembly and release
(89,90) NS2is a 23 kDa cysteine protease that cleaves the junction between NS2 and
NS3. It has intrinsic protease activity only requiring residu2drbmNS3, but its

activity is significantly enhanceith the presence of residues-813 of NS3(91). The 70

kDa NS3 protein contains both a serine protease domain attérenkhus and an
NTPase/helicase domain at theéefminus.Along with its cofactor, NS4ANS3is
responsible for the liberation of the HG@Mnstucturalproteins(92,93) The cofactor,
NS4A, is8 kDa andin addition to enhancing the protease activity of NS3, also contains
a transmembrane alpha helix that tethers the NS3/4A complex to mem(@4)ndsS4B

is a 27 kDa integral membrane protein with an undefined function in thdifaraycle

but has been reported to have NTPase aci{9) NS4B also triggers host membrane
alterations |l eading to the formation of
thatpresumably provides a platform for HCV replicat(@®). NS5A is a

phosphoproteinf undefined function that exists, by SIPAGE analysis, in both a basal
(56 kDa) and a hyperphosphorylated (58 kDa) fand is essential for viral replication

and assembl{97i 99). The RNAdependerRNA polymerase, NS5B, is a 68 kDa

protein containingharacteristidingers, palm and thumb subdomains and a typical GDD

polymerase active site that is responsible for HC\bganreplicatior(100) (Fig.1.2).

12
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Figure 1.2. HCV genome. HCV has a 9ib singlestranded positivaense RNA
genome. Translation of the viral polyprot&rdrivenby the IRES located in thé BTR.
The polyprotein is cleaved €and postrranslationally by host proteases (purple arrows)
theviral NS2 autoproteasépink arrow) and th&iral NS3/4A protease (teal arrows) to
release ten mature viral proteins. Cores, E1 Ehare structural proteins that
compromise the capsid and envelope glycoproteins, respedineple) The
nonstructural proteins, p7, NS2, BINS4A, NS4B, NS5A, and NS5Bre requirect
different steps of viral replication and assem(liypie). Adapted from Bartenschlager et
al., 2013(101)

1.1.3 HCV Life Cycle

HCV entry into host cells is mediated &yseries of interactions between the virion and
cellular receptordnitial attachment of HCV to a cell surface is mediated by a low
affinity interaction with heparin sulfate proteoglycans (HSPG) via ipe$itcharged
residues within E2 and the negative residues within glycosaminoglycans and through
virion-incorporated apoE interacting with the Lal@nsity lipoprotein receptor (LDLR)
(102105) The cellular receptor, Scavenger receptor class B type-B{3ksinvolved

in the attachment process by interacting with the F&S¥ociated lipoproteins and by
utilizing its lipid transfer activities to both expose and bind the E2 glycopr(itei

108) With E2 now unsheathed, the glycoprotein can bind the receptor cluster of

differentiation 81 (CD81§109,110)

13



Several other HCV entry factors have been identified and inahogdéidin(OCLN)
(111,112) transferrin receptor 1 (TfR1)113) NiemannPick CtLike 1 (NPC1L1)

(114) epidermagrowth factor receptor (EGFR) and ephrin typeeceptor 2 (EphA2)

(115) Binding of E2 to CD81 and antagonism of Ras and $ifwalingthrough EGFR
promotes the lateral movement of attached virions to cellular tight junctions where CD81
contacts the tight junction protein, ClaudifCLDNL1) (115 117). This interaction
promotes the internalization of HCV through receptmdiated endocytosis intdathrin
coated, Rab5 containing early endosoifids,118) The HCV envelope fuses with the
endosomal membrane upon acidifioatof the endosome that is potentially mediated by
a change in conformation in putative class Il fusion peptide within E1, and releases the
HCV genome into the cytoplas(h19,120)Fig.1.3). HCV may also spread to naive
cells though direct celto-cell transmission relying on the same entry factGis3g1,

CLDN1, OCLN, SRBI, and LDLr) to facilitateentry(121,122)(Fig.1.3).

With the positivepolarity RNA genome released from the virion, translation and
proteolytic processing results in the generation of 10 proteinsh becomenembrane
associated eithdry transmembrane integration oraligh proteidipid bilayer

association. The HCV proteins, principally NS4B, induce vesicular alterations in the
membranes of the endoplasmic reticulum (ER), termed the membranous web, where the
HCV NS proteins and RNA accumulate to produce the HCV ramitaomplex

(96,123) The NS5B polymeragwoduces negative strand genome to serve as replication

templates for positiveense RNA genome that are packaged into nascent virions,

14



translated, or utilized for replication. The control over which tempaisedor each

function or how the switchrém replication/translation to packaging occurs is ill defined.

The viral assembly process is completed as the newly produgaasvoud through the
ER. The @re protein, located on the surface of cellular lipid droplets, in complex with
NS5A, is recruited to nascent viral particles egressing from the ER. NS2 works as a
mediator to bring together a complex ofE2, p7, and NS3/4A and iturn, the pZNS2-
NS3-4a complex recruits Core from thpid dropletsto the sites of virion assembly

(1241 127) RNA is ddivered to the Core protein presentlgnd dropletsand initiates
formation of the nucleocaps{d24,128) E1/E2 are trafficked to the ER, possibly by
interaction with NS2, and form a hedeimer complex thgtases through the Golgi to
obtain their glycan modifications and impregnates the viral envé8§227,129) The

p7 protein is believed to function as an ion channel to neutralize the acidic pH of the host
secretory compartment as HCV utilizes the host secretory pathway to exocytose the
nascent virion§130). Through exocytosis HCV acquires its lipid envelapd

associated lipoproteins becoming lipidated in a{gd%tcompartment and by the same

process as VLDL synthegj$31)(Fig.1.3).
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Figure 1.3. HCV life cycle. (1) HCV hepatocyte entrig mediatedy the initial

attachment of the lipoviroparticle binding HSPG, LDLR, andER (2) HCV

glycoproteins E1/E2 interact with several cellular receptors CD81, TfR1, NPC1L1,
EGFR and EphA2(3) Binding of E2 to CD81 promotes lateral movement of CD81 and
attached virions move to cellular tight junctionmbereCD81 and CLDNL1 initiate the
internalization of HCV through receptarediated endocytosis into clathgonated,
Rab5containing early endosoméd) Fusion between the HCV envelope and the
endosomal memhbne is triggered by acidification releasing the positive sense RNA
genome into the cytosol and allowi(is) direct translation of the HCV polyprotein

driven by the IRES(6) Ten viral proteins, three structural (Core, E1, E2) and seven non
structural (p7NS2, NS3, NS4A, NS4B, NS5A, NS5B) are produced by host and cellular
proteasesand associate with host ER membrarf@sNS4B inducs theformationof the
membranous web by altering host ER membra@sThe HCV replication complebs
formedwithin the nembranous web where the NS5B viral polymerase copigsofitve
strand genome into negative strand genome. Tinegative strand RNAserve as

templates fogenerating positive sengenomic RNAwhichis subsequently packaged

into nascent virions, traregled or used for further genemnamplification Nascent virions

are assembledhile budding through the ER where interaction between-plSRS3/4a
recruits Core/NS5A on the surfacelipid dropletsto the replication complexeg9)

RNA is loadedonto theCore protein located dipid dropletsto form the nucleocapsid.
E1/E2 are recruited to the newly acquired viral envelope. HCV utilizes the host secretory
pathway to exocytose the virions and the p7 ion channel buffers the process maintaining a
neutral pH (10.a.)Nascent HCV particlesecomdipidated and obtain their low

buoyancy using the VLDIntra- and extracellular maturation and secretion pathways.
(10.b.)Alternatively, HCV may spread to naive cells through directtoetlell

transmission. Figre adapted from Lindenbach et al., 2013 and Bartenschlager et al.,
2013(74,101)

16



1.1.4 HCV Cell Culture Models

Historically, HCV infection has been difficult to study because of an inability to
propagate the virus in cell culture. Considerable efforts were made to overcome these
deficits by developing systems modeling HCV infection. The first breakthrough ih a cel
culture system was the developmenamHCV Conlb subgenomi(SG) replicon The

SG replicon is discistronicconstruct which contains an HCV IRES thainslates
neomycin phosphotransferase (mg@in/G418 drug resistance) followed by an
encephalomyogditis virus (EMCV) IRESwhich drives expression of HCV structural
genes (NSNS5B)(132) (Fig. 1.4). Upon transfection of SG replicon RNA into a

human hepatoma cell line (Hut), the RNA is translated and initiates autonomous
replication of viral RNA. Cellsvith productive SG RNA replication can be selected for
with the drugG418 whereas cells not supporting RNA replication quickly lose the input

RNA and the abilityto producethe necessary drug resistance prof&BsR)

HCV IRES
- EMCV IRES
£
~
j@&
T ¢ ner - ns3 NS4B  NSSA  NSSB
S'UTR nSaa IR

Figure 1. 4. Structure of the HC\subgenomieeplicon. The HC\subgenomieeplicon

is a bicistronic positive sense RNA molecule. The IRESe s ent allowsdfdre 506
the direct translation of a neomycin resistance cassette allowing for drug selection of cells
containing the subgenomic replicon. The EMCV IRES is responsible for driving
translation of the HCWonstructuraproteins. One introduced int@ susceptibleell

line (Huh7, Huh7.5 or Huh7.5.1) the SG replicon perpetually replicates HCV NS RNA
without any production of infectious virus thbyespecificallymodeling HCV

replication. Adapted from Woerz, et al., 20A33). In addition, fultlength replicons

have the same general structure except that the EMCV IRES drives the entire HCV
coding region CorNS5B.
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Serial passage of SG replicons in cell cultaccompanied with continuous selection
typically causes the accumulation of mutationthe NS proteinsesulting in SG

replicons with enhanced replicative capacity. Single replication enhancing mutations
were identifiedn the Conlb replicons in the central region of NS5A, NS4B and NS5B as
well as synergistic mutations in thetBrminus of NS3 and NS5NS5B (1341 139) The

most potent Conlb mutah&rboredan S2204Imutation in NS5A that increases

replication by 10,000 fold also causing a significant reduction in the hyperphosphorylated
form of NS5A know as p58§134,140,141) Replication enhancing mutations appear to

be specific to the cell culture model as these mutations are unable to produce viable
infectious HCV when injeted into chimpanzee models. Where the mutated viruses do

propagate in the animal model, it is due to reversiornvidcatype sequencél42,143)

Huh-7 cells hat are permissive for SG replicofi82)and were originally isolateadm

an epithelial cell colony from hepatoma tissue surgically removed from a Japanese male
with will differentiated HC((144). However, over time Hufi cells have diverged from

the original line resulting idisparatgohenotypes that differ in their ability to support
productive HCV replicatior(145) This may have led to a number of the discrepancies

seen in the literature regardibgsicHCV cell culture analysis.

An attempt to improve upon the Hihcells came about with the development of Huh7.5
cells. These cellwere derivedrom Huh7 cells that were supporting a HCV Conlb SG
replicon. The cells were cured @pliconby treatment witHFN and the resulting cisl

when retransfected with SG replicons were found to be more capable of supporting HCV
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replication(146) Thisclearly showed thatn addition to the viral sequence, the host
environment is alsorucial for productive viral replication. The increased susceptibility

of Huh7.5 cells is possibly due to an impediment in the host innate immune system
resulting from a T155!1 mutation in the dowsteanded RNA helicase enzynmetinoic
acidinducible gae | (RIGI) that leads to ineffectuahterferon regulatory transcription
factor3 (IRF3)signaling(147) Huh7.5.1 cells were a subsequegit ne developed by
curing Huh7.5 cells of 8 G Conlb replicon with IFN further increasing susceptibility to
HCV replication. It is also believed that this increase in HCV replication support is due to

additional deficiencies in the innate immune respgh48).

While SG replicons became the standard for HCV studies, a model that allcalgsisan

of the complete virus replication cycle, from infection to virus production was ladking.
monumentaktridewas madevith the discovery of the HCV strain JFH1, the first HCV
isolate capable of producing infectious virus in cell culture withouttagamutations
(Fig.1.4) The JFH1 strain (Japanese fulminant hepatitis 1), was isolated froiyear32
old Japanese male with fulminant hepatitis and when sequenced and phylogenetically
analyzed, clustered with HCV genotype 2a sequeficEy A SG replicon was
constructed utilizing the JFH1 sequence and was found to be the first replicon that
replicaed with reasonable efficiency in the absence of cell culture mut4ii66 The
most salient feature of JFH1 was that wt viral RNA when introduced into cell culture
produced infectious progeny capable of generating infection in chimpanzees
(73,148,151) Attempts to characterize the uniqueness of JFH1 have been inconclusive

implicating elements across almost the entire HCV ORF with some studies highlighting
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sequences within NS3, NS5A, NS5B and Qd@0,152 155) JFH1 prodces moderate
titers typically <.0° ffu/ml in cell culture leading several groups to serial passage JFH1
replicons and virugo generate celeulture replication enhancing mutatiofi$5 159)

Two intrastrain chimeric HCV viruses generated from splicing thieihinal to NS2
region of strain J6 (another genotype 2a virus) with the NS3tésrfiinus region of

JFH1 (J6/JFH1) autilizing a splice sitavithin NS2 (Jcl) replicate, spread and produce

more viral particles than JFH1 alo(#83,160,161)

A further improvement has been madeell culture models when Huh7.5 cells were
transduced with a cDNA library and identifiS&EC14L2as a factor promoting
replication of HCV from patient samplés62) Stable expression &EC14L2in

Huh7.5 cellssuppotedla, 1b and J6 replicons as well as 1a, 1b and 3a viruses from

patient sera although replication levels are still weak ovgréf).

1.15HCV Animal Models

In 1997, RNA transcribed from cDNA clones of HCV genotype la strain H77 was used
to infect chimpanzees and thestablished the first, albeit very inconveniemtimal
model(163) Sinceusing chimpanzees for HCV research is difficult, expensive and
highly restricted the development of additional small animal mddeideen a high

priority researclendeavarXenograft transplantation of human hepatocytes into
immunodeficient mice expressingplasminogen activatdransgene were developed as
the first murine model to sustain HCV infecti(®64). However, experimentation with

thesemice is susceptible to human donor variability, low scalability and high dbstre
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has been some success in creating humanized mice containing human CD81 and OCLN
genes that allowed HCV ent(¥65) Further refinement by the addition of an immune
suppressant allows recapitulation over the entire Hfg\tycle (166). Unfortunately,

this model is still expensive and is not widely &afalie. Tree shrewsTupaia belangeri
chinenesishave recently emerged as a potential small animal model for HCV infection
as 14 of 30 animals were successfully infected with J6/JFH1 (63 While many
molecular tools wuld need to be developed for use in tree shrews, there is potential to

develop these animals for laboratory use.

1.2 NonStructural 5A Protein

NS5A is a viralphogphoproteinthat is vital for the HCVife cycleas it is essential for
replication, virion production and for modulating the host cell to create an environment
favorablefor the HCV life cycle. NS5A is also the target ®onumber oDAAs. Despite

the integral requirement of NS5A to HCV propagation istargeted role in drug

therapy, its mechanism of function in each every case has remained ill defined.

1.2.1NS5A Structure and Function

NS5A is compos of three discrete domaigsparated by lowomplexity sequences
(LCSI andLCSII) andis locatedwithin the cell cytoplasm anchorénl membranes via an
N-terminalamphipathichelix (168 171)(Fig.1.5A). Crystal structuresf domainl have
revealed that NS5A containgenc-coordinationmotif, a putativeRNA-bindinggroove

and that functional NS5A exists as a dimer in open, closed or multiple conformations

(172174)(Fig.1.5.B). Domail i s required for RNA replicat:i
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interaction with Core and LDs, a key provision for viral asser(t®3) The crystal
structure of domaihrevealed that the dimer creates a pocket that can facilitate RNA
binding and that a single zinc atasncoordinatedby cysteineesidues (C39, C57, C59,
C80) within the Nterminus(172)(Fig.1.5.B, left). mains 2 an® are intrinsically
disordered which may provide a flexible region conducive to phosphorylation and
multiple protein interactionEl75 177). Domain2 is essentidor viral replication but is
dispensable for virionnpduction(178,179) Domain3 is crucial for HCV assembly
(98,180) Domairs 28 have both demonstrated some plasticity as deletions have not
impaired RNA replication, andableinfectious virus habeen cultivated¢ontaining

large insertions in DBL34,141,181183) Based on these observations it has been
suggested that numerous NS5A dimers may anchor themselves to membranes via the
amphipathic helix creating a lomgsiccleft suitable for coordinating the movement of
HCV RNA during viral RNA replication and packagi{@B4). In support of this,

previous studies have confirmed the RNA binding capacity of N&BB)

HCV producesonly ten proteingnd givera.comparisorwith otherviruseswho produce
many morejt suggests multiple roles for each f@io. Moreover, a previousudy
determined that less than 5% of the HCV NS proteins participated in active HCV

replication(186). This begs the quisn: what other function(s) do®S5A have?

By SDSPAGE analysis, NS5A appears as two forms with molecular weights of 56, and

58 kDa. In JFH1 there is an 18 amino acid insertion near-tleendnus of NS5A that

increasests sizeon SDSPAGE to 63 and 6kDa. For historical reasons, the JFH1
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phospheproteoformsare stillreferred o as fAp560 and Ap580,
phosphorylated and hyperphosphorylated s{d@t@g) Phosphorylatioof NS5A is
believed tooccurpostcleavage primarily on serirmit also on a smatiumber of
threonine residued.88) Thefunction(s) of NS5Aphosphorylatiomemains unknown
but hypotheses have suggestetesin subcellular localization, viis RNAreplication

and packagingand effects on cellular physiolog¥89)

NS5A is localizedo the cytoplasnassociatedvith membranes of the ER and Golgi at
the perinucleus, the mitochondrial inmeembranendmatrix and also on LDs via
interaction with the Core prote{i28,171,190192) InterestinglyNS5A contains a
stretch of proline and valine residwsts Gterminus(positions 354362, Conlb
accession numberingf)atis characteristic of auclear localization signal (N)&nd in

fact, has functional activity when this sequeiscaddedo various proteingl93)
(Fig.1.5.A) N-terminaltruncated versions of the NS5A protein have been shown to
transit to the nucleus arattivate transcriptiol93,194) It is likely that the

amphipathic sequence in thet&rminus prohibits nuclear transit by tethering the protein
to the membane. As fulllength NS5Ais not observeth the nucleus of cultured cells,

the biological relevance of these observatiaresot clear(128,171,190,191)The NS5A
NLS region supports interaction witluclear pore complex proteins (NUPS) resulting in
the relocation of the NUPs and their associated cargo to the membranous web likely to
aid in the establishment of the virus replication coml€6,196)

NS5A amino acids 23276 in genotype 1b NS5A have been termedritexferon

Sensitivity Determining RegiofiSDR). Early studies provided evidence that ISDR
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substitutons lead tdavorableoutcomes in genotype 1b infected patients treated with
IFNUtherapy although other studies have not been able to confirm these observations
(197 200)(Fig.1.5). NS5A also contains Class | and Class Il polyproline motifs present
within LCSI and I, respectively which are capable of interacting with host proteins
containing a Src homology 3 (SH3) domé&201i 204) (Fig.1.5) There are also three

Bcl-2 homology domains (BH3, BH1, and BH2) that belong to the2Belmily of

proteins involved in cellular apoptosis regulat{@05) (Fig.1.5).

A
Amphipathic LCSI LCSII
Helix 214-249 343-355
525 BH3 BHI1 BH2
v 123-131155-171  155-171 -
N Domain 1 Domain 2 I ’ Domain 3 c
1-213 250-342 | | 356-447
SN
1\ ,/’/ \
Class I Interferon Sensitivity L Cllass }11 Nuclear
Polyproline Determining Region 0 ypro n¢  Localization
26-32 237-276 343-356 Signal

354-362

1ZH1 3FQM 4CL1
Tellinghuisen et al., 2005 Love et al_ 2009 Lambert et al.. 2014

Figure 1.5. Organizatiorof the HCV NS5A protein(A) The NS5A protein is composed
of three domaingD) separated by two lowwomplexity sequences, LCSI and LCSII. D1
containsanamphipatic helix that directs NS5A membrane associafi®8 170).

NS5A contains two characteristic polyproline motifs, a Class | and Classtifiknown

to interact with host protein SH3 domai291 204). Three Bcl2 homology domains
exig within the NS5A sequences (BH1, BH2, BH305)as well as a ralear

localization signa{193). A controversial interferosensitivity determiningegion

(ISDR) is present within LCSI and D2 whespecificamino acid sequencese believed
toaffectt he vi r us 6 (098 200)0 Al sumbetrirmis ftofR e NS5A 1b
genotypeNS5A from JFH1 has an 18 amino acid insertiotnin D3. Figureadapted
from reference$206,207) (B) Crystal structures of NS5A domain 1. NS5A donthin
1ZH1(172) 3FQM(173)and 4CL1(174)were obtained from the Protein Data Bank
(208,209)and visualized using JSmol viewer in the symmetry display mode. Different
conformations of NS5A dimermultimerswere obtained using-Xay crystallography and
theNS5A-D1 dimer from genotype 1is in an open conformatiofl72) (left) while
NS5A-D1 dimer from genotype lia closed(173)(middle)and two NS5A1a-D1

dimeric forms(174)
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1.3 NS5A Interactions within the host cell

NS5A has been deemed t hhasthé gbilitptobindac u o u s
prodigiousarray of host proteins, with more than 130 interactions now reported
(207,210) Since the exact function of NS5A remaghssive andthe majority of the
proteins are not involved directly in viral replicati(®86), a major role of NS5A may be
to modulate the host environmehtough proteirprotein interactions (PPIs) thereby
making it conducive to HCV propagatiolVhile this many interactionsiay seem
improbable, it is worth considering that many of th€®Isnay be the result of
identifying proteins within complexes andearot due to direct interaction with singular
proteins. Furthermore, many interactions may not occur concurrently and may be
influenced by temporal and spatial constraints as well as by the different isoforms
(genotype specific) and proteoforms of NS5AamMy model systems and environments
havebeen employeth identifying NS5A PPIs andvaluatingtheir biological
consequences. The following section summarizes a subset of identified NS5A host

protein interactions and their influence on the host cell aa¢i@V life cycle.

1.3.1. NS5A and apoptosis

Apoptosis is a mechanism utilizing programmed cell death to eliméxataneousnd
inimical host cells. Halting cellar apoptosis is one methethployed by some viruses

to persist and continue their propagat Numerous studies have demonstrated the anti
apoptotic properties of NS5A through its association with host cellular proteins.
However, the biological association with apoptosis is somewhat controversial as HCV

proteins overall have been suggestelawe both proand antiapoptotic effect$211).
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Huh7.5 cell infection with J6/JFH1 virus induces apopt@&l®) and HCV infected

patient histology analysis suggested an increase in hepatocyte apoptosis although there
was no correlation with viral loa@13) Increased apoptosis in hepatocytesinduace

fibrosis by constitutively activating regenerativechanismsvhile suppressing apoptosis
extends cell survival and allows for taecumulatiorof mutationg(214) NS5A

expression has been found to be protective against cellular apoptosis by obstructing

several host cellular pathways mediated through protein interactions as described below.

1.3.2 TRAF2 and TRADD

Tumour necrosis factor alptiaTNFU) i s a pl einitatesvarppisc cyt oki ne
cellularsignalingcascades resulting in differentiatigompliferation and extrinsic
apoptosis activationT N F,. &Jligand binding the TNFR1 receptor, results in receptor
trimerization and recruitent of Tumournecrosis factor receptor typeassociated
DEATH domain proteifTRADD). TRADD caninitiate both apoptotic and cell
proliferative pathways through additional PPIs. TRADD bindsasassociategrotein
with death domain (FADD) which thenamiits procaspas@ leading to the cleavage and
activation of effector caspageprotease that in turn cleaves targets such as Poly ADP
ribosome polymerase (PARP) and results in DNA fragmentation and apdgtds)s
TRADD is also capable of recruiting TNF retepassociated factor 2 (TRAF2) to
activate the NHF B, JNK and p3&ignalingpathways ultimately leading to cellular

proliferation and apoptos{215)(Fig.1.6).
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NS5A has been implicated in the circumventioT dfl Fsigjnaling resulting in increased
cellular survival. Initial observationsrere madehat HepGZellsstably expressing
NS5A-1awereresistanto T N Fitblucedapoptosis by both a lack of Annexin V staining
and PARP cleavag@16) Thisrefractoryeffect was substantiated irukt7 cells stably
expressing NS5ALb as increasedurvivaland a lack of apoptotic products were
observed compared to control cells duringl Febtposurg217). MechanisticallyNS5A
may influence the TRADBFADD interaction pstream of caspas®activation as
overexpression of NS5Ab failed to stop cell death when FADD or casg@seas
overexpresse(217). However,T N Fddtivation of TNFR1 also recruits TRADD and
TRAF-2 and leads to NIKB activation and increased cellular proliferati(@18) As

such, NFT B reporter activationvas testeéind NS5A expression did not reduceN Fols
ability to induce NFKB activation. Therefore, NS5A expression resulted in protection
from T N Fitbluced apoptosis bdid not affecT NFOb abi |l ity to promot e

proliferation through NFKB.

In contrast to the previousport T N Fstimulated, actinomycin fireated HEK293 cells

when transfected with NS5Ab, did not activate an NKB reporter gene, while control

cellsshowed full reporter stimulatiof219) NS5A-1b was shown to interfergith

TRADD-TRAF2 interaction asletermined byn vitro binding assays and €0

immunoprecipitation (CoP) experiments. Overexpressing FLAKRAF2 and NS5A in

Cos7 cell s indicated that TRAF2 and NS5A inte
activate the NFKB reporter(219) TRAF2 also activates the JNdathway and a

follow-up study determined that the NSGRAF2 interaction in HEK293 cells
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synergisticaly potentiated N Fstimulation of the JNK pathway by increasing
phosphorylation of -dun @ownstreaneffector of the JNK pathwayp20) ColIP

experiments in HEK293 cells revealed that while NS5A did netctly interfere with the
TRADD/TRAF2 interation, NS5A did affect the TRADIB/ADD interaction(220)

However, when HEK293 cells were induced withN Faud @tinomycin D to induce
apoptosis, it was determined that transfected N$bAvas not protective as determined

by PARP clavage and cell viability assag®20) There are many possible reasons for

the discrepancy between the two studies, but the obvsdusexplanation is the different

cell lines were utilied and there was most likely a discrepancy in NS5A abundance given

expression differences between stable integration and plasmid transfection.

The protective effects of NS5A ahN Filuced apoptosiwere also evaluated vivo

with transgenic mice expssing NS5Ala under the control of the livepecific apoE
promoter. Cells expressing NS8aexhibited less histological apoptotic effects than
matched control§21) Evidence for a TRADIDNS5A-1a interactiorwas deternmedby
performingin vitro pull-down of purified proteins and cellular @8s in doubly
transfected HEK293 cells coupled with colocalization experiments. NS5A #dstened
with the TRADDFADD complex as FADD failed to retrieve TRADD in the presence of
NS5A(221) These studies reveal that NSBAable tomodify theT N Fitluced

signalingcascade through two key effectors, TRAF2 and TRARLS 221)
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Figure 1.6. NS5A interaction with the N F U/ T-NdigRalingc as c ad e . TNFU bir
to TNFR-1 activates cellular apoptotic, proliferation and survival pathways. The
activated TNFRL1 receptor recruits the TRADD protein. TRARS the ability to

initiate both apoptotic and cell proliferative pathways through additiBPls. On the
apoptosisside TRADD binds to FADD recruiting procaspas&eading to the cleavage
and activation of effector caspa3erotease that in turn cleaves targets such as Poly
ADP ribosome polymerase (PARP) and results in DNA fragmentatidmjaoptosis. On
the proliferation side TRADD recruits TRAF2 and leads to activation of th#  a n d
JNK and p38 activation of transcription effectoFsandcJunultimately leading to
cellular proliferation.Interactions between NS5A and TRADD and IRStHd TRAF2

(red double headed arrows) have been demonsii2it&221)that interfere with their
ability to bind effector proteins (red Xhd influences the downstreasignalling

cascade. igure modified from referencgg15,218)

1.3.3 Bax

Bcl-2 proteinsare organizethto a family based on the presence of conservedBcl
homology domains that regulate intrinsic apopt@22) Sequeneanalysis oNS5A-

1b revealed the presence of three-Bdomains, BH1, BH2 and BH2, suggesting NS5A
may be a BeR homologueand thus an effector of intrinsic apopto&85) Huh7 and
Hep3B cells stably expressing NSAA were challengedith an intrinsicapoptotic
inducer, sodium phenylbutyrateand both cell lines were sistantto apoptosis as

indicated by a DNA fragmentation asg295) Bax is a proapoptotic protein containing
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Bcl-2 homology domains, BH1, BH2 and BH3, that upon mitochondrial insertion induces
the release of cytochrome C resulting in apopt®22) Sodium phenylbutyrate

treatment results in the relocation of Bax from the cytoplasm to the nucleus and then
finally to the nuclear membrane. In FLASS5A transfected cells trest withSodium
phenylbutyrateBax failed to reach the nuclear membrane thus inhibiting apoptosis. It
was also demonstratéldat NS5A colocalized with Bax in the nucleusn NS5ABax
interaction was confirmed by A& experimentsn Hep3Bcells and delebn analysis
reveal ed the interact i-@domamnk205)deepestinglye nt of
these studies were unableréplicae the NS5A/Bax interaction in transfected €bsells
(205) NS5A has since been reported as aBhbmologue and a Bax interactoisbd on

this landmark paper. However, while NS5At&minal deletions do enter the nucleus
(193,194)the biological relevancy dodium phenylbutyrateeated Hep3B cells must be
carefullyconsidered as NS5A has not been observed in the nucleussitaadgraell

culture model om patient sample§l28,171,190,191)

1.3.4 p53

p53 is a multifacetetimorsuppressor protein involved in several cellular processes
including metabolism, inhibition of cell proliferation and cell death. Regulation of p53
functionsaremediatedhrough its subcellular localizatiostability, and conformation.

As a transcriptional activator, activated p53 relocalizes from the cytoplasm to the nucleus
eliciting responsive gene express(@23) The NS5Ala/p53 interaction was

determined byn vitro pull-downs, mammalian twbybrid assay(M2H) and CelP of

NS5A-1a and p53 transfected HepG2 cél24) In these cells, NS5A transfection
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repressed p53 transactivation of a luciferase reporter construct containing p53 binding
sites(224). The inability of p53 to induce transcription was due to sequestration of p53
to the perinuclear membrane by NS&24) Co-IP confirmed a p53/NS5Ab

interactionin Cos7 and Hep3Rellsoverexpressing both construc&milarly, p53
transcriptional @nsactivation wamhibitory, and subcellular sequestratiotas observed

in NS5A expressing celi25) Sequestering of p53 was also deemed responsible for a
lower percentage of Hep3B cell undergoing apoptosis in the presence of(REHA

The NS5Ap53 interaction, which suppresses apoptosis, appears to baeunsith

NS5A from subgenotypes la and 1b.

1.3.5PI3K

Phosphoinositide-Binases (PI3Ks) are a group of kinases that catalyze the
phosphorylation of the inositol ring of phosphatidylinositol lipids. These in turn act as
secondary messengemodulatingdownstream proteins to activate cellular processes
such as cell growth, proliferation, immunity, metabolism, and apoptosis. Akt kinase
recruitedto membranes by binding to these phospholipids where it has a direct effect on
glucose metabolism, proteiranslation and deactivation of prapoptotic signal§226).

Co-IPs inepidermal growth factoilHGF) treated NS5ALb TetOff HeLa cellsand in

Huh-7 SG replicon cells determined that the NS54eNninus interacts with the p85
catalytic subunit of PI3K227) Phosphespecific antibodies revealed increased
phosphorylation of the PI 3K subunit p85, Akt

EGFtreated cells expressing NS84 or point mutations in the-drminus of NS5A
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were incapable of binding p85 in Teff HelLa cellsindicated that the interaction with

PI3K was essential for apoptotic suppresgeizv).

A second study demonstratad interactiorbetween NS5ALb and 2a with PI3K subunit

p85 in transfected Ces cells and SG replicon Heihcells(228) This interaction was
shown to enhance the phosphotransferase activity of PId&ld@vhen PI3K was

isolated from SG replicon cells compared to control cells. Phespbaafic antibodies
revealed thaih addition NS5A expression increased Akt and Badgphorylatior(228)

SG replicon Hu-7 cells were also found to be resistant to apoptosis stimulated by serum
starvation and etoposide treatment over Hutells without replicons although the

precise involvement of NS5A was not elucida{228).

1.3.6 Binl (Amphiphysin II)

Altered expression of Binik associatewith severamalignancies due tibs involvement

in clathrinmediated endocytosis, membrane recycling, membeamedeling actin
polymerization, transformation, stresignaling cell cycle regulation and apoptosis
(229). Binl contain@n SH3domain capable of bindinpolyproline motifs, such as
those present in NS5A. Bimlas identifiedas an NS5A interacting partner @5 T-
NS5A-1b capture of°P labeledHuh-7 cell lysate followed by identification of spots on a
2-dimensional gel by mass spectromd80). The Bin1INS5A-1b interaction was
confirmed by CaP in SG replicorcells with the interaction mapped to the SH3 domain

in Binl. However, the interactiomas deemedon-essentiato HCV replication when the
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Binl SH3 domairwas addedo SG replicon cells as a competitive inhibitor of the

interaction(230)

A subsequent investigation involving deletion mutants revealed thathHeoBinl SH3
domain and the Class Il polyproline LCSII motif in NS5A were crucial in facilitating the
protein interactionAdditionally, an NS5A mutant with alanines substitutedgoslines

was unable to inhibit apoptosis induced by ectopically oversgmg Binl in Bini

lacking HepG2 cells while wt NS5A prevented apoptotic cell dgiB) These same
mutationswere introducedahto an HC\A1b infectiousclone but when inoculated into a
chimpanzee, no productive infection wasseved Thisis not necessarily a conclusive
test tostate that the NS5RIn1 interaction is essential for infectious virus production in
chimps but rather that the NS5A polyprolimetif likely plays a role in either protein

stability or, these regions have other roles related to virus prod(208ip

The BIin1NS5A interaction has aldmeen implicatedh the reduction of NS5A
hyperphosphorylation. NS5A isolated from double transfected NS&ALAG and HA
Binl 293Tcellsproduced less hyperphosphorylated NS5A (p58) imartro kinase
assay compared to when NSBXFLAG was transfectedlone(231) D2-D3 from
NS5A are disordered proteiagions and when the Binl SH3 domaias complexed
with NS5A-1b D2D3, NMR spectroscopy revealed a conformatiohalnge in NS5A
that increased flexibility and accessibility of NS5A D3 thus demonstrating that this

protein interaction induces a conformational change in N@3K)
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1.3.7 FKBP8/FKBP38

NS5A hasbeen showto interact with FK506 binding proteins 8/38. There is confusion
in the literature regardingKBP8 and FKBP38, analthough numerous articles use the
names synonymously, they are in fact uniggadorms.FKBP8 and FKBP38 both have
identicalsequences in tHeK506-binding domainthethree sets dfetratricopeptide
repeatscalmodulin binding siteandatransmembrandomain The exception is that
FKBP8 contains an extra 58 residues at #Hefhinusand produces a 3(a versus 38
kDa protein(232). Both of these proteins are immunophilins vaigtrans peptidyl

propyl enzymatic activity that bind to B2ldomaing233)

A yeast2-hybrid (Y2H) screen of human brain and liver libraries revealed FKBP38 as an
NS5A-1b bindingpartner but it was unclear whether this article was mefg) to FKPP38

or FKBP8. CelP experiments confirmed that NS5A was able to precipitate both isoforms
(232) An FKBP8/38 antibodyreactivateo both isoforms, was developed to assess
endogenous expréaes levels of both isoforms in 293T, Hil HepG2 and FL& cells.
FKBP8 was the dominamgoform, and thus subsequent tests focused on FKRB3)

Co-IPs were used to determine a genotype indepemuenaction as transfected NS5A

la, 1b and 2a all successfully precipitated overexpressed FKBP8 in 293T cells. NS5A
directly interacted with theetratricopeptide repedbmain orFKBP8 and a ternary
complexwas formedetween NS5AFKBP8 and Hsp90 utilizing FKBP8 as the docking
site(232) RNA interference studies of FKBP8 in Hidlcells revealed that HCV

replication required FKBP8 both in the SG replicon and in the JFH1 infectionsnode

(232)
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A follow-up study utilized alanine scanning substitutions in NS5A to determine that
FKBPS interaction required a single valine, V121, in NS5A and thastiustitution
reduced the replicatevcapacity of the SG replicon in Hihcells(234) NS5A1b
cloned from an IFN resistant patient was employea Y2H screen and revealed an
interaction with FKBP38 that was confirmed by-Gowith HA-FKBP38 andMyc-His-
NS5A-1b doubly transfected Ces cells. CelP of endogenous FKBP38 with NShas
also demonstratad SG replicon Huk/ cells(235) Interestingly, deletion mapping
revealed that the interaction was factht by NS5A amino acids 1486, containing
the Bct2 domain and not V121. This contradiction might be due to the different

FKBP8/38 isoforms whickwvere not evaluatedt the timg234,235)

Stably expressedS5Ain Huh7 cellsdepleted of BeR were resistarb staurosporine
and cycloheximidenducedapoptosisvhen measured by PARP cleavage. This
phenotypeavas reversetly FKBP38 siRNA suggesting that NS5Aay beable toinhibit
apoptosis through its interaoti with FKBP38(235) Under serunstarved conditions,
NS5A was able toutcompeteFKBP38 binding to mTOR kinase. FKBP38 binding
inactivates mTOR which in turn fails to phosphorylate its downstresagets to initiate
apoptosig236) Interestingly there appears tofether regulation of the
NS5A/FKBP8/38Hsp90 complex formation as the calciegulated S100 proteins
(S100A1, S100A2, S100A6, S100B and S100P) can bintktraricopeptide repeat
domain of FKBP8/38 and displace bdtS5A and Hsp90 in a calciudependent manner
(237). Overexpression of the S100 proteins and treatment with a calcium ionophore

caused displacement of NS5A from FKBP8/38, which impacted the protein e84 of
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replicons in Huk7 cellg237) These studies identified tdependence of HCV on the

NS5A/FKBP8/38 interaction for both virus propagation and suppressing apoptosis.

1.3.8 Other Proteins

Besides apoptosis regulation, NS5A basn implicatedh additional interactionto
create an environment conducive to HCV propagation. elF4F, a protein crucial for
initiation of protein translation, has been reported to interact with N338,239) This
interaction causes an NS5A association with the polysome, increase in elF4E
phosphorylation, elF4F complex assembly, mTOR pathway activation and-¢0StE
assembly(238,239) NS5A has alsbeenimplicatedin facilitating IFN resistance, and
the NS5A1b-PKR interaction may contribute to this phenotype. However, this
interaction may be either genotype or strain specific as studies using 2&5&#d 3a
failed to interact with PKR240' 243). NS5A hasalso beershown to disrupt cellular
metabolismandinteractionwith Hexokinase resulted in increased glucose metabolism
via the glycolysigpathway(244). TIPE2 is a protein involved in the regulation of
inflammation and neoplasia and its iatetion with NS5A led to its degradation and an

increase in genome instabili(g45).

1.3.9 Reproducibility of NS5A-host cell PPIs

It is evidenteven from this limited listing that NS5A has extensie interactomeWhile
NS5A interaction studies have revealed many host protein interactions, the interactome
must be looked at critically. Igenerd there tends to be little overlap generated between

PPI studies, especially when comparing Higtoughput PPI studies. A Y2H study

36



investigating the HCV protethost protein interactions from each of the ten HCV
proteinsprodu@da list of 278 HCV prot@&-hostPPIs but only 10 PPIs had been
previously described in the literature resulting in a 3.6% ovéa4@) This study
identified 97 NS5A/host protein interactions with 38 previously published NS5A/host

PPIs leading to 39% overl§p46)

A Y2H screen used to identify interactions between HCV JFH1 proteins and host cellular
factors provided another example of titibe overlap seen with large studidshis

resulted in 112 identifieBPIsbut only 18 of these were previously reported resulting in

a 16% overlag247) The same study investigated whether H@st PPIs identified

using one HCV genotype were seen in studies with a different genotyda(abd 2a)

(247) 326 HCV proteirhost protein PPlwere evaluatethat included 160 PPIs from
genotype 1b HCV proteins, 81 from genotype 1la and 85 from genotype 2a. Not one PPI
overlapped when all tee genotypes were compared and only 19 PPIs from genotypes la

to 1b,four from 1a to 2a and 14 between 1b and 2a were f¢24id)

A more recent study into the HGNbst protein interactomes used immunoprecipitation to
purify HCV Core, NS2, NS3/4A, NS4B, NS5A and NS5B and compareth#ss
spectrometry/database searchddntified host interacting cdidateproteinsof the six

HCV proteins (98 total), to a curated list of previously identified HCV interacting
partners, (543 PPIs totgB48) Here, 74Core, NS2, NS3/4A, NS4B, NS5A and NS5B

interactions with host pr ateraurewese identifedn t h e
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resulting ina 24.5% overlag248) In the case of NS5A, 17 PRi®re identifiedof which

eightwere previously reporte@48)

This lack of overlap is not surprising as laiggale interactome studies often have weak
overlaps. Repts have indicated a 0.03% overlap in yeast PPIs and a 0.1% overlap in
human PPI large scale stud{@49,250) Much of the discrepancy between studies can
beattributedto differences in model systems and experimental procedure, but
reproducibility is still an issue; as such protein interactions really should be evaluated by

a number oflifferent methods in several model systems where possible.

1.4 Studying protein-protein interactions

Determining a proteindés interactome provides
and global effect and over the yeaeveral methods havedredeveloped for performing

such studiesOne of themostcommonmethodss CoIP in which a specific antibody

directed to groteinor an incorporated tag incubated with a cellular lysate to capture

thef b a i t oanganyotherinteracting proteins in complex withidag While a

gold standard in many respects, there amesdisadvantages: 1) availability of

antibodiegcapture resinthat have high specificity and avidity for the protein of interest

or the affinity tag, 2) potential competition of the antibody and interacting partners for a

common epitope on the bait pristeand 3) the fact that the lysis procedure destroys any

spatial constraints, an issue shared by most PPI studies using cell (5a)es
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Theyeasttwo hybrid (Y2H) system has also been used to define Als system
employs twaplasmids the first encodesa yeast promoter DNA binding domafased ir
frame to a protein of interest (bait) while the second plasmid typically contains a yeast
RNA transactivation domain fused to a library of cDNA fragments (prey). When the
two plasmidsare intralucedinto yeast cells, if the bait and prey proteins interact, it
bridges the DNA binding domain and the transactivation domain allowing transcription
of a reporter gendReporter genesnable theselection opositive interactionsAlthough

this systenis relatively simple to manipulate and detects typically binary interadtions
Vivo, it too, hasdisadvantages includind) in most varient®f the Y2H,interactions

must occur in the nucleus for transactivation to occur, (an issue for proteins such as
HCV-NS5A that is absent from the nucleus), @hthe potential for improper protein
folding or lack of postranslational modifications due to expressiomiheterologous
systemAlthough the Y2H has been a workhorse for PPI identification, it has a relatively
high false positiverate(252) To improve on some of these potential drawbacks, the
mammalian twehybrid system (M2H) is performesimilarly to the Y2H but in a native
environmenfor protein expression, which is not reliant on nuclear transactivation.
However, M2H still relies on the complementation of two protein fragments to
reconstitute a functional enzyme and thus is susceptible to steric hindrance,
conformational changes aadificial co-expression that negates spatial, temporal and

abundance constrain{g53).

Co-purification using conventionahcomatographyr batch affinitymethods involve

subjecting lysates to matrices, which sepapat¢eins (and complexebasedn
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chemical properties of the bait protein. More commonbaiasequence is tagged with
an affinity epitope sequence then expregmal tolysis. Onecriticism of this method is
that weak or transient interactiocan bedifficult to captureespecially if stringent wash
conditions are employe@54) Tandem affinity purification (TAP) ia variant method
in which bait proteins araggedwith two unrelated purification epitopasdare
subjected to two purification stepAffinity tags such as the CBBrotAtag (a
calmodulin binding peptide drtheimmunoglobulirinteracting domain of Protein A)
and variations including FLAG andyc epitops havebeen usednddue to the two
rounds of purificatiorsubstantially reduce nespecific background. Howeverhile the
process has the benefit of using lysates from natural sources, it is still limited when
dealing withweak or transient interactiomsd of course allows cellular compartmental

mixing during to purificatior(255)

Recently anew set of TAP tags has been developed. OriginaNysed to study
ubiquitinationin yeast it employsa bait protein withwo affinity tags: a biotinylation
recognitionsignal(which is biotinylated when expressiedvivo) flanked by two
hexahistidine sspuencegHBH tag)(256) His-tagpurificationis basen the high
affinity of the imidazole side chain of histidine for metal idmat are bound to an
immobilized chelating agent such as nickel or cof2&¥) This first step in purification,
immobilized metal chelate affinity chromatography or fiSification, removes many
contaminants as well as any predominant host biotinylated arefitdteing258). The
second purification step involves a 75 amino acid sequence, found in bkényates

and eukaryotes, that is recognized by an endogenoubibbisylasewhich attaches a

4C



biotin moietyto a specific lysinavithin recognition sequend@59) After the amino acid
sequence has been biotinylatiedian be captured using streptaviditreptavidinhas a

very high affinity for biotin (k=101°M) (260)

One unique aspect diis TAP tag combination is that battetal chelatand biotin
purification can withstand denaturing conditiodghen combined with protein chemical
crosslinking, it opens up the possibility to purify elements of a protein complex with
weak/transient interactions to extremely high puf@1) Chemical crosinking

involves incubating cells or lysates with small molecules containing reactive side chains
that form covalent bonds with specific amino acid side chains. Differention&sss

have different length spacer arms, for example: paraformaldehyde (PFA, spaer a

A), disuccinimidyl glutarat¢DSG, spacer arm 7 &), disuccinimidyl suberatéDSS,

spacer arm 11.4), and ethylene glycol bis(succinimidyl succinate) (EGS, spacer arm
16.1A) (262). The length of the spacer is an importemtsideration given that the cress
link is typically specificto one amino acid such as lysine. In the absence of juxtaposed
lysine residues within reach of thecrdss nker s6 spacercra83 m reacti v
linking occurs. Following crosknking, sampés carbe purifiedunder denaturing

conditions through the two affinityags and interacting proteins will remain bound to the
bait protein due to the covalent linkaggass spectrometrgnd database searching can
then beused to identifynteracting pratins It is important to remember that the cross
linking needs to be performed on a limited scale. If all the lysine sites werdinkesk

it would severely impair subsequent purification (one large-podtein complex would

be created) or analysisy{psin, which digests at lysine and arginine would be impaired).
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As NS5A is partiallyhydrophobig it can be a more challenging protein to purify
(169,171) Native statgurification thereforegequires more stringent methods including
detergent additioto isolateNS5A and its potential membraassociated partnefiom

the cellular matrix. In principleapplying crosdinking prior tocell lysiswould cement
these weaker interactions amdits cellular compartment mixingotentially leading to

more biologically relevant identification of PPIs.

1.4.1 Protein identification using mass spectrometrgnd database searching

The use of mass spectrometiryd database searching for tteritification of protein

interaction partnersf affinity-purifiedt ar get s now al |l ows mapping o
i nteract ome. Purified Abaito praetein in ass
digestedwith a specific protease (commonly trypsispN or GIuC), desalted, and

concentrategbrior toanalysis(263)(Fig.1.7). This technique is referred to as a "bottom

up" approach as peptidase usedor the identification of proteinin cantrast to the

"top-down" approach where intact protear® injected Mass spectrometers measure the

mass to charge (m/z) ratio of ions in tfesphaseln order togenerate these charged

speciesmass spectrometgmploys two major soft ionization tedgnes: matrix assisted

laser desorption ionization (MALDI) and electrospray ionization (ESI). With MALDI,

samples are mixed with a matrix solution and plated on a metal surface. Pulsed laser

ionization energys adsorbedby the matrix transferring protoms analytes, whiclare

transferrednto the mass spectrometer analysis chamber. In ESI, analytes are mixed with

an acidified volatile liquid then injected through a narrow orifice with high voltage

applied. A Taylor conés producedand desolvation ohie sample leads to protonated
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analytes entering the mass spectrometer. Irrespective of ionization technique, charged
analytesare assessday several mechanisms, the one relevant to this Weirkga hybrid

device containing a linear ion trap and an Odptmass analyzer.

To reduce sample complexity, peptide mixtures are fractionated prior to injection into the
mass spectrometer. Reverse phase matrices remain the most appropriate choice as they
uses volatile acetonitrile for peptide elution rather th#n(864)(Fig.1.7). As peptides

enter the mass spectrometer their m/z is measured in the Orbitrap mass analyzer at high
resolution (fullwidth at half height maximum = 65000). Based on ihitiéerrogation of

the sample, parent ions are then selected, one at a time, typically by abundance and
charge to be further fragmented in a collision cell. Energy coupled with inert gases leads
to random fragmentation along the peptide backbone to prdd{smmtains the N

terminus) and yqontainsthe Gterminus) ions of the peptide. The daughter ions are
reanalyzed in either the ion trap or in the Orbitf2b) (Fig.1.7). The entire process is
referred taas tandem mass spectromet@pupling the initially determined mass with the
spacing between fragmeion masses provides information on the sequence present in
the peptidg266) Several search engines are available to evaluate the data and provide
statistically meaninigl interpretation. Higher confidence in protein identification results
from the identification of more than one peptide and even more so if the peptides are

unique to a particular protein isoform.
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Figure 1. 7. Proteinidentification by mass spectrometry. A protein (black) is digested
with a protease (trypsin, AspN, Glu@ generatg@eptides (coloredhat aresubjected to
soft ionization In electrospray ionization (ESI) systemsiigh voltage sourcand

volatile bufers are usetb transform the peptide into gpkase ions before injection into
the mass spectrometer. In the mass analyzer, the atomic s\igid peptides are
determined and presentagdata depictinghe ion intensity of individual peptides versus
their mass/charg@n/z) ratio. Massspectrometryvill detect not every peptide present in
a protein adlustratedby the absence of the light blue, teal and purple peptides in the
third box image To obtain amino acid sequence information for an iddiai peptide,
themost abundanteptideat any givertime (indicated by the red peak in box 3, circled)
is selectedor fragmentatiorby collidingthe peptide with an inert g&SID) or using
higher Rf voltage (HCD) to introdugandom breaks in the polypide backbone. The
resulting peptide fragments from tandamass spectrometproduce b and y ion<ID)

or predominantly y ions (HCD). The molecular weights of these ions can be used to
determine the sequence of the peptidesftware algorithms are liied to determine the
most appropriatamino acid sequenaeehile database searching compares these
interpretations to give thidentity of a peptide.
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1.4.1.1. NS5APPIsidentified bymass spectrometrgnd database searching

Usingaffinity purification coupled tamass spectrometiglentification has been used in
various incarnations to study Hehbost PPIs. FLAGagged HCV NS5A protein was
immunoprecipitated from 293 cells expressing NS5A and the proteins were resolved on a
2D gel, compared to a FLABS5B 293 cell line and a unique spot to the NS5A 2D gel
was identifiedas Hsp24{267) HelLa cells expressing NSER-FLAG were used to

isolate NS5A and bands that were unique (compared to an empty vector control) were
analyzel bymass spectrometngvealing Binl as an interacting part281) A TAP
procedure utilizing prat, TEV protease cleavage site, @dBPtag fused to NS5A and
NS5B usednass spectrometty identity Hsp72 as an interacting prot€¢268). Another
series of experiments used an internal FE8@&eptactin tag within the-@rminus of

NS5A in a Jcl infection of Huh7.5.1 cells, to isolate NS5Atogptactin Combined with
Stable Isotope Labelling with Amino Acids in Cell Culture to distinguesi

interactions from background proteins revealed Rab18 as an NS5A interacting partner

(269)

1.5 Phosphorylationas a differential controller of PPIs

Besides PPI studies, mass spectrometry has made impmtdributions to studies of
protein composition, especially with respecptsttranslational modificatiotike
phosphorylation. Protein phosphorylation is a dynamic, reversible process whereby a
protein kinase catalyzes the transfer of a phosphateyfosen an ATP molecule to a
serine, threonine or tyrosine residue on a eukaryotic pr(#éb). Phosphorylation of a
protein is a crucigbosttranslational modification thakegulates numerous of cellular

processes including: signal transduction, immunity, inflammation, cell cycle progression,
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morphogenesis, metabolism, differentiation, cellular trafficking and apogaysi3
Phosphorylation is believed to effextethird of all proteins in the proteon{72)
Phosphorylation affecs p r ooweeall studtgre often leading to a conformational
change that often serves to activate/deactivate regulatory proteins and promote/interfere

with protein interactions.

A classic example of phosphorylation impacting protein interaction is with the apoptotic
regulabry protein Bad. Unphosphorylated Baohds to the BeXL protein and
promotesapoptosisbut when Bads phosphorylatedn serines 112 a6, it instead

binds the 143-3 protein becomingytoplasmicallysequestered which results in cell
survival(273) The polyglutamine expansion of the AtaifATXN1) protein in the

brain leads to the development of a neurodegenerative disorder known as six
spinocerebiéar ataxiatypes (SCA). The pgglutamine expanded form of ATXN1
preferentially binds the RNAinding motif protein 17 (RBM17) but only when S776 of
ATXN1 is phosphorylated resulting amn ATXN1/RBM17 complex that associated with
increased SCA pathogenici®74) The Adhesion and degranulation promoting adaptor
protein (ADAB in T cellsbecoms phosphorylated on tyrosine residues followingell
receptor stimulation. The phosphoryl ation o
ZAP70 kinasea complexrequired for proper ell migration and thus phosphorylation

acts to regulate the migratongsaling pathways in T celiR75)

1.5.1NS5A phosphorylation
HCV NS5HA is differentially phodporylated and two major forms are apparent when

resolved by SDFAGE,; referred to as the basally (56 kDa) and pipesphoylated (58

46



kDa) phospheprotedorms (97). Basal phosphorylation of NS5A occurs after mature
NS5A is liberated from the polyprotein afadlowing additionalphosphorylation
generates hyperphosphorylated NS888,276,277) Requirements for the production of
the p58 vary according to genotype. NSbAmay require the expression of other HCV
proteinsincluding NS4A (97), NS2(278)or NS3NS5A (276,279,28Q)NS5A from

HCV genotypes 1la and 2a can produce Ipbibspheproteoformsndependent of the
other HCV proteing281). The role that NS5A phosphorylation plays in the HCV life
cycle is extremely controversidt.hasbeen speculatetttat phosphorylation plays a role

in switch the virus life cycle from genome replication to RNA packagidg,282,283)

NS5A interactions wh host proteins carffact the phosphorylation status of NS5A and
hasbeen proposeds aregulatory mechanismuring the HCMife cycle. NS5A-1b (but
not 1a) interacts withVAP-A only when basallphosphorylategand
hyperphosphorylation disruptisis interactionresulting indecreased genome replication
(140) A similar observatiorwas madevith the NS5A1b-PI4KIll a interaction wherey
hyperphosphorylation disrupthe interaction resuitg in impeded replicatioof the
Conlb replicor(284) An interactionbetween NS5Aa andvinexinb was established
and theexpressiorof vinexin b was positively correlatedith both hyperphosphorylation
andreplication in a CKda dependenimanner(285). An interaction between NS5A and

Binl has also been found to reduce NS5A phosphoryl§#8h).
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1.5.2Kinases involved in NS5A phosphorylation

Several cellular kinasegppear to have involvement in phosphorylating serine and
threonine residues within NS5AThese kases have been identifiedingeitherdirect

in vitro kinase assays or by kinase inhibition studies utilizing RNA interference or
inhibiotory drugs andéhclude: CKI1(180,286 288), CKl-a (282,289 291), CKI-d

(287,292) PIk1(293), PKA-a (294), LATS2 (295), MEK1, MKK6, AKT1 and hp70S6K
(287) The importance of Cké&, CKII, PIK1, and CaMKI expressiorwere studiedn

the context of the HCV life cycle arekpressiorof these kinases positively correlated
with levels of NS5A hyperphosphorylation, genome replication and infectious viral titer
(289,290,292,293,296)Using a phosphepecific NS5A S235 antibody, it was

discoveed that inhibitors to Ckh, PIK1, or CaMKII specifically reduced
phosphorylation at S235 suggesting kinase redundancy in the kinases that operate at this

site (296).

1.5.3 NS5A phosphoacceptor sites

1.5.3.1 Identification of phosporylated residues in NS5A by mass spectrometry
Identificationof phosphorylated residues by mass specttrygenerallyproceeds as
described in section 1.4.1 where protains digestethto peptides, anthndemmass
spectrometrygoupled with database searching identifies the amino acid signatures of a
parental ion. The search is run with a variable nicatibn (phosphorylation) to identify
phosphates on S/T/Y residues. While including a variable modification has the detriment

of increasing theearchspacethe phosphate moiety itself introduces additional issues,
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which complicates identification of thesnodifications. First, phosphates are labile
featuresand duringandem mass spectromefrggmentation energy destined for
backbondragmentation is instead used to strip the phosphate from the polypeptide thus
providing less abundant daughter fragnsemgcessary for determining the peptide
sequence. Second, phosphorylated peptides tend to be more hydrophilic than non
phosphorylated species and d@nmore easily losturing capture or certain resin types.
Third, phosphorylated peptides often appess feequently than their unphosphorylated
cognates and less abundant species are typically detected less often thereby necessitating
enrichment prior to analysis. Fourth, when a phosphopeptide is detectadappég

the modified residue can be compted when a peptide contains multipleTSand Y

residues and unlessndem mass spectromefrggmentation has occurred between these
sites, it cannabe determine@xactly which amino acid was the acceptor E&7).

Fifth, since phosphorylation adds negative charge to a peptide, it can leadafo loss
detection of a peptide by mass spectromatrglysis. Following trypsin digestion (and in

an acidic environment), most peptides/e at least a +2 charge (one positive charge for
the Niterminus NH3 group, and a second from the lysine/arginine side chain). In ESI, the
mass spectrometer is typically programmed to exclude +1 charged ions, which are often
chemical contaminants. Howayd phosphorylatiordecreasgthe net peptideharge

below +2, that peptide will not lmnsideredor subsequent fragmentatiq298)

Although some of these issues are difficultdsalve, a number of improvements can be

made. Wsing purified or partiallypurified samples to increase the likelihood of picking a

relevant peptide and specifically enriching for phosphorylated peptides using enrichment

49



techniques such as titanium dioxidieal with the sub stoichiometric amounts of

phosphorylated compared to unphosphorylated peptides.

1.5.3.2 Identification of phosphoacceptor sites on NS5A

With some evidence suggesting differential phosphorylation of NS5A may act as a
molecular switch dunig HCV life cycle, there is a need to identify the sites affected
within NS5A. Several attempts hav®en made A mutagenesis studyas performean
serinesclustered in the NS5A LCSI region, with deletion analysis revealing that this
region was criticafor hyperphosphorylatio(iL88). Although phosphorylation residues
was na confirmed biochemically, serine to alanine mutagenesis of S225, S229, and S232
in the NS5A region of a SG 1b replicon reduced p58 protein [188. The serine
residues within the LCSkgionarehighly conservecamong most HCV isolates
suggesting evolutionary importanet1) Several studies have sinlseen performed
employing serine to alanine substitution in the LSCI and revelage&229A, S232A and
S235A mutations in the conlb replicon and S225A, S229A, S232A, and S235A
mutations in the JFH1 replicarot onlyproduced less hyperphosphorylated NS$&A

decrease viral replicatiofi41,299)

A study involving deletion of NS5A domai®in the HCV J6/JFHL1 virus revealed
resulted indecreasdp58 expression and impaired HCV production but had no effect on
replication. S457 at the extremet&@minus of NS5A was shown to be a pivotal residue

in as an alanine substitution mutation reduced p58 formatioméaudivity. Both
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phenotypesvere rescadby a negatively charged aspartic acid serving as a

phosphomimetic substitutiqii80)

The first NS5A phosphorylation site identified biochemically was S349 using Edman
degradation on GSINS5A-1a expressed in BHK21 cel|8300) Mass spectrometiyas
largely supplanted this technique and S222 was thefisgphoylatioonsite in NS5A

to be mapped using mass spectromigtithe context obaculovirusexpressed NS5Ab

(301) However, it is unclear if a more appropriate cellular environment or the presence

of other HCV proteins may have had a different effect on NS5A phosphorylation.

Immunoprecipitation of NS5A frora Conlb replicon coupled with mass spautietry
analysis identified S249 as a major phosphorylated sp@f@3$ This marks the first
time that an NS5A phosphorylation sitas identifiedn a cellular context with active
HCV replication(302) Subsequently,.,eMay et al.2013, usednass spectromettp
identify S222 as a NS5Aphosphoacceptaite in thecontextof the SG JFH1 replicon
(303). A phoshphablatantalanainanutaion of S222had no effect odFH1replication
or infectious titer, buthe phophomiratic aspactic acid mutatiatightly reduction
replicative capacity(303) Masaki etal. 2014, alsadentified NS5A phosphopeptides
again encompassinpeserinesof the LSCI region, but were unable to fimap which
residues were involve(@289). Mutational analysis dderinesesidues in JFH1 revealed
severe replication deficiencies associated SRR9A and S2354289).
RossThriepland and Harris, 2014, isolated G&&ep tagged NS5A from Hehcells

harboringthe SG JFH1repliconand were abléo assign S1465222, S225, and T348 as
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phosphorylated residug¢304) Phosphopeptides containing S228, SEZB(Q and S232
were also identified but could not be unequivocally assignagbéoticularresidue(304).
Abrogating the phosphoacceptor sites in Jikkth S225A,S229A and S232A
mutations reduced replicatimompetene whereas mimking the phosphate chargeéth
S225D and S232Brescued the viruses to wt level804) Eyreet al. 2016, used a
similar methodology and isolated FLAagged NS5A in the context of thal-length
JC1 infectious viral infection dfiuh7.5 cellg305). Usingmass spectrometimalysis to
and finemapping, previously identified phosphoacceptor sites S222 and T348 were
confirmed(303,304)and S235 was newly identifigdr the first time from an infectious
virus (305) Alanine mutagenesis of S235 revealed that phosphorylation of this residue
was essentidbr HCV genome replication angbpears to involves thel4Kllla protein
(305). It was further ascertaingddat S235 phosphorylation redistributes NS5A within
the cell and thus likely plays a role in H@®plication compartment formatiqB05).
Amino acics S222S235 and S238 were NS5A phosphoacceptor sites identifiedasg
spectrometryrom a fulklength J6/JFH1 HCV infection of Huh7.5.1 c€BO6).
Mutational analysign J&@JFH1revealed that ablating235 phosphorylatiosuppressed
viral replication and produced a dominant phenotype in double and triple mutations
containing S235A/S222A/S238guggestinghat S235 phosphorylain is a dominant
requirement for JOFH1HCYV viral replication(306). Furthermore, S235
phosphoryation was revealetb be a mjor component of p5&y an NS5Aphosphe
S235antibody(306) NS5A phosphespecific S222, S235, and S238 antibodies were

used to demonstrate that there were higher levels of phosphorylated S235 aadd5238
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lower levels 0fS222 present in p5@07). These studies also demonstrated that

phosphorylation of S238 likely required S235 to be phosphorylated3i)

Several studies have attempted to directly evaluate the ability of cellulaekitwas
phosphorylate NS5 vitro. T360 from NS5A1b was revealed as a PKA kinase
acceptossite, and Conlhbrepliconsbearing T360A/E mutations resulted in replicons with
reduced replicatio(il75). Mutation of the equivalent residue in Jc1 HCV, T356A, was
unable to replicate or produce infectious virus while T356E behaved(a35)t LATS2
phosphorylagd NS5A1b identified S71 as a phosphorylated site and S71A severely
reduced the replication of the Conlb repli¢@d85) NMR spectroscopy was used to
follow anin vitro kinase reaction where a NS®2/3 mutant served as a CK2 substrate

revealing S401, S408, S429, S434 and T435 as likely phosphoacceptt&ijes

1.5.4 Regulatory role of phosphorylation in the HCMife cycle

Phosphorylation of NS54s believed to act as a regulatory mechanism for the HCV viral
life cycle. Studies using 1b SG replicon systems have shown that a reduction in p58
levels enhances viral replication, often by many orders of magnitdde282)

However, complete elimination of p58 in this context eradicates replication indicating
thata small amount of p58 still required(141,283) Interestingly, in studies utilizing
JFH1, the opposite conclusion was formed whereby increased p58 reélated with
increased genome replicati@09)and decreased p58 expression resulted in higher
infectious viral titerg308). Recently it was discovered that Daclatasvir, a DAA

compound that inhibits HCV repligah throughan interactiorwith NS5A, severely
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reduced NS5A hyperphosphorylation while having little effect on basal phosphorylation
(292) It has alsdeen suggestdtiata critical ratio between the two NShosphe

protedormsmay be required to achieve optimal HCV replicati82)

1.6 Study Rationale and Hypothesis

End-stage liver cirrhosigue to HCV infections now the leading indicator for liver
transplantation in developed countridsandHCV related morbidity and mortality rates
are expected tage as previously asymptomatic baby boonaeesdiagnosewith
infections(9). Currently, there iso protective vaccinand although recently developed
DAAs are now boasting SVR rates of >9%%6) the emergence of virus escape mutants
with resistancearea possibility due to the high mutation rate of HCV. Moreover, the
long-term effects of having HCV infection even after cure are only In@ing assessed
A better understanding of this virus and hibaffects the host cell can only improve the
ability to eradicate it. As a major regulator in the virus life cycle as well as a critical
antiviral target, it is interesting that the basic fimt of the NS5A viral protein remains

so incomplete, particularly considering how little of the protein seems to be involved

directly in virus replication functions.

the cell is interacting with host celéur proteins to facilitate viral propagation. To
provide further insight into the biology of the NS5A protein in the context of the host

cell:

1. I hypothesize that since NS5A deregulates cellular functions, it is likely that
these perturbations are due tovirus protein-host protein interactions. Using
Tandem Affinity Purification method coupled to mass spectrometry and
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database analysispreviously undiscovered NS5Ahost protein-protein
interactions ultimately responsible for these phenotypewill be identified.

Phosphorylation of NS5A is believed to play a role in regulating virus replication and

packaging. NS5A phosphorylation may also repreaeant-rHCV target; Daclatasvir,

an extremely potent ariCV compound, affects NS5A hyperphosphorylation hil

having no effect obasal phosphorylatiof292) raising thepossibility that the two

phospheproteoforms of NS5A may play distinct replication roles. Different
phosphorylation states may ultimately al so a
proteins and these interactiomsay berequiredfor successful conigtion of the viralife

cycle(303 306) Incorporation of phosphorylation analysis from multiple protein

expression systems may provide further insight into the role thgidkisranslational

modificationplays in the HCV replication cycle. To study NS5A phasptation:

2. | hypothesize that usingby usingseveral differentexpression systems foNS5A
coupled with purification and mass spectrometrydatabase searchingiovel
NS5A phosphoacceptor sitewill be identified. Mutational analysis of the
identified phosphoacceptor sitesvill allow characterization of their impact on
the HCV life cycle.

The following objectives have been used to address these hypotheses:
1. Create stable cell linagiquitouslyexpressing affinity taggeldBH-NS5A-2a from

the JFH1 stin and confirm protein expression
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2. Isolate protein in complex with HBENS5A-2afrom 293 cellsusingTandem Affinity
Purification (TAP)in both native state ("TAP) and by using chemical eliogers to fix

interactions prior to purification (xdTAP)

3. Use mass spectrometry to identify NS5A interacting proteins from nTAP and cross

linked denaturing tandem affinity purification (xdTAP).

4. Validate NS5A interacting candidates usingi®aand colocalization.

5. IsolateNS5A from HBHNS5A-2a 293 cells using nTAP and dTAP and NS5A and SG
JFH1X:NS5A-HBH from subgenomiceeplicon Huh7.5 cells usingTAP, dTAP, and
continuouselution electrophoresi® identify phosphoacceptor siteéy mass

spectrometry

6. Mutate identifiedNS5A phosphoacceptor sites to phosphoablatant alanine and

phosphomimetic aspartic acid residues to characterize the effects on HCV JFH1

replication, NS5A phosphproteoform ratios, and infectious titers.
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Chapter 2: Materials and Methods

2.1 General Labaatory Techniques

2.1.1 Cell Culture

The cell lines utilized throughout these studies were theZIBZ Clontech, cat#
613505),293TN(SBI, cat# LV900AL), and Huh7.5 (a kind gift from Dr. Charles Rice,
Rockefeller University, NY). GR293 and 293TNellsare derivatives of the prototypic
HEK293 human embryonic kidney cell line with the addition that-@82 cells are were
stably transduced texpress the retrovirglagandpol genes an@93TN carries the SV40
large T antigenHuman hepatomBuh7.5 cells were generated by curing human
hepatoma HWY cells containing the subgenomic HCV Conlb replicon through
prolonged treated with IFN)(146) These cells more efficiently support HCV liepn

and virus replicationA | | cells were cultured in Dulbecco
(DMEM, Gibco, cat# 1199965)supplemented with 10% fetal bovine serum (FBS)
(Gibco, cat# 1008247), 1X penicillin-streptomycinglutamine Gibco, cat#5076063)
and1X MEM nonessential amino acids (Gibco, cat# 11140076) (complete DMEM) in a
humidified 37°C incubator with 5% GO Cellswere passagedhen monolayers reached
70-80% confluency by removing media, washing once with phosiihdfered saline

(PBS) and disociating cells from flasks/plates with TrypLE Exprg€sbco, cat#
12605010), returning 5L0% for stock maintenance. Huh7.5 cells containing HCV
repliconswere maintaineavith the addition of 0.4 mg/nGenetici® (G418) (Gibco,

cat# 10131035) in comgk DMEM.
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2.1.2iProof Polymerase Chain Reaction (PCR)

All PCR amplifications were performed with tiferoof High-Fidelity DNA polymerase

kit (BioRad, cat#175 3 00) i n a 50 ¢l iProddHFBufferoldmM ol ume ( 1 X
dNTP, 5&eM of each pr i mémaofDNA poymarasenapdistertee D NA,
dH20). Nucleotide sequences of the primers are in Appendix Table A1. Thermocycling

was completed in an Eppendorf Mastercycler ep Gradient S thermocycler with the
recommendedProof High-Fidelity DNA polymerase kit program consisting of an initial
denaturatn of 30 seconds at 98°C, 35 cycles each of a denaturation at 98°C for ten

seconds, annealing at two degrees belwvmelting temperature of the primers for 30

seconds, extension of one minute per kilobase of the amplification target at 72°C and a

final ten minute extesion at 72°C.PCR products were purified using the QIAquick PCR

Purification Kit (Qiagen, cat# 28106) using the manufacturer's protocol.

2.1.3. General Cloning Strategy

Gene expression and mutantal constructs utilized a general clagistrategy. Inserts

were generated by PCR (section 2.1.2), and vector plasmids were isolated using the

QIAprep Spin Miniprep Kit (Qiagen, cat# 271 cor di ng t o t he manuf ac
recommendations. 500ng of insert DNA and vector DNA were digested wi2B Lits

of restriction enzyme(s) (NEB) in a 30ul fir&laction volume according to the protocol

recommended by theEB double digest findg809). Total digested insert or vector

DNA were mixed with a 6X DNA load dye solution (30% glycerol, 0.00025%

bromophenol blue) separated on a 0.7% agarose gelo@nase/ECTA (TBE) containing

0.0001% ethidium bromide) at 110V for 60 minutes. DNA bands were extracted and
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purified using the QIAEXII Agarose Gel Extraction Kit (Qiagen, cat# 20021) following
the manufacturer's instructions. To approximate the volume of digestgadcp required
for a 3:1 ratio of insert to vector DNA in e
insert DNA were evaluated by gel electrophoresed and DNA concentrations were
approximated. DNA was added to a 20ul volume ligation consisting ofifOafTs

DNA ligase (New England Biolabs cat# M0202L), 1 X T4 DNA ligase buffer aneDdH
Ligations were incubated for either one hour at room temperature or overnigh€Cat 16
Constructs were transformed into chemically compeierdli TOP10 cells (Imitrogen,

cat# 404010) by adding 2ul of the ligation mixture to 50ul of thawed bacterial cells for
30 minutes on ice and subsequently heat shocking the mixture for 30 second%Gn a 42
water bath. Bacterial cells were returned to ice and 250ul of nuticerSOC media
(Invitrogen, cat#15544034) was added to cells for a eheur recovery period shaking at
150 rpm in a 37C incubator. Transformed bacteria were plated on selective LB plates

containing 100egg/ ml ampicil IdiovernightatFD ug/ ml k a

Colonies were screened by extracting plasmid DNA using the QlAprep Spin Miniprep

Kit (Qiagen, cat# 27104) followed by restriction digest with restriction enzymes flanking
the insert DNA followed by gel electrophoresis. Constructstive for the insert were

verified by Sanger sequencing at the Genomics Core (National Microbiology Laboratory,
Winnipeg). Sequencing data was evaluated using the modules Segman and Editseq in the
Lasergene 7 DNAStar software. (DNASTAR Lasergene, DNAST#ARMadison, WI).

After confirmation of the correct nucleotide sequence, plasmids were prepared using
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either the Endofree Plasmid Maxiprep kit (Qiagen, cat# 12362) or the Plasmid Plus Midi

kit (Qiagen, cat# 12943).

2.1.4 Effectene Cell Culture Transfeabn

Transfection of plasmid DNA into adherent cells for transient gene expression was
performed using Effectene transfection reagent (Qiagen, cat#301425). Adherent cells
were seeded to produce 70% monolayers the following day. The transfection mixture fo
a 35mm plate consisted of 100ul of EC buffer, 1ug DNA, 8ul of enhancer and 10ul of
Effectene. For a 10cm plate, the mixture was 300ul of EC buffer, 4ug of total DNA, 32ul
of enhancer and 50ul of Effectene. EC buffer, DNA, and enhaverer combined
vortexedfor 10 seconds, and incubated at room temperatufeséominutes. Effectene

was adde@nd the mixture was vortexed for 10 seconds followed bymihQte

incubation at room temperature. During the second incubation, media from plated cells
was renoved,and cells were washed with PBS before adding fresh complete DMEM
(3ml for a 35mm plate, 9ml for a 10cm plate). DMEM (0.9 ml for a 35 mm plate, 2.7 ml
for a 10 cm plate) was added to the transfection complex, which was then added drop
wise to the cd$. Cells were incubated for 48 hoursarhumidified 37°C incubator at 5%

CQs prior to harvest.

2.1.5. Xtreme Gene Cell Culture Transfection
X-tremeGENEHP Transfection reagent (Sigma, cat# 6366244001) was alternatively
used for transient transfections. Cells were seeded 24 hours prior to produce 70%

monolayers. XremeGENEHP DNA Transfection reagent was equilibrated to room
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temperature for 15 minutelsen mixed by vortexing. For cells in a 35mm dish, 2ug of

DNA was mixed with 200ul of serum and antibietiee DMEM, and 6ul of X

tremeGENEHP DNA Transfection reagent. For a 10cm plate, 10ug of DNA was mixed
with 1ml serum and antibiotitee DMEM, and 8ul of X-tremeGENEHP DNA

Transfection reagent. Transfection complexes were incubated for 15 minutes during
which time recipient cells had their media removed, were washed with PBS and had fresh
complete DMEM returned. The transfection mixture was aduléketcells in a drop

wise manner and incubated for 48 hours prior to harvest.

2.1.6 SDSPAGE and Western Blots

2.1.6.1 Protein Quantification

Tot al protein quantification of <cellul ar
Protein Assay Kit (Pierceat# 23227) with modifications described by the Janes Lab,
University of Virginia(310). A six-point standard curve consisting of bovine serum
albumin standard diluted to 4, 2, 1, 0.5,9ahd 0 mg/ml was constructed by adding
7.5ul of each diluent with 2.5ul of the protein lysis buffer to av@ll plate. 7.5ul of the
protein lysate of unknown concentration was added, in duplicate, to a well along with
2.5ul of water and 200ul of the BGCvlution (50 parts solution A to 1 part solution B)
and incubated at 3T for 15 minutes. The absorbance of each sample was determined
by excitation at Aszin a SpectraMax Plus spectrophotometer, and the average
concentration of the unknown samples watermined by comparison to the

absorbencies of the standard curve.
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2.1.6.2 SDSPAGE

Total protein samples were extracted in Igepat&3Q (Sigma, cat# 18896) (referred to

as NR40 from here on), TritoiX 100 (Sigma, cat# X100) or Radioimmunoprecipitation

assayuffer (RIPA buffer) (Sigma, cat# R027850mM NacCl, 1.0% NP40, 0.5%

sadium deoxycholate, 0.1% SDS, &M Tris, pH 8.0) were mixed 5:1 with 6X Load

Buffer (125mM TrisHCI pH 6.8, 2% SDS, 20% glycerol, 0.2% bromophenol blue, 2%
b-mercaptoethanol). rBteins extracted with a 2% SDS (in PBS) lysis solution were

mixed 5:1 with the aforementioned 6X load buffer containing no SDS. Protein mixtures

were boiled for five minutes at 99°C in a thermocycler and resolved on precast SDS

PAGE gels (NUPAGE Novex-#2% BisTr i s gel s (Ther moFi sher ), E
gel (Genscript) or NUPAGE Novex 7% T#getate protein gels (ThermoFisher))

alongside MagicMarkE XP Western Protein Stan
Electrophoresis was performed in either a Hoeafiigel apparatus or an XCell

SureLock® MiniVCell in 1X MOPS buffer (ThermoFisher, cat# NP0OO1) or 1X-Tris

Acetate buffer (NML Media) at 13060V until the desired separation was achieved.

2.1.6.3 Silver Staining

Silver staining of SDSPAGE gels utilizedhe PlusOneSilver Stain kit (GE Healthcare,

cat# 17115001). SDSPAGE gelsvere rocked gentlin fixing solution (10% acetic

acid/ 40% methanol) overnighthe following day, SDFPAGE gels were incubated in
freshfixing solution for 15 minutes followelky a 3Gminute incubation in10@l

sensitizing solution (30% methanol/ 5% sodium thiosulfate 17g sodium acetate) and then

washed three times, for five minutes each i®HGelswere then stainedith 2.5%
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silver nitrate stain for 20 minutes and agaeshed twice for one mute before the

addition of 10@nl of developingsolution(6.25g sodium carbonate, 100ul 37%
formaldehyde). Development proceeded for four to six minutes until the desired staining
intensity and was halted by adding stop solutio65§.of EDTA in250ml) for 10

minutes with gentle rocking. Silver stained SBP&ge gels were washed withQthree

times, five minutes before being scanned.

2.1.6.4 Chemiluminescent Western Blotting

Proteins were transferred from SIPAGE gels to nitrocallosemembrane (Invitrogen,

cat# 1B3010602) using theBlot semidry transfer system (Invitrogen) program 1 for 7
minutes. Membranes were blocked for a minimum of one hour in 5% skim milk powder
(SMP, Carnation) in 1X TBS (50mM Tris, pH 7.4, 150 NaChhwat1% Tween 20

(TBST) followed by the addition of primary antibodies diluted in 5% SMP in TBST as
per concentrations listed in Appendix Table A2 and incubated overnight with rotation at
4°C. The following day, membranes were washed three times, 10 mimiiteTBST

and secondary antibody incubations were performed with an HRP conjugated goat anti
mouse (KPL, cat# K®1-15-16) antibody or an HRP conjugated goat-aakibit

(Epitomics, cat# #053) at a 1: 20,000 dilution in 5% skim milk powder in TBST for

hour at room temperatureMembranes were washed three times with TBST for 10
minutes and then exposed to the chemiluminescent HRP substrate Immobilon detection

reagent (Millipore, cat# WBKLS0500) for one minute. HRP amplified signals were
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detected on mershamhyperfilm ECL film (GE cat# 28906839) for 360 seconds

before development in a film processor (SRXLA, Konica Minolta, Tokyo, Japan).

2.1.6.5 LFCOR Near Infrared Western Blotting

Proteins were transferred from SIPAGE gels to PVDF LF membraiiBio-Rad, cat#
1620264 via the TransBlot Turbo Transfer system (Bigad). Membranes were

blocked for a minimum of one hour in 50% Odyssey blocking Buffer TBEQR cat#
927-50100) in PBS. Primary antibodies (diluted as per Appendix Table A2) weed add
in 50% LiCor Odyssey Buffer in PBS, including 0.1% Tween 20 (PBST) solution and
incubated overnight with rotation at 4°C. Membranes were washed three times, five
minutes with PBST prior to incubation for one hour with 700nm fluorescently labelled
antirabbit secondary antibody @Gor) and/or 800nm fluorescently labelled amtbuse

both at a 1:2@00 concentration in 50% 1Cor Odyssey Buffer in PBS, 0.1% Tween 20,
0.01% SDS. Finally, membranes were washed four times; five minutes each, twice with
PBST and twice with PBS before drying. Dried membranes were imaged with-the LI
COR Odyssey Infrared Imaging System scanner (LiCor Biosciences, Mandel Scientific,
cat# LIG9201-00). Protein bands were quantified using Image Studiodofevare

version 3.11(1-COR) using the profile tab to define boxes around protein bands and
calculating the signal background using background subtraction method rfseditm

one pixel, all sides).

2.1.7 Indirect Immunofluorescence
3x1® GP2 293 cells stably expressing N@terminally HBHNS5A-2a, HBHGFP,

Huh7.5 or SG JFHL1 replicons in Huh7.5 cells were plated into a 35mm dish containing
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three 13mniThermanodlastic Coverslips (Invitrogen, cat# 174950). For fixation, cells
were washedwice with 1ml of PBS per well before adding 1ml of Z%Ain PBS for

10 minutes at roortemperature Cells were then washed three times with 1ml of PBS
before permeabilizing with 1ml of 0.25% Tritor200 in PBS for five minutes prior to
being washed three times with 1ml of PBS. Coverslips were removed fronwilé 6

dish and placed in a humidifieth@mber where 50ul of IF Blocking Buffer (2% BSA/2%
FBS in TBST)was addedor an hour. Coverslips were then washed three times with
PBS after which primary antibody was added (Appendix Table A2) in IF blocking buffer
was added and incubated aC4overnidit. The following day, coverslips were washed
three times with PBS, before the addition of the GoatRalibit IgG (H+L) Dylight 488
conjugated secondary antibody (ThermoFisher, cat# 35502) and/or Donk&oast

IgG (H+L) CrossAdsorbed DyLight 594 smndary antibody (ThermoFisher, cat# dSA5
10168) diluted 1:1000 in IF blocking buffer for a total of one hdtells were washed
three times with PB8eforecounterstaining with 50ul of a 30uM DAPI solution
(ThermoScienctificcat# 62247) in PBS for a &dtof five minutes. The coverslips were
washed a final four times in PBS and mounted using ProLong Gold Antifade Mountant
(Molecular Probes, cat# P10144) oatSUPERFROSglass microscope slide

(SYBRON, cat# 4951) and sealed with a cleait polish Sideswere viewedunderthe

488 and 593 fluorescent detection channels usirgxavert 200M fluorescence
microscope (Zeiss) with the 32X objective. Alternatively, higbolution images were
obtained using the LSM 700 laser scanning confocal micros@aesj. Cells were

plated onto Nunc Lafiek 8chamber slides (ThermoFisher, cat# 154453PK), processed

as above and covered with a 13mm glass cover slide (ThermoFisher -844#13).
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Images were obtained using the 20X and 40X objectives with laser petatr2.0, and
the master gain was adjusted between3@D units while the digital gain did not exceed

1.9. Images were analyzed using the Zen Lite software package (Zen 2.3 Lite).

2.1.7.1 JFHIHT Infection for Indirect Immunofluorescence

1x10° Huh75 cells were plated into a single welllfinc LabTek 8chamber slides
(ThermoFishercat# 154453PK). The nesay 100ul of JFHHT virus was added to a
chamber, incubated for four hours after which, 200ul of complete DMEM was added.
Cells were fixed 48pi. JFHEHT (J. Boutilier and M. Carpenter, unpublished) was a
serially passaged JFH1 vir(s51) containing six cell culture adapted mutations (L9V

and M56L in p7, T180P and 1290M in NS3 and D278N and C465S in NS5A).

2.1.8 REAP Method of Nuclear/Cytoplasmic Cellular Fractionation

Fractionation of whole cell lysate into nucleerd cytoplasmic fractions was by the
Rapid, Efficient, And Practical (REAP) method as describe8umuki etal., 2010(311)
2.5x1¢ 293TN, HBHNS5A-2a and HBHGFP GP2 293 cells were plated int8%mm
dish and incubated overnight producing a88% monolayer the following day. Cells
were harvestelly removing media, washing twice with 1ml of cold PBS, and adding
anothemilliliter of PBS into which the adherent ceere scrapedHarvested cells

were centrifugedor 10 seconds &t0,000xgthe supernatantas discardedandthe cell
pellet suspended by trituration %@0ul of cold REAP Buffer (0.1% NP40 in PBS). From
the resuspendezklls,300ulwas removed s t h e fiysdieo dhe rematning celll

suspensiomvas spurfor 10secondsand 300ul of the resulting supernatant was removed
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as the Acytosolic fracti on wasdi$cardedTheavhi ch t he
pellet was washed in 1ml of REAP Buffer and resuspeid&80ul of 2% SDS in PBS,
becoming t he .ABatcH etalre firvahcalieo nc e Iflr alcyt § @thnedd a
were sonicated at level two, thrice for five seconds to homogenize the nucleic acids using
amicrosonultrasonic cell disruptor with micriop attachment (Mandel, HQ500

110The REAP fractionated samplesre evaluatedy SDSPAGE and LiCOR Western

blotting (2.1.6.2 and 2.1.6.5).

2.2 Generation of HBHNS5A and HBH-GFP Stable Cell Lines

2.2.1 Creating HBHtagged NS5A2a and GFP

To performTandem Affinity Purifications (TAPfibai t 06 pr ot ei ns were tag
HBH tag(255,256) The Nterminally and Germinally tagged HBENS5A-2a

expression vectors were created by PCR amplification of the NNS@ARF from the
pJFH1 plasmid (&ind gift from Dr. Takaji Wakitg151) (Accession # AB047640) using
primers 650F/651R and 652Fr/653Rr, respectivégntrol GFP expression vectors

HBH tagged at both N and-t&érmini were produced by PCR amplification using primers
616F/617R an®18F/619R, respectivelpn templatgpEGFRN1 (Clontech, cat# 6085

1). Nucleotide sequences of @f®rementioned primeie listedin Appendix Table

Al. PCR amplificatiorwas performedising theProof PCR methodology described in
section 2.1.2. The NS52a amplicons to beNand Gterminally tagged were digested
with BsiWI/EcoRI and Notl/BSiWI respectively. GFP ampliceode N and G

terminally tagged were digested with BamHI/EcoRI and Notl/Agel, respectively. All

amplicons were inserted intorespectively digested modified pQCXIN retrovirus vector
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(Clontech, cat# 631514) modified to contain the HBH tag sequence @tsieeam or
downstream of the multiple clonirsgte (MCS) and an IRE$eo cassetteK( Hsu, K.

Lee and M Carpenter, unpublished).

2.2.2 Retrovirus Production

GP2 293 cells were seeded at 3xd€lls per 10cm dish and incubated overnight to

produce a 70% monolayer the following day. Cells wertr@asfected with 2ug of HBH
tagged protein expression vector and 2ug\®VG-G (Vesicular stomatitis virus
glycoprotein)(Clontech, cat# 631530) vectosing the Effectene transfection

methodology outlined in section 2.1.4 (Qiagen, cat#301425). After 48 hours,
supernatants containing mature retroviruses were passaged through a 0.2 um SFCA filter
(VWR, cat# 28199101). The retroviratontaining solutia was mixed with PEGIt

(Systems Biosciences, cdt¥810A-1), followed by an overight incubation at 4°C,
centrifuged the following morning, 4°C for three hours at 20,000xg, and the supernatant

was discarded. Retroviral pelleteme resuspended in LIMMEM and stored ai80°C.

2.2.3 Generation of stable cell lines

GP2 293 cells were seeded at 4.HcHls in a 35mm dish to produce a 50% monolayer

the following day. The next morning, media was removed, cells were washed once with

1ml PBS, anrdov5iOrOuesl ionf ar estol uti on centaining
Aldrich, cat# 107689) was added. The infection was left for six hours, after which, fresh

media was added to bring the total volume in the well to 3ml. Drug selection utilizing the

neomycin resistaze cassette within the pQCXIN vector was started 24 hours after

68



infection using G418 at a final concentrat.

days under selection, splitting the cells at 80% confluency. Expression from the
constructs was confirndeby SDSPAGE and Chemiluminescent Western blotting
techniques described in 2.1.6.2 and 2.1.6.4, respectively utilizing the RB8bbdy
that detects the HBH tag. Positive expression-adiidli C-terminally tagged GFP
proteins were confirmed by viewirtige fluorescence of GFP with a 48&citation
channel on thé&xiovert 200M fluorescence microscope (Zeis€)ytoplasmic expression
of the HBHNS5A-2a and NS5AHBH-2a proteins was confirmed using Indirect

Immunofluorescence as described in section 2.1.7.

2.3 NonDenaturing Tandem Affinity Purification (nNTAP)

2.3.1 Nondenaturing TAP Harvest of HBH tagged NS5A and GFRagged protein

11.4 x 16 GP2 293 cells expressing various constructs were plated onto a single 15cm
plate resulting in a #80% monolayertte next day. Cells weserappednto their

media, transferred to a 50 ml conical tube and pelleted by centrifugation for at 800xg for
15 minutes at4C. Cell pellets were washed twice with 10ml ice cold PBS then lysed in
10ml of nTAP lysis buffer (50mNNaPO4 pH 8.0, 150mM NaCl, 0.5% NP40 and
Protease and Phosphatase Inhibitors (Roche, cat# cOmplete €T A

11873580001and PhosSTOP 4906845001) for 30 minutes on ice. Nucleic acids were
removed by adding 300 units of Benzonase (Millipore cat# 7dj48dMgCl. to a

2mM final concentratiofollowed by incubating at room temperature for 30 minutes.

Cell extracts were stored -&®0°C for up to two weeks and on the day of use were thawed
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and aliquoted into 1ml fractions for clarification by centrifugationdioe hour at

16,000xg, 4C. The soluble supernatant was used for nTAP purification.

2.3.2 Nondenaturing Metal Chelate Purification of HBH tagged NS5A and GFP

using the FPLC

An Akta FPLC (GE Healthcare) A and B lines, the P960 pump and a 1ml HisPur Cobalt
Chromatography column (Pierce, cat# 90093) were primed with Buffer A (50mM NaPO4
pH 8.0, 150mM NaCl, 0.1% NP40) and Pump B with Buffer B (50mM NaPO4 pH 8.0,
150mM NacCl, 0.1% NP40, 500mM imidazold)ysates were diluted 1:10 in TAP Buffer

A and loaded omta cobalt column using the P960 high load pump at a flow rate of
0.5ml/minute. The column was washed with 10ml of Buffer A. HBH tagged proteins
were eluted using stepwise gradient with imidazole at concentrations of 10mM,

150mM, and 500mM over 200 miragt while 1mifractions were collected and stored at
4°C. Fractionated samples containing the HBH tagged protein were confirmed using dot
blot procedure in combination with chemiluminescent western blotting with an anti
RGSH; antibody as described in sexti2.1.6.4. nTARurifications wereevaluated using

the Silver Staining methodology described in section 2.1.6.3.

2.3.2.1 Dot blot identification of FPLC fractions containing HBH tagged proteins
18-50ul of 1ml fractions were mixed with 5ul 6X SDS load teufand boiled for 20

minutes at 98C. A square of nitrocellulosgas moistenedith TBS before securing it

to the dot blot apparatus. The samples were transferred to the membrane using vacuum

suction. Wells of the membrane were washed twice with TBB8d themembranavas
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removed and processed as a traditional chemiluminescent westesis Bexcribeth

section 2.1.6.4 after the transfer step.

2.3.3 Nondenaturing Metal Chelate Purification of HBH tagged NS5A and GFP

using batch methods with cobalmagnetic beads

100ul of packed cobaliased HisTag Isolation and Putiown Dynabeads
(ThermoFisher, cat# 10103Rjas added to the soluble lysate from a single 15 cm plate
of cells All soluble total proteins were quantified (2.1.6.1) and equilibratéuettowest
concentration and loaded equivalently onto 100ul cobalt beaolsalt beads were
washed twice with 850ul of 4D and twice with 850ul of Buffer A; each wash was 30
seconds endverend rotation in buffer A followed by 150 seconds on the magnatk.
Precleared protein lysates described in section 2:8c& addedo the cleaned cobalt
beadsand bindingvas allowed to proceed for a total2@f minutes with endverend
rotation at 4C. Bound protein complexes were washed four times with|88@®uffer

A and transferred to a fresh 1.5Bppendortube preceding elution. The elution was a
two-step process whereas the first elution consisted of the addition of 850ul of Buffer B
and a 2éminute endoverend incubation at°C, removal of the supeatant a second
elutioncomprisedf 100ul of Buffer B and a fiveninute incubation at room
temperature. lHateswere pooled and added directly to cleaned streptavidin beads

(Section 2.3.4).

2.3.4 Biotin/Streptavidin Purification of HBH tagged NS5A andGFP
Cobalt purified protein complexes derived from the nTAP FPLC based cobalt column

purification (2.3.2) were pooled in a 15ml conical tube, and a total of 25ul packed
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Streptavidin T1 MyOne BSA coated Dynabeads (ThermoFisher, cat# 6560) were added
(200ulof bead slurry resulted in 100ul of packed streptavidin beads after wastiBtg).
tagged protein complexes isolated by the cobalt bead batch method (2.3.3) were added
directly to 25ul packed Streptavidin T1 MyOne BSA coated Dynabeads (ThermoFisher,
cat# 6%0). Streptavidin T1 MyOne BSA coated Dynabeads were conditioned by
washing four times, twice with4® and twice with the TAP Lysis Buffer with washes
consisting of a 158econdendover-end rotation followed by magnetic capture for 150
seconds. Streptalin beadsvere addedo the FPLC obatch cobalt eluatdsr 20

minutes at room temperature with end over end rocking. Following capture, binding
supernatantvas removedand the beadsere washedour times, twice with the TAP

Lysis Buffer and twice withhe TAP Lysis Buffer without NP40 detergent. Following

the final wash, all liquidvas carefully removedand the streptavidin bead®re frozerat

-80°C.

2.4 Denaturing dTAP) and CrossLinked/Denaturing (xdTAP) Tandem Affinity

Purification

2.4.1 Denatuing TAP (dTAP) and crosslinked denaturing (xdTAP) Harvest of

HBH tagged NS5A andGFP-taggedtotal protein

11.4 x 16 GP2 293 stable cell lines were plated onto five 15cm plates to yiekBa%%0
monolayer the following dayCells were harvested usingubber policeman to scrape
themdown in their media, transferred to a 50 ml conical tube and pelleted at 800xg for 10
minutes in a JS 7.5 swinging bucket rotdC 4 Harvested cells were washed twigiéh

50ml icecold PBS per 15cm plate and after theafiwash cells were pooled in 15ml of
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ice-cold PBS. Cell counts were determined by a Countess Cell Counter (Thermo Fisher).
FordTAP lysis, 9x10 cells were lysed in 1ml Urea Buffer with Phosphate (UBP) (50mM
NaHPQ4, pH 8.0, 8M urea, 300mM NacCl, 0.5% NB4t room temperature with end
over-end rotation for 20 minutes. For xdTAP, crosslinking of the harvested cells with
paraformaldehyde (PFA) (spacer arm of 2.(282)) was in 1ml 2% formaldehyde

solution (1g paraformaldehyde (Sigma, cat# P6148) in 50ml PBS) with incubation for
nine minutes at room temperature with @werend rotation. Crosbnkers

disuccinimidyl suberate (DSS, spacer arm 11.4 A), disuccinimidyhgite (DSG, spacer
arm 7.7 A)and ethylene glycol bis(succinimidyl succinate) (EGS, spacer arm 16.1
A)(262)were prepared as 25mM solutions in anhydrous dimethyl sulfoxide (DMSO)
prepared fresh. Cell pellets were resuspended iarditBS, DSG or EG&osslinking
solution consisting of 10ul DMSO, 40ul of the 25mM cross linker solution (1ImM final
concentration) and 950ul of PBS followed b$Gminute incubation at room temperature
with endoverendrotation. Crosdinking solutionwas removed by centrifugation at
800xg for one minute at room temperature, and the reaction was quenched with 1ml of
ice-cold 125mM glycine (GE, cat# 1¥732301) in PBS for five minutes at room
temperature with endverend rotation. Quenched samples wagstrifuged at 800xg

for one minute at room temperature, and all supernatascarefully removetdefore
resuspending in 1ml of PBS. All crelsked cells were then lysed in 1ml UBP for 20
minutes at room temperature with eoekerend rotation and hongenized using a
QIAshredder (Qiagen, cat# 79656) by centrifuging at 10,000xg for one minute at room
temperature. Alternatively, samples were sonicated with five pulses for 20 seconds each

on amicrosonicultrasonic cell disruptor wita microtipprobe (Mawlel, cat# HSQ500
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110). Samples were clarified by centrifugation for one hour at 16,000xg at room
temperature. Soluble supernatamtse storect-80°C or processed immediately by the

dTAP/xXdTAP protocol.

2.4.2 dTAP/xdTAP Metal Chelate Chromatography ad Streptavidin capture for

the purification of HBH tagged proteins

dTAP/xdTAP metal chelate chromatography purifications were performed similarly to
the nTAP metal chelate chromatography batch purifications with cobalt beads described
in section 2.3.3 wvih the following modifications. Denatured and denatunedslinked
protein lysates (section 2.4.1) were added to 50ul of packed -txatsait HisTag

Isolation and Pullown Dynabeads that had been washed twice with d&hd

conditioned twice with UBP buéf. Binding was for a total of two hours at room
temperature. The binding supernatant was removed, and the cobalt beads with bound
protein complexes were washed thrice with 1ml UBP. Denaturatediarksd protein
complexes were eluted from the cobadalis by the additiorf &ml of UBP Elution

buffer (5a4nM NaPO4 pH 5.0, 8M urea, 300mM NacCl, 0.5% NP40, 500mM imidazole)
and a 1eéminute incubation.The elution was repeated and the eluates podethalt
purification was performed using a HisPur Cobaltddmatography Cartridges (Pierce,

cat# 90093) with loading performed with the aid of a syringe plkafdientific cat#
78-0220V), where protein complexagre adsorbetb the 1ml column, washed thrice

with 5ml UBP and eluted with 5ml of UBP Elution buffegluted material from either
method of cobalt capture was added directly to 150ul of packed Streptavidin T1 MyOne

BSA coated Dynabeads previously washed twice with water and conditioned twice with
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UBP Buffer, followed by an overnight capture at room terapge. The following day,
the streptavidin bead and bound protein complexes were washed twice with UBP and
twice with AB buffer, leaving the final pellet in 25ul of AB Buffer (50mM M Os)

then stored ai80°C.

2.5 Digestion and Purification of Peptide for Mass Spectrometry Analysis

2.5.1 Reduction/Alkylation/Trypsin Digestion of Peptides from Streptavidin

Capture

Denatured protein complexes were resuspended in 100ul of Urea Exchange Buffer (UEB)
(8M Urea (GE, cat#1-131901), 50mM TrisHCI, pH 8.0) ad allowed to denature at
room temperature for 30 minuteReduction and alkylation of the proteins was
accomplished by the addition of 14thiothreitol (DTT) (Sigma, cat# 10197777001) to
a final concentration of 5mM with a 30 minute incubation followgdhe addition of
iodoacetamide (IAA) (Sigma, cat# 16125) to a final concentration of 15mM in
Ammonium Bicarbonate buffer (AB Buffer) (50mM NHCOs (Sigma, cat# 09830) and
a 30 minute incubation in the darkhe Urea concentration was adjusted to 1.6thwi
AB Buffer, before adding 1.0ug of trypsin (lyophilized protein reconstituted in 100ul
50mM acetic acid) (Promega, Porcine Sequencing Grade, cat#A\1828@)followed by

an overnight incubation in a humidified chambe3Z&C.
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2.5.2 Strong Cation Exchage (SCX) Purification of Peptides

Peptides as prepared in Section 2.5.1, peptides were separated from magnetic beads by
magnetic rack separation and acidified with 2ul of 10% Trifluoroacetic acid (TFA) with a
minimum final concentration of 0.2% TFA. SamgHwas determinedy applying 1ul

of the acidified peptides onto pH test strips ensured the pH was less than 3.55@¢nta
stage tipg312)used five layers of Empore SPE cation exchange disks (Sigma cat#
66883U) in a 200ul unfiltered pipette tip which were conditioned by slowly passing 80ul
of 0.1% TFA thraigh the tip, three times. Tryptic digested peptides: adsorbetb the
PentaSCX stage tip by slow addition of the peptide solution. The Stage Tip was washed
once with 80ul of 0.1% TFA and twice with 80ul of 50% Methanol (MeOH)/0.1% TFA.
Peptidesvereelutedby adding 50ul of 5% Ammonium Hydroxide (M®H) /30%

MeOH, twice, pooling both eluates. 100ul of acetonitrile (ACN) was added potied
eluates before the peptides were subsequently dried using vacuum centrifugation in a
Savant Universal Spe®dc vacuum system (Thermofisher, Massachusetts, USA). Dried
peptidesvere storedt-80°C. Prior toMass Spectrometry, peptide®re resuspended

22ul of mass spectrometgrade HO and the concentration of the eluted peptides was
estimated using a Nadmp spectrophotometer (assuming 1 A280 = 1ug/ml). The

concentration was adjusted to 2ug/20ul using 0.1% FA/ 2% ACN.

2.6 Mass Spectrometry Analysis of TAP Purified Protein Complexes

2.6.1 Mass Spectrometry
Individual samples were injected via a ndlwv EasynLC Il HPLC (Proxeon

Biosystemsyonnected ifline to an LTQ Orbitrap Velos mass spectrometer
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Approximately 1.5 ug of total peptide (15ul) was concentrated ontg i@¢erse phase

trap column (2cm long, 100ul inner diameter, 5Sum particles) witBalBQffer A (2%
Acetonitrile, 0.1% FA) at 3ul/min prior to injecting onto gsCeverseghase analytical
column (10cm long, 75 um inner diameter, 3um particléSplumns were packed-in

house with ReproSiPur C18AQ resin(Dr. Maisch) andritted with Kasil by the NML

Mass Spectrometry core unit (NML Winnipeg). Peptides were eluted ugid@rainute

linear gradient of £80% acetonitrile applied at a constant flate of300nl/minute using
nanceLC Buffer A (2% CAN) 0.1% FA) and B (98% ACN / 0.1% FAEluted peptides

were injected into the LTQ Orbitrap Velos mass spectrometer using a nanoelectrospray
ion source at 2.35 kV. Data from the mass spectrometer was collected as a data
dependent acquisition consisting of an initial survey scan (m/z = 300 to regolution

= 60000 at m/z 400) in the Orbitrap followed by selection of the top 10 most abundant
precursor ion peaks containing a charge state greater than +1 for analysis on the linear ion
trap (2.0m/z isolation width). Peaks chosen for fragmentateye subjected to
collisiorrinduced dissociation (CID) (35% normalized collision energy), with ten
millisecond activation timeDynamic exclusion lists includesDO0 features, an m/z

tolerance of 15 ppm, a repeat count of 1 and duration s€8@nds with aexclusion

periodof 15 seconds, with early expiration disabled. A blank injection.Gf Was run
between samples containitwlimit potential crosscontamination. In some experiments,
HCD was employed and the top 5 most abundant ions were selectet jainaitysis on

the Orbitrap.
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2.6.2 Mass Spectrometry Data Analysis

Data files from the Orbitrap Velos mass spectrom&te acquiredh .RAW format

were searched utilizing the Mascot server 2.3 (Matrix Science) against the International
Protein Index (1) Human database version 3.71 to which all HCV genotype 2A (JFH1)
protein sequences were append€&dypsin was selected as the digestion enzyme avith
maximum allowance of two missed cleavages @rdamidomethylation of cysteine as a
fixed modificationandoxidation of methionine as a variable modification. Resulting
files were loadednto Scaffold version 3.4.9 (ProteorBeience, Oregongnd Peptide

and Protein Prophet algorithmereset to Protein 99%, Peptide 802peptides per

protein minimum.Common contaminants (keratin/trypsimgre excludedrom the final
tables. Additionally, PEAKS 7.5 software (SBI Biosciences, Waterloo, Canada) was
employed with settings as for the Mascot seisearches described above. A false

discovery rat®f 1.0% atthe peptide level was set for each search engine.

2.7 Confirmation of NnTAP and xdTAP NS5A-2a Protein-Protein Interaction

Candidates

2.7.1 TAP Confirmation Expression Plasmids
FLAG or Myc-taggedexpression vectors were created using the cloning strategy
described in section 2.1.3. The source of tagged vector, insert, PCR primers and

restriction enzymes fagachconstruciare listedn Appendix Table A3.
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2.7.2 Confirmation of TAP Interaction Candidates by Celmmunoprecipitation

2.5x1G 293TN cells were plated in a 35mm dish producing a 60% monolayer the
following day. Cellswvere transfectedith bait and prey protein expression vectors using
the Xtreme gene cell culture transfection (sectiom2.Iro obtain similar gene

expression levels from the FLAG and Mtagged vectordifferent quantities of

expression vectowas transfected. For example5ug of FLAGNS5A-2a, 0.1ug of
FLAG-GFP, 1.0ug of MydKBP38 and 2.0ug of each of the remainingcMggged
candidatesAfter a 48 hour incubation period, transfected cells were washed twice with
1ml of icecold PBS and lysed in either 0.5ml of -@®Lysis Buffer P (PBS pH 7.4,

0.5% NP40, Protease and Phosphatase Inhibitors)-t? Cysis Buffer T (Trs-HCI pH

7.4, 0.5% Triton X100, 150mM NacCl, Protease and Phosphatase Inhibitors) for 30
minutes on ice Lysateswere shearedith a 25%gauge needléentimes then clarified

by centrifugation at 15,000xg, for Bsinutesat4°C. Soluble protein lysatesere
preclearedising 80ul of Protein A/G agarose (Thermo Fisher, cat#20421) for 45 minutes.
Magnetic beads were used to capture the bait proteins: a forwdRIdapturedhe
FLAG-tagged proteimsing AnttFLAG M2 magnetic beads (Sigma cat# M8823

wherea thereciprocallP captured mc-tagged proteins witAnti-c-myc Magnetic Beads
(Pierce cat# 88842). The methodology was identical regardless of the capture bead type.
10ul of packed beads were used and were recovered from 20ul of bead slurry by
removingthe storage buffer and washing twice with 1ml ofledBuffer P or T. Beads
were blocked for one hour in 20% FBS in-®oBuffer P or T and were washed twice

with 1ml of CaIP Lysis Buffer P or T. Soluble protein lysates were added to the blocked

beads ad binding allowed for a total of two hours after which the beads were washed
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five times, three times with 1ml of @& Lysis Buffer P or T, then twice with the same
buffer without detergen®rotein complexes were eluted from the beaits 45ul of a
1X SDS load buffer theboiledfor ten minutes 8@0°C. Eluted protein complexes were

subsequently removed from the beads using a magnetic rack and st8@@ at

2.8 Generation of SG JFH1 and SG JFHINS5A-HBH replicon Huh7.5 cell lines

The HCV JFH1 subgemaic replicon §GJFH1) consisting of the HCV nestructural
open reading frame (NS8S5B) driven by an EMCV IRES and a neomycin resistance
cassette under the control of the HCV JFH1 IRES providedas a kind gift from Dr.
Takaji Wakita(150) SG JFHIHBH was createtby inserting the entire HBH tag after
E420 and before G421 in tIs& JFH1 plasmidPrimers 1098F and 1099R both
containing arAbsl restriction site were used in the PCR to amplify the HBH tag from
pHBH-NS5A-2a. This amplicon was cloned initially into a 248Mgil/BsrGl
subfragment of pJFH1 from NS3 base pair 5321 in JFH1 genomic numbering to NS5B
base pair 7805. The pJFH1 subfragimeith the HBH tagvas subsequently transferred
into full-length pJFH1 via the Nsil/BsrGl restriction sites to create&StBdFHI:-NS5A-

HBH plasmid.

2.8.1 In vitroRNA Synthesis

Sixteen micrograms of§$GJFH1(150), or ISGJFHL1NS5A-HBH DNA plasmidswere
linearized using Xbal (NEB), for two hours at’@#ollowed by treatment with one unit
of Mung Bean Nuclease (NEBat# M0250S) for 30 minutes at°® Plasmids were

purified using QIAEXII resin and quantified usindNanodropspectrophotometry. 1.0ug
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of the digested template plasmi@s useds atemplatefor RNA synthesis using

MEGASscriptT7 kit (Ambion cat# AM1334) in a 30ul reaction as detailed by the

manufacturer fothree hours at 3€. DNA was removed using 1ul of TURBO DNase

(Ambion cat# AM1239) for 15 minutes at®&7after which RNA transcripts were

purified using the RNeasy Plus kit (Qiagen c
instructionsRNA concentréons were determined by NanoDrop spectrophotomatrg,

guality was assessed using 0.7% agarose gel electrophoresis and deemed acceptable by
thepresenc®f a single band kck of smearing. Absence of template DNA was ensured

by no amplification in a PCR reaction without reverse transcriptase.

2.8.2 Electroporation of RNA into Huh7.5 cells

15cm plates were seeded at 3.9 XH0n7.5 three days prior to electroporation aalils

were harvested by trypsinization and pelleted uaid§ 7.5 swinging bucket rotor
centrifuge for 15minutes at 500xg, 4°Cells were washed twice with iam®ld PBS and
centrifugingeach time for 15 minutes, 500xg at 4°C. Cell counts were determinegausin
Countess cell counter (Invitrogen) and were adjusted to 1°6ell§/ml with PBS. Five

ug of RNA was added to 400ul of the cell suspension containing 6ell® and

immediately transferred to a pehilled 0.2 cmgap Gene Pulser Electroporation Citiee
(BioRad, cat# 1652082). Electroporation used a ECM 830 Square Wave Electroporation
system (BTX, cat#5-0002, Massachusetts) with settings: 820V, 99us, pulses=5, interval
220ms(313) Electroporated cells were allowed to recover fonfifutes at rom

temperature prior to addition of 600ul of psarmed DMEM and plating onto a 35mm

dish containing 2 ml complete media. The plating amounts required to produce a full
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monolayers at time of harvest were, 291ul for 4hpe, 251ul for 12 hpe, 200ul for 24 hpe,
158ul for 36 hpe, 125ul for 48 hpe and 90ul for 72hpe. Generation of the Huh7.5 cell
line stably expressing SG-H1 or SG JFHNS5A-HBH was done using selection with
0.75mg/ml G418 was for 10 days. Replicon containing cells were maintained under

selectivepressure with 0.4mg/ml G418.

2.9 Purification of HBH-NS5A-2a from stable cell lines and HBHtagged NS5A from
SG JFH1 in Huh7.5 cells for phosphorylation site identification using dTAP
11.4 x 16 HBH-NS5A-2a GP2 293 cells or SG JFHHBH Huh7.5 cells werelated

onto five 15cm plates and harvested according to the dTAP method (section 2.4).

2.10 Purification of JFH1 NS5A protein from SG JFH1 Huh7.5 cell line by

continuous elution gel electrophoresis

NS5A-2a protein from the SG JFFuh7.5 cell line was ®ated utilizing continuous
elution gel electrophoresis in a 491 Prep Cell {Baxd) to obtain higiesolution

molecular weight separation of total protein extract. Either a 7.5%, 8.5% or 9%
separating gel was prepared by assembling the gel tube of 49Cé&ltand adding
degassed acrylamide gel solution (Acrylamide/Bis (37.5:1 Stock, 30%), 1.5MICljs

pH 8.8, 10% ammonium persulfate, Tetramethylethylenediamine (TEMED) to the 37mm
gel tube until the 10.5cm mark, overlaying the gel with 2ml of weddurated 2butanol

for two hours and replacing the butanol overlay with 491 Gel Buffer (0.375MHCIs

pH 8.8). The acrylamide core was allowed to solidify overnight. The following day, a
3.2% stacking gel (Acrylamide/Bis (37.5:1 Stock), 0.5M “HiSI, pH6.8, 10%

ammonium persulfate, TEMED) was added on top of the separating gel, overlaid with
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2ml watersaturated butanol and allowed to polymerize for two hours. Cell lysates were
prepared in 6ml of a 3% SDS in PBS solution containing both protease asphptase
inhibitors and boiled for 10 minutes at°@0 Cellular lysates were passed through a
Qiashredder to reduce viscosity then total protein concentrations were determined by a
Pierce BCA assay (2.1.6.1). DTT was added to protein lysates to a fntaintmation of
20mM, boiled at 95C for seven minutes and allowed to cool to room temperature. IAA
was added to 60mM final concentration and incubated foniBQtes at room

temperature in the dark followed bye addition of 6X 492 Prep Load Buffer (0.5vis

6.8, 30% glycerol) to a final concentration of 1X. 600ml and 800ml of Running Buffer
(Tris-Glycine, SDS) added to the upper buffer reservoir and upper buffer elution
reservoir, with two liters of buffer used in the lower gel chamber. Elution tutmsg
connected to the FPLC (acting as an external fraction collector) and the protein sample
was loaded onto the surface of the gel asdlved by electrophoresis at 12W constant
power, 600V and 1060A for a total of 610 hours Fractions were eluted im2
volumes,evaluated by SD®AGE (2.1.6.2) for size by silver staining (2.1.6.3), and
presene of NS5A2a was determined by Western Q[@11.6.4). Fractions containing
NS5A-2a protein were pooled and concentrated using an AmicondJ@entrifugal

Filter Unit with Ultracel30 membrane with a 30kDa molecular weightafiit(Millipore,

cat# UFC801024). Samples were washed twice with 4ml UBP buffer sttoege at

80°C.
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2.11 Identification of phosphorylation sites in NS5A2a using Mass Spectrometry

2.11.1 Sources of NS52a for phosphoacceptor site identification

Purified NS5A2a protein was generated from four separate sources. BothiNHESA-

2a from GP2 293 and SG JHNS5A-HBH Huh7.5 cells were obtained using the dTAP
and nTAP protocols describ@usections 2.4.2 and 2.3. Neagged NS5A2a from SG
JFH1 was purified utilizing the continuous gel electrophoresis method described in

section 2.10.

2.11.2 Peptide reduction/alkylation/digestion for nTAP and dTAP purified NSBA
phosphoacceptor sitaléentification

HBH-NS5A-2a obtained using the nTAP or dTAP purification methods was reduced,
alkylated and digestion according to section 2.5.1 with the caveat that alternative
proteases to trypsin were used in different experiments including 1.0ug/ul AspN
(Promega, cat# V132Dbr GluC (Roche, cat# 11047817001). These proteases required

overnight incubation at 2C€ for AspN and 2%C for GIuC.

2.11.3 Peptide reduction/alkylation/digestion for 491 prep cell purified NS%A
phosphoacceptor site identificain

Purified NS5A2a from continuous gel electrophoresis (2.10) was prepardd/$using
a modified FilterAided Sample Preparation method previously descriB#d,315)
Proteins obtained in section 2.10 were absous#ug a Nanosep 30K centrifugal
cartridge (Pall, cat# OD030C34) by centrifugation at 10,000xg until all the liquid had

passed through and washed twice with UEB to remove SDS. DTT was added to a
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100mM final concentration in UEB and removed by centrifugainl0,000x for 15

minutes after a 2tinute incubation at room temperature. Proteins were alkylated by the
addition of 100ul of 50mM IAA in UEB to the cartridge and placing in a thermomixer to
shake at 600 rpm for one minute at room temperafilieyved by a 26minute

incubation at room temperaturethe dark, then removing the 1AA solution

centrifugation at 10,000xg for 15 minutes. Next, the cartridge was washed three times
with 250ul of UEB, centrifuging until all the liquid had passed throughteifr®were

washed twice with 150ul AB buffer by centrifuging at 10,000xg for 10 minutes. Fifty ul

of AB buffer containing 2ul of 1.0ug.ul trypsin, AspN@C was mixed in a

thermomixer at 600 rpm for one minute before and an overnight incubation in a
humidified chamber at 3T for trypsin, 20C for AspN 25C for GIuC. The following

day, 50ul of AB buffer was added to cartridge and the cartridge was mixed in a
thermomixer at 600rpm for two minutes after which the digested peptide mixture was
collected byinvertingthe cartridge and centrifuging for three minutes at room
temperature, collecting the eluate, and repeating the elution again with 50ul of AB buffer.
Eluted peptides were pooled and diluted p®Ho a final volume of 240ul before adding
TFA to afinal concentration of 2%. Peptides were lyophilized using a SpeedVac vacuum
system and resuspended in 50ul of 30%ACN/1%TFA (pH <2.8) before proceeding to C

stage tip clean up.

2.11.4 Ggstage tip clearup of peptides for phosphopeptide identification
Cig stage tips were moistened with 50ul of 100% methanol and conditioned, once with

50ul of 0.5% FA/80% ACN and again with 50ul of 0.5% FA. Digested peptide sample
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was absorbed by loading andloading the flow through. Absorbed peptides were
washed thricevith 0.5% FA before double eluting the peptides using 50ul 0.5% FA/ 80%
ACN and pooling the eluates. Peptides were lyophilized using the SpeedVac vacuum

system and resuspended in 22ul of 0.1% FA/ 2% ACN.

2.11.5 Phosphopeptide Enrichment

2.11.5.1 Phosphaptide Enrichment using T{O

Phosphorylated peptides were enriched from total digested peptide samples using
TitanSphere Ti@beads (GL Sciences, cat# 13528500). Four ug of Gé@dsvere
resuspended in 1mlJ@ and centrifuged for one minute at 5,00@xgl washed twice

with 1ml of Lactic Acid Load Buffer (2M Lactic acid / 50% ACN). Digested peptides
were rehydrated in 1ml of Lactic Acid Load Buffer then clarified by centrifugation at
16,000xg for 20 minutes, after which, the soluble material was traedf® the TiQ
beads and vortexed at maximum for one hour..b&ads were centrifuged for one
minute at 5,000xg, the supernatant removed and two washes with 200ul of Lactic Acid
Load Buffer and two washes with 200ul of 0.1% TFA/58%N was performed.
Peptides were eluted twice using 20ul Lactic Acid Elution Buffém(@ Ko:HPOs pH
10.0), pooled and acidified using 20ul of 5% FA to achieve a 2.5% final FA
concentration. Phospkenriched peptides were then desalted and concentrated using

C18 stage tip €lan up (section 2.11.4).
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2.11.5.2 Phosphopeptide Enrichment using PolyMAC

Phosphopeptides were enriched using the PolyMAExpedeon Phosphopeptide
Enrichment Kit (Expedeon, cat# PMACTMO02). Lyophilized peptides were resuspended
in 100ul of the Loadtig Buffer provided in the PolyMAC kit, and 4ul of the PolyMAC
reagent was added followed by mixing in a thermomixer for five minutes at 900rpm.
Next, 200ul of Capture Buffer was added to the peptides to acidify the solution, (ensuring
a pH between 5:6.5), and 50ul of the Magnetic Capture beads were added mixing the
beads and samples for 10 minutes at 900rpm. Following mixing, samples were spun
briefly for three seconds and placed on the magnetic separator rack for 30 seconds while
the beads collected dhe side of the tube and the supernatant was removed. The capture
beads were washed once by adding 200ul of Loading Buffer then shaking at 900rpm for
five minutes and finally washing twice more with 200ul Washing Buffer.
Phosphoenriched peptides wenetetl by incubating the beads twice in 100ul of Elution
Buffer, shaking for five minutes and using the magnetic rack to harvest supernatants.
Eluted peptides were lyophilized with the SpeedVac vacuum system and rehydrated in

10ul of 0.25% FA.

2.12 NS5A plosphoacceptor site mutagenesis

pJFH1 a kind gift from Dr. Takaji Wakit151), was used as a template to mutagenize
specific serine and threonine residues within the NS5A ORF using the @ireded
mutagenesis kit (NEB, cat # E0554S) on a 2484bp Nsil/BsrGI subfragment of pJFH1
containing a region encompassing NS3 to NS5Bdhmair 53247803 on the JFH1

genome). Primers used in mutagenesis are provided in Appendix Table A4 and were
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generated by the NEBasechang&r2.6(316). Briefly, for a 25ul reaction, 1X Q5 Hot
Start HighFidelity Master Mix, 10uM of both the mutagenic forward and reverse
primers, 1ng template DNA and nucledsse HO was subjected to the following
cycling conditions: initiabenaturation for 30 seconds af@825 cycles of denaturation
at 98C for 10 seconds, annealing temperature as calculated bfBaschanger
programfor 10 seconds, extension at’@2for 30 seconds per kilobase and a final
extension at 7Z for two minues. Following amplification, 1ul of the PCR produets
addedo a Kinaseligation Dpnl (KLD) reaction containing 1X KLD reaction buffer, 1ul

KLD enzymemix, and nucleasé&ee H.O and allowed to incubate at room temperature

for five minutes. Mutageniclpas mi ds wer e transformed us

shockodo transformation pr ot okcoliQD¢ells. 1. 3)

provided with the kit) and mdreenicdid on LB

Plasmids were isolated usin@a&Aprep Spin Miniprep Kit (Qiagergat # 27104), and
theNsil-BsrGi fragment was transferred into fléngth pJFH1.All mutationswere
confirmedby Sanger sequencindf-H1 phosphomutairt vitro RNA transcripts were
generated as described in section 2.8.1vear@ electroporated into Huh7.5 as described

in section 2.8.2.

2.13 RNA Isolation andQuantitative real-time reverse transcriptase PCR

Huh7.5 cells were electroporated with Sugro¥itro transcribed HCV RNA from wt,
GND, or phosphomutants (section 2.8). At four anch@@rs,postelectroporation (hpe)
cells were washed twice with PBS and RNA was isolated usingNleasyPlus Mini Kit

with genomic DNA removal (Qiageoatt 74136). RNA concentrations were
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determined byNanodropspectrophotometrygnd 50ng of RNA was reverse transcribed

into cDNA utilizing the Quantitect Reverse Transcription Kit, Qiage# Ga5313).

Briefly, 1ul 7X gDNAwipe-outbuffer was added to the RNA in a total volume of 7ul

then incubated for twminutes at 42 RNA was reverse transcribed into cDNA in a 20ul
reaction volume containing 2.0ul of 5X Quantiscript RT buffer, 0.5ul e?fher mix

and 0.5ul of reverse transcriptase master mix for 15 minuteS@t 42d three minutes at
95°C. One ulof the cDNA reaction was used for SYBR Green (Biotools, cat# B21203)
reattime PCR reaction containing 8.2ul of H20, 10.0ul of 2X SYBR Select Mix and 400
mM of each primer. The primers used for amplification were previously described by
Matto et al, 2011(313)and bi nd in the HEV 506 UTR (For war
TCTGCGGAACCGGTGAGTA3 6 and RECAGACAGTACCAGAAGGC3 0) .
The cellular control GAPDH amplification primers (NCBI accession # Nm_002046) span
exons two and -ACATC&GETCAGACACEATGE D MRaéwvder-se 560
TGTAGTTGAGGTCAATGAAGGG3 6 ) a n d awtalRNA@atmabzation

control. Reactions took place in a 96 well MicroAmp FAST optical reaction plate
(ThermoFisher, cat#4346906) sealed with MicroAmp optical adhesive film
(ThermoFisher, cat# 43119) Analysiswas performedh triplicate for eaclsample,

and the average of the three technical replicate valaeseportedAn HCV RNA
standardvas preparedly serially diluting known amounts of vitro transcribed HCV

RNA into 100ng total Huh 7.5 tielar RNA to determine the viral genome copy numbers
in each experimental sampl&hermocycling consisted of a UDG activation step &C50

for two minutes, an AmpliTagolymerase activation step of two minutes &t(®%10

cycles each consisting of 95 for three seconds, 60 for 30 seconds and a final
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dissociation step producing a melt curve. Amplification was performed on a
StepOnePlus Redlime PCR System (Applied Biosystems/Life Technologies) and
evaluated using StepOnePlus Software version 2.3ligpBiosystems).Total viral
RNA copy numbersvere normalizedo the average GAPDH value pided by each
experimental plate All mutant RNA samplewere evaluateffom a minimum of two

independent electroporation experiments.

2.14 Western Blot Analysisof NS5A from Electroporated Huh7.5 Cells

Protein extracts from electroporated Huh 7.5 cells were harvested at 72hpe by washing
twice with PBS before lysing in 100ul 2% SDS/PBS and immediately boiling the samples
for 10 minutes at 85°C. Samples were pdgheough a QiashreddeT.otal protein was
guantified using a BCA protein ass@gction 2.1.6.1). Twenty ug of total protein was
resolved on a 7% SD¥ris Acetate gel (Novex) at@ for four hours at 130MVestern

blots proceeded as described et®on2.1.6.5).All phosphomutant protein samples

were evaluateffom a minimum of two independent electroporation experiments.

2.15 TCIDsdo/ml Analysis of HCV Viral Titer

Following electroporation with the JFH1 phosphomutants, Huh7.5 cells were passaged
accordng to cellular confluencgvery three days for a total of nine daynthe ninth

day, cell culture supernatants were collected and clarified at 500xg for 10 minutes at 4°C
andstoredat 4°C up to one week. Naive Huh7.5 cells were seeded into 96 ateligpl
8,000/cells per well 24 houkseforeinfection with afive-fold serial dilution of clarified

viral supernatants diluted in DMEM without FBS or antibiotics. 100ul of inoculum
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diluted in DMEM (no FBSwas addedo thecells,and thanfectionwas incipatedfor a

total of four hours followed by the addition of 100ul complete DMEM containing 20%
FBS. Infections proceeded for four days. On the fourth day,wels fixedby

submerging plates in 100% tceld methanol for 25 minutes &0°C, removing

methanol and allowing plates to completely dry. Plates were washed with PBS before the
addition of 100ul IF Blocking Buffer (2% BSA, 2% FBS, 0.1% Tween 20 in PBS) and
were blockedor one hour. Primary antibody consisting of 1:750 dilution of N@&82
wasaddedo IF blocking buffer and incubated overnight at 4°C. The following day,

plates were washed three times with PBBefore an houlong incubation with the anti
rabbitDylight 488 antibody (Thermo) (1:1000). Plates were again washed three times
with PBST before a final addition of 100ul PBS. Individual wells were evaluated by an
Axiovert 200M fluorescence microscope (Zeiss) and scored as positive or negative based
on the presence of a minimum of at least one fa@lper well. TCIDsg/ml was

calculated by a Lindenbach et al. 2009, modifRebd & Muench metho(817)

TCIDso/ml valueswere expresseds a ratio of mean wt values obtained from the
correspondinglectroporationand these wt valuagere seto be a value of ond@ll
phosphomutant CIDs¢/ml valueswere evaluatetfom a minimum of two independent

electroporation experiments.
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Chapter 3: Identification of host cell interacting proteins of hepatitisC
virus nonstructural 5A protein by a novel tandem affinity purification,

massspectrometry basedapproach

3.1 Introduction and Rationale

Of thetenproteins encoded Hyepatitis C virusfiICV), NS5A has emerged as a key
regulator of vial propagatiorand pathogenesis although in both areas specific
mechanisms remajpoorly definedNS5A has previously been shown to interact with
diverse set of host proteingluding TRAF2/TRADD (apoptosis regulatiof219 221),
FKBP8/38 (mmunophiling (232,234 237), TIPE2 (neoplasia245)and p53 (tumor
suppressor{224,225,318)Revealing thébroadeM S5A-host proten interactomausing
state of the art techniquesssi | d provi de cri ti cal i nsight i nf
role in HCV pathogenesis and replicatidRecently, a nevandem affinity purification
(TAP) tagwas developewhich utilizesabiotinylationsignd sequence flanked by two
hexahistidinesequencedn combinationwith two rounds of purificatiothis TAP system
providesexquisiterecovery and purity255,256) The HBH tag is functional even under
denaturingconditions proteinsamples can be creiesked ex vivqg locking protein

protein interactionsRPI9 in their biologically relevant context then lysed and purified in
denaturing buffer to enhance bait purithhis has particular relevander NS5A, as it is

a membrane bound proteamd often extracts poorly in standamteraction lysis buffers.
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3.2Results

3.2.1 Creation GP2 293 cells stably expressing HBtdgged NS5A

Efficient purification of a target protein is crucial for the identification of interacting
proteins isolated by tandem affinity purification. The HBH ¥eas originally designed

for use in yeast cell experiments, so the first task was to repurpose it for mammalian cell
work. The tag encoding region was introduced into a retrovirus vector (pQCXIN) in order
to generate stable cell lines expressing the thpgé (NS5A2a). Two versions of the

vector were made differing only in the placement of the HBH tag; one creates an N
terminally tagged construct (HBNS5A-2a) and the other a-terminal construct
(NS5A-HBH-2a) (Fig.3.1.A.displays the-@rminal tag HBH plasmid). The viec

expressea bicistronic transcript with a CMV promoter driving the transcription of the
gene of interest (in this case NS2A) fused with the HBH tag. A neomycin resistance
marker (neoRjs locateddownstream of an internal ribosome entry sequendeS)R

Long terminal repeats (LTRSs) flanking tegpression region allow the generation of
infectiousretrovirus, which can be useditdegrate the coding reion into the genome of a
host cell(Fig.3.1.A). The HBH tag is composed of two seth@fahistidir residues

(one containing an RGS motif) flanking a biotin recognition sequence that becomes
biotinylatedex vivoby a host cell biotinylase (Fig.3.1.B). The NS3A ORF (HCV

strain JFH1) and Green Fluorescent Protein (GFP) were cloned into pQHBHN

vedors as both N and-@rminally tagged construct&FP was used as a control as it is a
moderately sized soluble protein (34kDa)doriginates from jellyfish antherefore

should be innocuous to a human cell.
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NS5A-2a 1.4 kb e " B
HBH Tag

Figure 3. 1. Cloning of the HCV NS5A2a ORF into thgpQCXIN-HBH vector.(A)
Schematic of the pQCXHHBH vector used for generation of the HBH&minally
tagged NS5A protein (NS5ABH 2a, circled in red). A CMV promoter drives
expression of a bicistronic transcript taining the gene of interest followed by an IRES
anda neomycin resistance geiiB) Schematic of @erminally tagged NS5&a protein.
The HBH tag is composed of tvexahistidinesequences, one of which contains an
RGS motif upstream, flanking a biotinylation recognition sequence consisting of 75
amino acids. A single Lysine residue within this sequéecemediotinylated by a

host biotinylase when expressexivivo(255,256)

The expression clones warsed to generate infectious retroviruses which were
subsequently used to produce 293 cell lines stably expressing the relevant open reading
frames (Fig 3.2)Verification of stable HBHagged protein expressiovas confirmedy
Western blotanalysis usinghe RGSH antibody (directed against the first hexahistidine
motif in the HBH tag)Figure 3.3A shows HBHNS5A-2a (lanel) and NS5AHBH-2a

(lane 6) proteingre detectedt 74/76kDa consistent with the expected molecular weight

(63/65kDafor NS5A-2aand11 kDa for the HBH tag HBH-GFP (lane 2) produces a
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protein of 38 kDa (27 kDa for GFP plus 11 kDa HBH tag). Previously generated HBH
HCV Corela and HBHHCV Core2a cells linesvere useds positive controls (lands

5), and a cells only negative contaetected no protein (lane 3).

%L’@E AN
VA }\\\ 1. Transfect cells
f A
[ poCxIN 2|
| NS5A-2a-HBH

~/

2. H t vi

:> e
GP2 293 Cells

GP2 293 Cells
(gag, pol)

NS5A-2a-HBH .:*:,
GP2 293 Cells

T

Figure 3. 2. Production of GP2 293 stable cell lines expressing HBH tagged proteins.
PQCXIN-HBH vectors containingiBH-tagged NS5A-2a or GFRcassettesvere dually
transfectedvith thepVSVG plasmid containing vesicular stomatitis virus envelope
glycoprotein(1) into GP2 293 cells that contain retrovigalgandpol genes. The Gag,
Pol and Env proteins produce retroviral pseudoparticles containing the sequighices
the long terminal repeats of the pQCXHNBH vector,and 48hours post transfection
(hpt) retroviruswas harvestettom the cellular supernatan(®), and naive GP2 293 were
infected(3). GP2 293 cells with theuccessfuincorporation of the retroviralemome
were selected using the neomycin resistance cassette and placed under neomycin (G418)
drug selection for-10 dayq4). Surviving cells express HBEhgged proteins (pink
NS5A protein with yellow and blue HBH tag).

HBH-GFP (lane 2) produces a priotef 38 kDa (27 kDa for GFP plus 11 kDa HBH tag).
Previously generated HBHCV Corela and HBHHCV Core2a cells linesvere used

as positive controls (lands5), and a cells only negative control detected no protein (lane
3). Fulklength NS5Ais locatedin thecell cytoplasm(128,171,190,191and therefore, to
verify the HBH tag had not interfered with tbellulardistribution of NS5Ajndirect

immunofluorescence was performed. Figure 3.3.B upper panel shows detection of
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cytoplasmic NS5A2aHBH while the lower panel is RGStntibody incubated with a

cells only negative control exhibiting the
same resultarere obtaineavith HBH-NS5A-2a construct (data not showh)BH-tagged

GFP (both Nand Gterminal tag formsyvere confirmedy direct fluorescence of the

GFP protein. In this case, HBtdgged GFP variantgere foundn both the nucleus and

cytoplasm, consistent with untagged GFP (not shown).

The quantity and quality of NS5ABH-2a expression from a stable versus a transient
transfectionwas evaluatedly Western blot. Total protein lysategsre obtainedrom

overnight cultures of the staldells and protein from transient transfections were

isolated 48 hours post transfection (hpt). In both cases, the monolayer density at time of
collection was the same. In figure 3.3.C, total protein extracted from NEIA2a

stable cell lines (lanes ha 2)was comparetb the equivalent protein isolated from
transiently transfected cells (lane$8 Even with the acknowledged limitations of
chemiluminescence for quantification, the amount of tagged NS5A protein (red arrow) is
equivalent but with a Sutptal protein load from the stable cell line samlig 3.3.C,

lanel) compared with thel.6ug total protein load from the transient transfection sample
(Fig.3.3.C, lang) suggesting higher amounts of NS5A in the transient transfection
sample However the transient transfection also produeelditionallower molecular

weight speciesuggestingnore degradation or incomplete translatiooducts. Results

were the same forf&rminally tagged NS5A. More fulength NS5A2aHBH was

desirable for PPI ideification, and thus the stably integrated expressing system was

choserfor subsequent experiments.
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Figure 3. 3. Evaluation of HBHtagged HCV proteins expressed in GP2 293 o@s.
Confirmationof HBH-tagged protein expression. Total protein from cells stably
expressing HBHagged clonewas evaluated bwestern blot with primary antibody
anttRGSH; antibody followed by amtmouse HRP secondary antibody. The expression
of HBH-NS5A-2a (74/76 kDated arrow, lane 1), HBHFP (38 kDa, green arrow, lane
2), and NS5A2a-HBH (74/76 kDa, red arrow, lane &je indicatedA cells only negative
control (GP2293) (lane 3) produced no visible bands. Positive controls of previously
verified HBH-Core 1a (laa 4) and HBHCore 2a (lane 5) (31 kDa, blue arrow) were
used to demonstrate RGo&htibody detection and specificitfB) Confirmationof
cytoplasmic expression of NSE2e-HBH in stably transduced cell$ixed cells were
evaluated by indirect immunoflu@eencewnith an RGSH antibody.(C) Western blot of
NS5A-2A HBH from stable cells and transient transfections. Total protagextracted
from overnight cultures of NS52aHBH cells and cell¢lanes 1 and 2) dransfected
with the NS5A-2aHBH constructthen isolated a48 hpt(lanes 36). Total protein load
amounts are indicated above the lanes. Magic Mark ladder indicated molecular weights in
kDa. For the Western blot, afRGSH; antibodywasused for NS5A2a-HBH detection
(indicated byred arrowy.
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3.2.2 Optimization of the TAP protocol
The HBH tag and@orresponding AP protocolwereinitially developed to study
ubiquitination in yeast and follow a twsiep sequential purification methodology

(Fig.3.4)255,256)

HBH Tag ~ 11 kDa

2 Purification
Cobalt Streptavidin

_g. o -E- A 3. Digestion
- —> \
\ v

\\;\\ 4\

|

4. |dentification by
Mass Spectrometry

|

Figure 3. 4. Identification of hosproteins interacting with HBHagged NS5A2a using
theHBH native stater{) TAP protocol. (1) HBH-NS5A-2a stable cells are lysed with a

low detergent containiniguffer to preserve protein interactions in their native sfaje.
Soluble protein extractsre subjectetb two purification stepgrirst, the hexahistidine

motifs present on the HBH tag biadnetal chelateesinand are washei remove

unbound contaminants before ehgfithe target proteinsing imidazole. Streptavidin is
then used tbind the endogenously biotinylated HBH tag and washed to remove
contaminants(3) Bound HBHtagged NS5A and its interacting host proteins are digested
to peptides using trypsin, cleaned of contaminantq4arslbmitted tanass

spectrometryo identify the NS5A2a interacting proteins.

At the commencement of thigoject the TAP protocol had no precedent for purification
of proteins produced in human cells. In order to evaluate a number of conditions, an
FPLC was employed to inject HBtdgged protein sample ma 1ml metal chelate

cartridge (cobalt or nickel) in order to automate the loading, washing and elution steps of
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the metal chelate portion of the purification. HBktjged NS5A2a from a single 15cm
culture dish was lysed, diluted in sodium phosphatesbaifid injected onto a 1ml cobalt
cartridgeprior towashing and elution with 10mM50mM, and 500mM imidazole. The
elution profile indicated that the majority of protein (and detergent wkialso detected

at A280) passed through the column duringltiaeling and washing stages at@Om|

(Fig.3.5). Elutionwith imidazole resulted in two peaks, both of which contained NS5A

2aHBH protein (not shown) indicating that the FPLC coupled to the nickel cartridge

method coulde usedis a starting point for fther optimization.

500 mM imidazole

150 mM imidazole
l

. 10/mM imidazole

— S i

Figure 3.5. Chromatogranof NS5A-2aHBH protein purified with cobalt purification
using an FPLC. The-axis is time fninutes),and the yaxis is UV absorband@280).
Theconcentratiorof imidazole(green line) in the steplutionis indicated. Elution
fractions (pink)are indicated A red staindicatedfractions containing purified NS5A
2aHBH protein

Affinity purification lysis and purification buffers must balance the need to release
cellular components but not denature proteins, disnagitzeprotein interactions or limit
capture efficiency. Althougfris-basedbuffershave beemsedfor metal chelate

purifications, sodiunphosphatéasedouffers aregenerallypreferred, as they contain no

9¢



primary amines that can interfere with capt@®@alt concentrations should be near
physiological(100-150mM) leaving choice of detergent as an important factor for the
buffer (319) Two different extraction/purification buffers were chosen tonparison.

A phosphatédasehTAP (native state TAPIlysis buffer(50mM NaPO4 pH 8.0, 150mM
NacCl, 0.5% NP4Pwas compared to thEis-basedRIPA buffer 560mM Tris, pH 8.0
150mM NacCl, 1.0%NP40,0.5% sodium deoxycholate, 0.1% S0& a cobalt

purification with NS5A2aHBH (Fig 3.6.A).

Dot blotanalysis demonstrated that the majority of N&Z&MBH in the nTAP buffer
purification was present in fractions A8 and A9 (Fig.3.6.A, upper). In contrast,
purification with the RIPA Iged buffer identified NS5RaHBH in 12 elution fractions
(A7-B6) (Fig.3.6.A, lower panel)To evaluate the quality of purified protein using both
buffer systems, Western blot analysias performed(Fig.3.6.B).Equivalent volumes of
each FPLC cobalt pification step demonstrated that nTAP buffer FPLC fractions
contained enough NS52aHBH to be detected on the Western blot in the diluted
starting material (lane 4) and fraction A8 (land€fy.3.6.B, left) RIPA buffer lysed and
diluted starting materiglane 12), and fractions A3, A8, B1, B8 (lanes1& were
below the Western blot detection limit (Fig.3.6.B, rigRR)PA treated NS5&2aHBH

was however detected in FPLC fractions by dot blot (Fig.3.6.B, lower) but not in Western
blots (Fig.3.6.B, ript). This carbe explainedby differential protein loading (50ul for dot
blot and 25ul of sample for the Western blot). The detection of NZ&ABH in the

NTAP buffer starting material by Western blot and its absence in the RIPA lysis indicated
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that thenTAP buffer was more efficient at extracting NSB&HBH and was therefore

chosen for subsequent purifications.

Further comparisowas madeising the detergents NP40 and TritoriB0 using nickel
resin purification of NS52aHBH (Fig.3.6.C). Both deteemts were similar in their
ability to extract NS5A2a-HBH indicated by the intensity of NS52aHBH in the total
lysis fraction (Fig.3.6.C, langévs. lane 13). NP40 and Triton-200 also produced

similar elution profiles with NS5&2aHBH being detectedh fractions ATA6 with

peaks at A3 for NP40 and A4 for Triton200 detergents (Fig.3.6.C, lanedBvs. lanes
18-23). As the profiles were similar, lysis buffer (50mM NaPO4 pH 8.0, 150mM Nacl,)

containing 0.5% NP4@as choses the buffer for theubsguentnTAP protocol.

An important difference between purification with nickel and cobalt columns using nTAP
lysis buffer also became apparent. With cobalt purification, elutions were tightly focused
with the HBH tagged protein eluting in typically ooetwo fractions (Fig.3.6.B, elution

in A8, lane 6). In contrast, nickblased purifications exhibited a broader elution profile
(Fig.3.6.C, elution in AJA6, lanes 611). Thissuggests that cobalt binds the HBH tag

with a higher affinity and that a higheoncentration of imidazole is required to elute
NS5A-2aHBH compared to nickel. Interestingly everi@mM imidazole, some but not

all of the HBHtagged protein was eluted from the nickel columns (Fig.3.6.C, lane 6).
The data also suggests that the cbaf detergent can have marked effects on cobalt

(and possibly nickel) column purification as RIPA buffer, which contains additional low

levels of detergents compared to nTAP, buffer also caused elution over a broader range
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(Fig 3.6.A). The higher extraon efficiency and tighter elution profile of the Cobalt resin

affirmed its usen subsequent purifications.

The recommended pH for a metal chelate extraction/purification buffer is pi(07.0

(319) Extractswere prepareth pH 7.4 and pH 8.0lpsphate buffer in nTAP lysis

buffer then subjected to FPLC cobalt purificatiohesternblot analysiswas performed

and despite similar starting aomts (Fig.3.6.D, compare lanes 1 and 7), very little eluted
proteinwas detectedh the A8 and A9 fractions with pH 7.4 buffer compared to pH 8.0
buffer (Fig.3.6.D, compare lanes 5 and 6 to lanes 11 and 12). A likely explanation is that
the lower pH did not allow as efficient binding of tagged NS5A to the resin. Buffers at

pH 8.0wereusedin all subsequent TAP purifications.

It was previously stated that stable cell lines had a greater ratio of full length products
compared to transiently transfected cells (Section 3.2.1, Figure 3.3) however Figure 3.6.B
and C contain significant asants of lower MW products. This is primarily due to

differences in Xray film exposure for this blot compared to the one in figure 3.3.
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Figure 3. 6. Evaluation of differenbuffers for extraction and purificatiooy native tate
TAP (nTAP). (A, B, C) Effectsof detergent on purification of NS52aHBH. (A)
NTAP lysis buffer versus RIPAQul of each of the total protein extraction steps (Tot=
total 10ml lysis, In = insoluble, Sol = soluble, SM = 1:10 diluted startiaterial) and
FPLC cobalt elution fractions (AC7) were resolved by dot blot and NS2AHBH was
visualized with the RGSHantibody from nTAP (top) and RIPA (bottom) TAP
purifications.(B) Western blot o25ul each TAP purification step from (A) totalrfal),
insoluble (lane 2), soluble (lane 3), 1:10 diluted starting material (lane 4), FPLC cobalt
elution fractions A3 (lane 5), A8 (lane 6), B1 (lane 7) and B8 (lane 8).-tigbed
NS5A-2a protein was detected by the RG3idtibody and chemiluminescencenTAP
(left) and RIPA (right) based purification®lS5A-2aHBH is indicatedwith a red arrow.
(C) NP40 versus Triton X.00 detergentsComparison of 18ul of total protein extracts
(total, insoluble, soluble and 1:10 diluted starting material) and nidkeC 1ml elution
fractions (AXA7) resolved on chemiluminescent Western blot with the RGitibody.
NTAP lysis buffer samples extracted with 0.5% NP40 (left) or 0.5% TritdX(right).
(D) Effects of pH on nTAP lysis buffewestern blot oflOul of e@h TAP purification
step from pH 8.Muffer extractedpurified protein:Soluble (lane 1) FPLC elution
fractions A3 (lane 2), A4 (lane 3), A5 (lane 4), A8 (lane 5) and A9 (lane 6) and pH 7.4
buffer extractedpurified protein: soluble (lane 7), FPLC elutifnactions A3 (lane 8), A4
(lane 9), A5(lane 10), A8 (lane 11) and A9 (lane 12). N&&AIBH protein was
detected witrantrRGSH,; antibody and chemiluminescendedjcatedwith red arrovy.

The FPLC allows for automated purification of HB&bged proteinsHowever, there

are several drawbackssociated with its use includifaborintensive seup, larger

10¢



volumes of buffers required to prime pumps and equilibrate columns and the inability t
purify multiple samples simultaneously. Therefore, batch purification usingon
magnetic cobalt beadgas evaluatedMagnetic cobalt beads are simple to manipulate; all
binding, washing and elution steps make use of attraction of the iron gare tarth
magnets. As such, several different samples can be manipulated at once increasing

efficiency and simplicity over the FPLC methodology.

The FPLGbased cobalt column purificatiomas comparetb cobalt bead magnetic
capture. Cobalt column purification of NS8&%&HBH resulted in eight fractions

containing NS5A2aHBH (A11-B6) with the majority present in three fractions-B3
(Fig.3.7.A, lane$-12). Due to the nature of the elution profile from a column, the FPLC
column methodology produced a less concentrated N&BABH protein preparation
eluting across these fractions. In contrast, a batch elution process resulted in a single
fractioncontaining HBHtagged protein (Fig.3.7.C, lane 7). For subsequent steps, elution
in a smaller volume would be dfstinctadvantageSilver staining SDSPAGE gels
assessed the purity of the FPLC column and batch elutions nfetttothl protein

content (Fig.3.7.B&D). The two FPL-Based purification elutions containing the

majority ofthe NS5A2a-HBH protein (B1B2) containsubstantial protein species, a
problem often seen with metal chelate column purification where the target protein is
present at low levels (Fig.3.7.B, lanes 6,7.). Although there may be less unique protein
speciesn the magneticobalt bead batch elution methd#ig.3.7.D, lane 7) compared to
the FPLC column method, this purification procedure was also insufficiently pure,

(although no worse than the FPLC method). The simplicity and reduced handling time
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provided ly thecobalt beads batch purification methaltbwed the FPLC purification
methodologyto beabandoned

A FPLC/1ml Cobalt Column B FPLC/1ml Cobalt Column
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Figure 3.7. Comparison of FPLC cobalt column and batch cobalt bead purifications of

NS5A-HBH-2a tagged proteinA 15cm pate ofcells expressin§lS5A-2aHBH was
extracted using nTAP lystufferand subjected to either FPLIEnI cobalt column
purification (A, B) or a batch purification with magnetic cobalt be&dsD). (A)
Western blot analysis of FPEOMI cobalt columrmpurified samplesstarting material
(lane 1), column flow through (lane 2) FPLC elution fractions Al, A2,-B&lanes 3
12). HBHNS5A-2a was detected with RGSH4 antibody and chemiluminescéice.
Samples from (A) evaluated by SIPAAGE and silver stained tasualize total protein.
(C) Western blot analysis ohagnetic cobalt bedaatch purification: starting material
(lane 1), binding supernatant (lane 2), washes (larftgsaBd cobalt bead elution (lane 7)
detected witranttRGSH4 antibody and chemiluminescen@). Samples from (C)
evaluated by SD®AGE and silver stained. Elutidractionss containing NS5/Ra
HBH are indicated with red text, and the size of N&&&BH is shown with a red
arrow.
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With the need to furthenyify the HBHtagged protein for subsequent use in identifying
PPls attentionwas turnedo streptavidin captur@®ne way to improve capture specificity
is to optimize the amount of capture resin to protein amount usedificgdtion. As

such, 100ul an@5ul volumes of streptavidin beadgreused to further purif{4BH-
taggedprotein from cobalt bead batch elution (Fig.3.8)edférrblots revealed that both
100ul and 25ul of streptavidin beads were sufficient to capture the 188§5#BH tagged
protein (Fg.3.8.A, lane 7 and Fig.3.8.C, lafe Minimal HBH-tagged proteinvas
detectedn the binding supernatant (the supernatant left over following bead capture) of
in either the 25 or 100 ul bead volumes (Fig.3.8.A, Bwersus Fig.3.8.C, lane Bilver
stained SDSAGE gelsshowed a sharper delineation of total protein using 25ul of
streptavidin beads than did the 100ul volume (Fig.3.8.B, [&i€sversus Fig.3.8.D, lane
6). As 25ul of streptavidin beads was able to efficiently capture NZ&ABH protan

and apparently with less confounding contaminating protein species, Zirgmhvidin

beadswvere usedn all subsequent nTAP purifications.
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Figure 3.8. Comparisorof 100ul and 25ul of streptavidin magnetic beads in the
purification of NS5AHBH-2a protein(A, B) NS5A-HBH-2a 100ul streptavidin bead
purification fractiondrom: starting material (lane 1), streptavidin bead binding
supernatant (lane 2), washes (lar®) Bul of streptavidin beads diluted in 100ul of PBS
(lane 7) 1/3, 1/27 dilutions of streptavidin beads (lar&6)9(A) HBH-NS5A-2awas
detectedvith RGSH; antibody and chemiluminescen¢B) Samples from (A) evaluated
by SDSPAGE and silver stained tasualize total protein(C, D) NS5A-HBH-2a 25ul
streptavidin bead purification fractiof®m: starting material (lane 1), streptavidin bead
binding supernatant (lane 2), washes (lai® Bul of streptavidin beads diluted in 100ul
of PBS (lane 6) 1/3 @hes 7)(C) HBH-NS5A-2awas detectedith RGSH; antibody and
chemiluminescencégD) Samples from (C) evaluated by SIPAGE and silver stained to
visualize total protein. NS52a-HBH is indicatedwith a red arrow.

The final NnTAP protocol consisted of lgsnf a single plate of cells stably expressing an
HBH-tagged protein in TAP lysis buff¢s0mM NaPO4 pH 8.0, 150mM NacCl, 0.5%

NP40). The first purification used 100ul of cobalt beads andebendused 25ul of



streptavidin beadsA representative Westeblot (Fig.3.9.A) demonstrates that NS5A
2aHBH is effectively captured with minimédssof target protein in the binding
supernatants of both bead types (lanes 2 abditSa good recovery with minimal
background bands in the final elution (lane 14y(#Q.A, lane 14 and 3.9.B, lane 14).
Optimization of the nTAP protocol was demonstradiece with the @erminal tagged
NS5A-2aHBH, but N-terminal tagged HBHNS5A-2a behaved the samegarding

capture and purity (data not shown).

Figure 3.9. Fully optimized nTAP protocolA) Protein from a5cm plate otells

stably expressinlS5A-2aHBH wasextracted usingnoptimized nTAP lysis method
Cobaltmagnetic beagurifications are indicated iblacktext and inclde: starting

material (lane 1), binding supernatant (lane 2), washes (la@g<ition (lane 7) and

5ul of cobalt beads diluted in 100ul of PBS (lane 8). Streptavidin purification fractions
are indicated imluetext andinclude:binding supernatant (lane 9), washes (lane$3)0
and 5ul of streptavidin beads diluted in 100ul of PBS (laneA¥Y\Jestern blotHBH-
NS5A-2awas detectewith antrRGSH; antibodyfollowed bychemiluminescenc€B)
Samples from (A) evaluated by SIPAGE and silver stained to visualize total protein.
NS5A-2aHBH is indicatedwith a red arrow.
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3.2.3 ldentification of NS5A2a interacting proteins by nTAP and mass

spectrometry

Currently, there is an expansive list of NSB&st PPIs identified by a multitudé

techniques. However, every protein expression system suffers from limitations including
appropriate protein expression levels and the absence of adequate controls. The nTAP
protocol developed here was designed to address some of these limitatibnstalgty
expressing HBENS5A-2a at a moderate level to limit the potential for inducing overall
stress to the cells ar) by using, in addition to no bait protein expression controls, an
HBH-t agged GFP constr uctirrelevand sopeinnegatves an addi t
control. To verify that the optimized nTAP methodology was capable of identifying
NS5A-host PPIsonel5cm plate each of HBINIS5A-2a and HBHGFP cellswere

subjectedo the finalized nTAP purification protocol and the eluted samples were for

each was subject to protein identification by mass spectrometry and database analysis.

The pesencef the HBHNS5A-2a and HBHGFP proteinsvas trackedhroughout the
purification by Western blot and silver stain analysis (Fig 3ADAP purification
yieldedhighly purified HBHNS5A-2a and HBHGFP proteinsvith, as expected, a
di fferent profile of bands as seen in the si

D, | ane fibeadso) .



Streptavidin

C. HBH-GFP

D. HBH-GFP

Figure 3.10. nTAP purified HBHNS5A-2a and HBHGFP for the identification of
interacting proteins. A single plate of HBRMS5A-2a and HBHGFP GP2 293 cellwere
subjectedo the nTAP protocoll5ul from each step of the nTAP procedwass resolved
on SDSPAGEfor: (A, C) Western blat with theantrRGSH; antibody and
chemiluminescere, andB, D) silver stain for total protein content. Cobalt purifications
are on the left side and streptavidin on the right. Western blots appear directly above
corresponding silver stained gels with HBIS5A-2a (red arrow) above the HBEFP
samples (green arrow).

Purified HBHNS5A-2a and HBHGFP proteinsvere submittedor mass spectrometry

with the resulting data queried against the IPI human custom database version 3.71

(appended to contain all JFH1 HCV protein sequences, GFP sequence and the HBH tag
sequence). HBHGFP served aan irrelevanexpressed protein contria identify host

proteins bound to the HBtdgortoanye ct opi cal |y #fAirrel evant o ex|

the purification resins. Although wash cyclesre performedbetween sample injections
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during masspectrometryHBH-GFP samples were analyzed befd@H-NS5A-2a so

proteinsspecificto HBH-NS5A-2a would nobe misidentifiedas false negatives.

Coverage oHBH-NS5A-2a by mass spectrometry and database searching yielded up to
70% coverage of the protein, a very high value considering that not 8854 Neptides

are amenable to trypsin digestion. Likewise, GFP coverag@2%agFig.3.11). Of a

total of 558 proteins identified in the initial HBHAP, 87 proteins were found in

common to both the HBIMIS5A-2a and HBHGFP samples including: keratins (16
different types), desmoplakins, plakoglobin, transferrins, histones, HNRNP subunits (9
types), ribosomal proteins (50 types) and proline and glutamine rich proteins. Most of
these are commonly seen contaminants. Of the 29 proteins found only in thi&HBH
sample, histone subunits, topoisomerase 2, HNRNP subunits, Pinin and ribosomal protein
subunits were present. There were no previously identified NS5A interacting proteins
present in the HBHGFP list. In the HBHENS5A sample, 449 proteins were present, a
number of which have been previously reported to be NS5A interacting proteins

including: ArfGap(320), Nap1L(246)and p53224,225,318)
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A NS5A-2a Coverage

| SGSWLRDVWD WVCTILTDFK NWLTSKLEFPK LPGLPFISCQ KGYKGVWAGT GIMITRCPCG ANISGNVRLG SMRITGPKIC

-1 MNTWQGTFPI NCYTEGQCAP KPPTNYKTAI WRVAASEYAE VTQHGSYSYV TGLTTDNLKI PCQLPSPEFF SWVDGVQIHR

Lcl FAPTPKPFFR DEVSFCVGLN SYAVGSQLPC EPEPDADVLR SMLTDPPHIT AETAARRLAR GSPPSEASSS VSQLSAPSLR

41  ATCTTHSNTY DVDMVDANLL MEGGVAQTEP ESRVPVLDFL EPMAEEESDL EPSIPSECML PRSGFPRALP AWARPDYNPP

LVESWRRPDY QPPTVAGCAL PPPKKAPTPP PRRRRTVGLS ESTISEALQQ LAIKTFGQPP SSGDAGSSTG AGAAESGGET
SPGEPAPSET GSASSMPPLE GEPGDPDLES DQVELQPPPQ GGGVAPGSGS GSWSTCSEED DTTVCC

B GFP Coverage

MVSKGEELFT GVVPILVELD GDVNGHKFSV SGEGEGDATY GKLTLKFICT TGKLPVPWPT LVTTFSYGVQ CFSRYPDHMK
QHDFFKSAMP EGYVQERTIF FKDDGNYKTR AEVKFEGDTL VNRIELKGID FKEDGNILGH KLEYNYNSHN VYIMADKQKN
161 GIKVNFKIRH NIEDGSVQLA DHYQONTPIG DGPVLLPDNH YLSTQSALSK DPNEKRDHMV LLEFVTAAGI THGMDELYK

Figure 3.11. Coverage of NS5A and GFP by mass spectrometryPeptides detected
by mass spectrometry from nTAP purified) HBH-NS5A-2a (70%) andB) HBH-GFP
(82%) proteins are highlighted in grey over the NS5A and GFP sequences

To validate thenTAP methodologyone known NS5Anteracting protein, p53
(224,225,318)identified by mass spectrometry was evaluated by Western blot analysis.
Figure 3.12.A demonstrates that p53 is present throughout the nTAP purification of
HBH-NS5A-2a including in the starting material (lane 1), cobalt bead elution (lane 7) and
on the steptavidin beads (lane 14). In nTAP purified HE&#FP (Fig 3.12.B), whil@53

is detected in the starting material (lane 1) and the cobalt elution (lane 7) it is not
recovered in the streptavidin elution (lane 1%his demonstrates the specificity of the

NTAP procedure.
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Figure 3.12. Validaton of apreviously identified NS5A interacting protein, p53, by
NTAP (cobaltstreptavidin) A single 15cm plate each of HBNS5A-2a and HBHGFP
expressingells were subjected to nTARiqification andthe resulting captured proteins
weresubmitted for mass spectrometry and database seardthiagresence ofne
interacting proteindentified by this analysisumorsuppressor proteip53, was assessed
atvarious stages ofTAP purification Cobalt purifications are identified by black text
and streptavidipurifications by blue texWestern blobf: (A) HBH-NS5A-2a andB)
HBH-GFP. Sample typeare indicatecdbove the lanes. Detection usedaati p53
specific antibody (A an®) and an RGSHantibody (B) followed by
chemiluminescence. The RGs&htibody was not used dhe HBHNS5A Western blot
as p53 and HBHNS5A-2a have similar molecular weights. p53 (53 kDa) is indicated by
an orange arrow and HBBFP by a green arrow.

To establish a candidate list of NS24 interacting host proteinthree biological

replicates each consisting of HB¥S5A-2a,HBH-GFP, and GP2 293 cells were purified
using the nTAP protocolMass spectrometrgentified proteins were considerétBH-
NS5A-2ainteracting candidates by passing three requirements: 1) pratentgied had

to be identified by aninimum of two peptided4lse discovery rate0.01), 2) a candidate
protein had to balentifiedin a minimum of two replicates and 3) a candidate protein had
to be exclusively identified in the HBNS5A-2a sample and never in the HEBFP or

cells only controlsln a total of 1015 protein contained within the 9 data sets, only 15
proteins were abletpass the harsh criteria outlined above and became the final

candidates for NS5A host PPIs (Table 3.1).
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Table 3.1. HBH-NS5A-2a interactig candidates revealed by nTAP mass spectrometry/database seaRiotains werealentified
by a minimum of two peptides in a minimum of two replicates\aece presengxclusivelyin theHBH-NS5A-2a sample and not
HBH-GFP or GP2 293 controls. Protein functiovereextracted from UniPrdProtein Databas@21) Proteins selected for further
validation are indicated with an *.

Protein Function (UniProt)

Cytochromecl This is the hemeontaining component of the cytochromebcomplex, which accepts electrons
from Rieske protein and transfers electrons to cytochrome c in the mitochondrial respiratory cl

*CCAR2 Core component of the DBIRD complex, a multiprotein complex that acts at the interface betw

Cell Cycle and Apoptosis
Regulator 2 Isoform 1- syn:
KIAA1967, Deleted in Breast
Cancer gene 1 protein

core mRNP particles and RNA polymerase Il (RNAPII) and integrates transcript elongation wit
regulaion of alternative splicing: the DBIRD complex affects local transcript elongation rates a
alternative splicing of a large set of exons embedded in (ARci)DNA regions. Inhibits SIRT1

deacetylase activity leading to increasing levels of p53/TPé&¥laton and p53nediated apoptosis
Inhibits SUV39H1 methyltransferase activity.

Zinc Finger Protein 503

May function as a transcriptional repressor

*CDK12
Cyclin-dependent kinase 12

Cyclin-dependent kinase which displays CTD kinase activity and is required for RNA splicing.
CTD kinase activity by hyperphosphorylating thée@minal heptapeptide repeat domain (CTD) of
the largest RNA polymerase Il subunit RPB1, thereby actindkayg eegulator of transcription
elongation. Required for RNA splicing, possibly by phosphorylating SRSF1/SF2. Involved in
regulation of MAP kinase activity, possibly leading to affect the resporesrmgerinhibitors

*NKRF
NF-KappaB-repressing factor

Interacts with a specific negative regulatory element (NRBPMTTCCTCTGA-3' to mediate
transcriptional repression of certain MidppaB responsive genes. Involved in the constitutive
silencing of the interferon beta promoter, independently of the-indwged signals, and in the
inhibition of the basal and cytokineduced iINOS promoter activity. Also involved in the regulatig
of IL-8 transcription.

ANT-1
PreemRNA-processing factor €

Involved in premRNA splicing. May act in the #3nRNP complex aa bridging factor between U5
and U4/U6 snRNPs in the late step of spliceosome assembly. May be necessasyRIX Ri
formation. Enhances dihydrotestosteramguced transactivation activity of AR, as well as
dexamethasonmduced transactivation actiyipf NR3C1, but does not affect estrogaduced
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transactivation

RPN-1

Dolichyl-
diphosphooligosaccharide
protein glycostyltransferase
subunit 1 precursor

Essential subunit of ligosaccharyl transferase enzyme which catalyzes the transfer of a high
mannose oligosaccharide from a ljpinked oligosaccharide donor to an asparagine residue with
Asn-X-Ser/Thr consensus motif in nascent polypeptide chains.

HDAC2
Histone deacetylase 2

Responsible for the deacetylation of lysine residues on tteerhinal part of the core histones (H2/
H2B, H3 and H4). Histone deacetylation gives a tag for epigenetic repression and plays an im
role in transcriptional regulation, cell cycle progression and developmental events. Histone
deacetylases act viagliormation of large multiprotein complexes. Forms transcriptional repress
complexes by associating with MAD, SIN3, YY1 andQDR. Interacts in the late@hase of DNA
replication with DNMT1 in the other transcriptional repressor complex composed of DNMT
DMAP1, PCNA, CAF1. Deacetylates TSHZ3 and regulates its transcriptional repressor activity
Component of a RCOR/GFI/KDM1A/HDAC complex that suppresses, via histone deacetylase
(HDAC) recruitment, a number of genes implicated in multilineage blood eedlopment.

*SOD1
Superoxide dismutase [Mn]
Mitochondrial

Destroys superoxide anion radicals which are normally produced within the cells and which ar
to biological systems

PABP-1
Polyadenylatéinding protein

Binds the poly(A) tail of mMRNA. My be involved in cytoplasmic regulatory processes of mMRNA
metabolism such as preRNA splicing. Its function in translational initiation regulation can eithe
enhanced by PAIP1 or repressed by PAIP2. Can probably bind to cytoplasmic RNA sequence
than poly(A) in vivo. Involved in translationally coupled mRNA turnover. Implicated with other

RNA-binding proteins in the cytoplasmic deadenylation/translational and decay interplay of thg
MRNA mediated by the major codinggion determinant of indtdity (mCRD) domain. Involved in

regulation of nonsensmediated decay (NMD) of mMRNAs containing premature stop codons; fo
recognition of premature termination codons (PTC) and initiation of NMD a competitive interag
between UPF1 and PABPC1 withe ribosoméiound release factors is proposed.

NPL4
Nuclear complex protein 4
homolog

The ternary complex containing UFD1L, VCP and NPLOCA4 binds ubiquitinated proteins and ig
necessary for the export of misfolded proteins from the ER to the cytoplasm, where they are d
by the proteasome. The NPLOCKHD1L-VCP complex regulates spindigssassembly at the end of
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mitosis and is necessary for the formation of a closed nuclear envelope

Isoform 1 of Retinol Exhibits an oxidoreductive catalytic activity towards retinoids. Most efficient as an NADPH
dehydrogenase 11 dependent retinal redusi Displays high activity towardsc® and altransretinol. Also involved
in the metabolism of sheahain aldehydes. No steroid dehydrogenase activity detected.

EF1-gamma Probably plays a role in anchoring the complegtteer cellular components. Response to virus.
Elongation Factor-amma

MAGT1 May be involved in Nglycosylation through its association withdligosaccharyl transferase. May
Magnesium transporter Protel be involved in Md@" transport in epithelial cells

*OGDH-2-oxoglutarate The 2oxoglutarate dehydrogenase complex catalyzes the overall conversiaxajlRtarate to
dehydrogenase succinytCoA and CQ. It contains multiple copies of three enzymatic componerntsoglutarate
dehydrogenase (E1), dihydrolipoamide succinyltienase (E2) and lipoamide dehydrogenase (E3
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The NFKappaB repressing factor (NKRF or NRF) protein was one HBS5A-2a
interacting candidate that stood out in the list due tegslabry functions. NKRF is a
transcriptional epressor of NFKB responsive genes, regulate® i INOS promoters
and is involved in IE8 regulation(322 326). NS5A influences each of these processes
by i) activatingthe INOS promoter, ii) inhibiting IFBlproduction and iii) increasing
expression of NFKB response genes an@ (327 332) The potential correlation
between NKRF functias and NS5A expression associated phenotypes made NKRF an
attractive NS5Anteracting candidate protein. NKRF association with HBEbA-2a
during nTAPwas trackedhroughout nTAP by Wsternblot analysis tanonitorthe
presence of NKRF (Fig.3.13). Figusel3.A demonstratabat NKRF is present along
with HBH-NS5A-2a in the final streptavidin bead elution (lane 13). iagority of the
NKRF protein was in the binding supernatant and in the cobalt wash 1 (lane 3)
suggesting that NKRF is in significaeoessto NS5A or that the interaction properties

are not robust.



A HBH-NS5A-2a

lane: 123456 7 8910111213 : 1

Figure 3.13. Specific interaction of NKRF with HBHNS5A-2a throughounTAP
purification. A 15cm plate each of HBNS5A-2a and HBHGFPcells were nTAP
purified. All cobalt purifications are identified by black text and include starting material
(lane 1), binding supernatant (lane 2), washes (lartgseution (lane 7). Streptavidin
purifications are demarcatéy blue text and includeindingsupernatant (lane 8),
washeglanes 912) and 5ul of streptavidin beads diluted in 100ul PBS (langA3B)
NKRF was trackedhroughout the nTAP purification ¢A) HBH-NS5A-2a andB)
HBH-GFP.NKRF was detected by chemiluminescence w&itiNKRF antibody,and
RGSH; detected HBHNS5A-2a nTAP purificationsA only). NKRF (90/78 kDa) is
indicated by an orange arrow and HBEB5A-2a with a red arrow

3.2.4 Identification of NS5A2a interacting proteins by xdTAP and mass

spectrometry

NTAP uses nowlenaturing lysis buffers and moderately stringent wash conditiats
selectfor protein interactions that arebustand longlived but as with most TAP
methodologies, transient and weak interactions would not expketdapturedAn
additional caveat dfypical co-immunoprecipitation/affinity purification techniques is
thatthere is the possibility for cellular compartments to mappropriately As the HBH

tag contains two affinity elements that are not affected by denaturing agents, chemical

crosslinkers carbe appliedbefore cellular lysis and purification canoceadin
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denaturing buffer. The denaturing buffer is required, as 4nmtssd proteins purified in

non-denaturing buffers tend to be extremely dirty and viscous.

Crosslinking captures PRIin their biologically relevant cellular location aintproves
recovery of wealand/ortransiently interacting proteinslo crosslink two proteins there
must be two juxtaposed lysine residues situated within the length of thdinkess
spacer arms used in this study: PFA: R .§pacer arm, DSS: 1144 DSG: 7.7A and
EGS, 16.1A (262) This technique is termed crelasked (x), denaturing (d) TAP

purification (xdTAP)(255,256)

First, thecrosslinking ability of paraformaldehyde (PFAyas evaluateth xdTAP. PFA
concentrations must be high enough to ctodsinteracting proteins, but low enough as
to not create a | arge i nsol ulossduringfysatet ei n mat
clarification. HBH-NS5A-2aexpressingells were crosdinkedwith PFA at 0%, 0.5%,

1%, and2%in PBSthen incubated for 10 minutes at room temperatefere quenching

the reaction witlglycine After centrifugation, half the sampheas boiledn an attempt

to reverse the crodimks. Western blot analysis withe antRGSH; antibodydirected
toward the HBH tag on NS5showed that inclusion of PFA at any percentage resulted in
higher molecular weight smears in the unbogadples (Fig.3.14.A). Boiled samples did
not show much reversal of tleeosslinks although thealefinition of higher molecular

weight species was better than in the unboiled samples. Interestingly, th&lE8&2a
bandwas still clearly present evevith increasing PFA concentration (Fig.3.14.A, lanes

4,6,8).



The0%, 0.5%, 1% and 2%FA crosslinked sampleshat were purified usinthexdTAP
methodology were each submitted mass spectrometignalysis. The 0% PFA sample
served as a negative control as no authentic PPIs should survive the xdTAP purification
without priorcrosslinking. Table 3.2 contains a list of host protashsntifiedin the

different concentrations of PFA. As expected, 0% PFA yielded no confidently identified
proteins by mass spectrometry other than N@®Aafter known contaminants such as
keratinwere removedThe number of proteins identified in PFA concentrations 0.5%,
1.0%, 2.0%were8, 16 and 14, respectively, suggesting that 1% PFA could serve as
optimal levels of crosinker. Importantly, fivepreviously published NS5A interacting
proteinswere identifed: Hsp70(333334), Tubulin(335), Hsp90(232), Hexokinase
(244)and FKBP§232,234 237)(Table 3.2, yellow), increasing confidenoethis

methodology. 1% PFAvas usedn subsequent PFA xdTAP purifications.
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Figure 3. 14. Chemicalcrosslinking and purificationof samples expressing HBH
NS5A-2a.(A) Effects of increasing PFA concentration on HBIS5A-2a protein
complex formation. Single 15cm plates of cells expressing HNE¥3A-2awere cross
linked with increasing PFA concentratiar® (lanes 1,2), 0.5% (lanes 3,4), 1% (lanes
5,6) and 2% (lanes 7,8) for 10 minuteforequenching with glycine and lysis urea
denaturing buffer Duplicatesamples were boiled (1, 3, 5, 7) in an attempt to release
crosslinks prior toevaluation bywestern blot analysis detecting HB¥55A-2a with the
ant-tRGSH; antibody anachemiluminescencégB) DSS crosslinking of HBENS5A-2a
complexes. HBFNS5A-2a expressing cells were crdssked with DSS in DMSO for 10
minutes or with DMSO as a control. Cellsre quenched, lysed with UBP and
processed using xdTAP to purify the HB¥S5A-2a protein. HBHNS5A-2a was
visualized using Western blot analysis with the RG&itibody followed by
chemiluminescencelLanes 18 contain the DMS@ontrol,and lanes 946 catain DSS
crosslinked HBH-NS5A-2a. HBH-NS5a2a uncomplexed 74 kDa form is indicated by a
red arrow
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Table 3.2. Mass spectrometngentified proteins from thecdTAP purification at different PFA concentrations to crosslink HBH
NS5A-2a protein interactionaNumberof peptides identified at various PFA concentratiaresindicatedPreviously published NS5A

interacting partnerare highlightedn yellow.

Identified Proteins MW | PFA 0.0% | PFA 0.5% | PFA 1.0% | PFA 2.0% |Published
cDNA FLJ54408, highly similar to Heat shock 70 kDa protein| 64 kDa 0 8 12 13 (333,334
Isoform DPI of Desmoplakin 332 kDa 0 2 2 2
Mitochondrial import receptor subunit TOM70 67 kDa 0 2 5 4
Hemoglobinsubunit beta 16 kDa 0 2 2 1
Tubulin alphalC chain 50 kDa 0 2 2 4 (335)
Elongation factor &lpha 2 50 kDa 0 2 1 0
Heat shock protein HSP 9feta 83 kDa 0 1 2 1 (232)
Isoform 2 of Voltagedependent anieeelective channel protein | 30kDa 0 0 3 3
Dermcidin 11 kDa 0 0 2 0
Mitochondrial import receptor subunit TOM20 homolog 16 kDa 0 0 0 3
60S ribosomal protein L8 28 kDa 0 0 2 0
60S ribosomaprotein L36 12 kDa 0 0 2 2
Isoform 1 of Keratin, type | cytoskeletal 13 50 kDa 0 0 4 0
Junction plakoglobin 82 kDa 0 0 0 2
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Isoform 1 of ATPase family AAA domainontaining protein 1

41 kDa

WD repeatcontaining protein 81 isoform 1 212 kDa
Peroxiredoxinl 22 kDa
Isoform 1 of 143-3 protein epsilon 29 kDa
Adenosylhomocysteinase 48 kDa
Isoform 1 of Hexokinasé 102 kDa (244)
Keratin, type Il cytoskeletal 1b 62 kDa
Isoform 1 of Heat shock cognate 71 kDa protein 71 kDa
(232,234
FK506 binding protein 8 47 kDa 237)
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PFA is considered a zero lengtiosslinker meaning that juxtaposed lysines must be
absolutely adjacent to alloerosslinking. In order toexpand the range for potential PPIs,
chemical crosdinkers with different spacer lengthscuding DSS (11.4), DSG (7.7

A) andEGS (16.1A) (262)were evaluatedFigure 3.14.B tracked the presence of a
representative DSS creBsked HBH-NS5A-2a protein complexes by Western blot
analysis during xdTAP purification. BaDMSO no cros$inker control sample, HBH
NS5A-2a appeared predominantly as a single band with a few lower molecular weight
bands, which were presumably degradation products (Fig.3.14.B, l&)edricontrast,
DSS crosdinked HBH-NS5A-2a appears assmear above theredominan?4 kDa

protein band likely the result of forming a protein complex with one or more proteins
(Fig.3.14.B, lanes 9,10,13). There is also a particularly prominent band featured4n cross
linked samples, which would correspond viitle MW of an NS5A dimer at 150 kDa.

Crosslinked samples were subjected to XdTAP and mass spectrometry/database analysis.

Table 3.3 is a curated list of host proteins present within the samples for eadimkeyss
for which known contaminating proteins (keratins) and rare proteins identified in the
DMSO negative control samples were removed. Not surprisingly, NS5A wawgie
predominant species in each of the samples, irrespective of whether the sample was

crosslinked or not.

xdTAP purified HBHNS5A-2a was crostinked with the three extended length spacer

arm crosdinkers. HBHNS5A-2a samples crodmked with EGS i@ntified ten host

protein interactions, DSS identified seven while DSG identified 11. (Table[S@).
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surprisingly, the crosbnkers did not identify the same subset of protenust likelydue
to their different spacer arm lengtfishis subsetlid alsonot directly match to the dataset
for PFA cross linking (Table 3.Bjive previously published NS5A interacting proteins
were identified in the crodmker trials and included Hsp4333,334) ILF3 (synonym

NF90)(336,337) CDK1 (338), FKBP8/38(232,234237), and hexokinasg244).

Perhaps most interestingly, there was no apparent overlap of the xdTAP and nTAP
results. This strongly suggests that PPI discovery, at least for NS5A, may be far from
complete and thidhe choice of affinity tags, purification methodologies, cell lines, etc.

have a dramatic effect on PPI identification.
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Table 3.3. Proteins identified by mass spectrometry/database searchingd® purification of HBHNS5a2a expressing cells
using different chemical crodmker prior to capture. Intensity corresponds to tbtl signal from all peptides for each protein in a
single analysis. Previously published NS5A interacting pararersighlightedn yellow.

Identified Proteins EGS DSS DSG Published
HSPA9 Stres§0 (HSP70)protein, mitochondrial 20320 0 0 (333,334)
PRKDC Isoform 1 of DNAdependent protein kinase catalytic subunit 8654 0 0
TOMM70A Mitochondrial import receptor subunit TOM70 6864 15101 25687
ILF3 interleukin enhancebinding factor 3 isoform d 6057 0 0 (336,337)
CYB5R1 NADH-cytochrome b5 reductase 1 2489 6162 8387
CDK1 1033 0 0 (338)
EIF3B Isoform 2 of Eukaryotic translation initiation factor 3 subunit B 963 0 0
RHOA Transforming protein RhoA 732 0 0
RAB7A Rasrelated protein Ralda 716 0 3430
RABS5C Uncharacterizegrotein 596 0 831

(232,234
0 9315 12689
FK506 binding protein 8, 38kDa (FKBP8) 237)
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TOMM20 Mitochondrial import receptor subunit TOM20 homolog 4162 13940

RHOT2 Isoform 1 of Mitochondrial Rho GTPase 2 2064 0

Hexokinasel 1074 4553 (244)
PTPN1 Tyrosingrotein phosphatase noeceptor type 1 772 1084

MTX2 Metaxin-2 0 431

TOMM22 Mitochondrial import receptor subunit TOM22 homolog 0 2224

TOMMS5 Uncharacterized protein 0 458




3.2.5 Confirmation of TAP candidate interactions with NS5A using CdP

To confirmthat candidate host proteitentified bynTAP or xdTAPwere bona fide
NS5A-2a interacting proteinselect candidates were tested using co
immunoprecipitation (CdP) as an alternate technique. To eliminate the potential that
the HBH tag had biased the results, NSEAand GFP bait proteins weret®minally
FLAG-tagged Candidate proteingereN-terminallymyc-tagged and included: NKRF,
TOM22, TOM40, RanGapl, CCAR2, CDK12, OGDH, and SOD1. TypicallylRCo
experiments reported in the scientific literature use a vector only control as the negative
control, however, due to the size of FLAG tag (only nine amino acids in length), it would
represent a limited negative control as there would be no chance ofrelexamt

interaction occurring due to PPIs. A vector only negative control really only coffrol
theinteractionof proteins with the affinity resin, and whide importantontrol

nonetheless, the additional negative control of GFP was also included in the experiments
described here. Therefore, in a similar manner to the nTAP and dTAP HBH tag
experimentsa FLAG-GFPconstruct was utilized a additionalnegativecontrol to

verify that any interaction demonstrated between FIM&bA-2a and a myt¢agged

TAP candidate was highpecificto NS5A

Surprisingly, despite repeated attempts with FENS5A-2a samples to specifically
coprecipitatea myctagged TARcandidateall attempts showed some level of ron
relevant interaction with FLAGSFP. Figure 3.15hows a CdP with a FLAG pult
down of FLAGNS5A-2a and FLAGGFP from cells cdransfected candidate NS5A

interacting protein my&NKRF. Here, myeNKRF isco-precipitatedwith either bait
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protein (Fig.3.15.A, lan8 and lane 6).Similar results were obtained using mtagged
TOM22, TOM40,CHERPand RanGap1 (data not shown). It is important to note that in
no case did a vector only control bait samplgpecipitate any candidate or control
protein. Thereforaf appears that attaching a larger protein capture area (e.g. GFP as a

nonrelevant potein) to the tag was enough to cause an inappropriate interaction.

To evaluate this issue further, a weBtablished NS5A interacting protein, FKBP38
(232,234 237)was Nterminallymyc-tagged to use as a positive control and a variety of
technical optimizaons were undertaken in an attempt to improve specificity including:
detergents (RIPA versus NP40), pH (7.4 versus 8.0), DNA removal (needle shearing
versus higkspeed centrifugation), increasing the number of washes, substitution of
FLAG antibody captureesins (protein A/G magnetic beads versus agarose), precoating
the FLAG capture resin and differing the FLAG resin elution conditions (boiling versus
FLAG peptide). Of all of these conditions, only adjusting the amount of protein
expressed from the traest transfections (by lowering the amount of plasmid

transfected) improved conditiofsig.3.15.B, lanes 2 and 3).
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Figure 3.15. Non-specific capture of NS5A interacting TAP candidate proteins by
FLAG antibody affinity esin ceprecipitation (A) FLAG-NS5A-2a or FLAGGFPwere
transfectechlong with: (A) myeNKRF or (B) myc-FKBP38 into 293TN cells and
harvested 48 hpt.diible proteins werpreclearedising protein A/G agarose for one
hour then incubated with FLAG antibody overnight to capklrBG-NS5A-2a or
FLAG-GFP. Following addition of protein A/G agarose and-baar incubation,
complexes were washed four times with lysis buiieneluted by bding. (A) 15ul of

the sample input, binding supernatant and elution were evaluated by Western blot
analysis. myeNKRF was detected using an antyc antibody and chemiluminescence.
Samplenput, binding supernatant (pestntibodycapture) and elutioare shown myc
NKRF (78kDa) is indicatedoy an orange arrow and immunoglobulin G (IgG) heavy (H)
and light (L) chains (50 and 25 kDa) with blue arso(#8) FLAG-coated magnetic beads
were incubated witpreclearedysates for one hour, washed six times vysis buffer
and eluted by boiling15ul of sample input (upper panel) and elutions (lower panel)
were analyzed by Western hloFLAG-NS5A-2a and myd~KBP38were detectedith
anttNS5A-Ab02 and antimyc antibodies. my&KBP38 (43 kDajs indicatedy a red
arrow, FLAGNS5A-2a (63/65 kDapy a green arrow and Ig8eavy chain (50 kDa)
with a blue arrowFLAG-GFP was run off the gel in order to separate mRK8P from
lgGH.

So as not to deal with expression issues directlplteannate strategy was empéal to
confirm PPIs using reciprocal affinity ptdlowns i.e. capture mytagged TAP
candidates directly and then determine if N&Zghor GFP was epurified. Figure 3.16

shows a Western blot of doubly transfected FLNG5A-2a/MycTAP candidates
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precipitaed with antimyc antibodies. In all cases, NS&& interacting candidates (lanes
2-10) and myeFKBP38, as a positive control (lane 1), were precipitated using the anti
myc bead approach suggesting that this approach could next be evaluated for GFP
specifiaty. FLAG-NS5A, when transfected on its own was not captured by myc
antibody/resin purification. The strongest FLAGS5A-2a (63/65 kDa) band intensities
were observewdith the positive contrainyc-FKBP38 (lane 1), myE€CAR?2 (lane 2),
myc-CDK12 (lane 3), mg-NKRF (lane 6), and mydOM22 (lane 10) (Fig. 3.16).
Weaker FLAGNS5A-2a band intensitiesere observed imyc-OGDH (lane 4), my¢
SOD1 (lane 5), mECHERP(lane 7), myeRangapl (lane 8), and MyitOM40 (lane 9)
(Fig. 3.16). myeCCAR2 and TOM22vere chose for further myetag based

purification validation.

Figure 3.17 shows a Western blot of mycies evaluating the specificity of myc
CCAR2 and my€lfOM22 pulldown of FLAGNS5A-2a and FLAGGFP as prey
proteins. FLAGNS5A-2awas detectedith both FLAGand NS5AADbO2 antibodies in
Figure3.17,but a serial dilution of FLAG\NS5A-2a transfected 293TN cells revealed
that the antFLAG antibody was more efficient at detecting the FL-NG5A-2a protein,
however, in Fig.3.16 FLAGNS5A-2a was detected using th&BA-Ab02 antibody
(channel 700, green) instead of the #itAG antibody (channel 700, red) for clarity.
myc-FKBP38 pultdown of FLAGNS5A-2a was used as a positive control and
demonstrated specific capture of FLAGS5A but not FLAGGFP (compare lanes 3@
6, Fig.3.17). The measles matrix protein (MeaslesM, a kind gift from Dr. Alberto

Severini and Ms. Helene Schulz, NML) (35 kDa) was used as an additional negative
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control protein as it is not believed to bind either NS5A or GFP and helps support the
coneept that the mere act of overexpressing a-tagged protein does not result in
irrelevant/norspecific pultdown Neither NS5A nor GFP were captured with myc
MeaslesM (Fig.3.17 lanes 9 and 1ELAG-NS5A-2a and FLAGGFP were also
expressed in the absence of any ftagged proteins and neither FLAGS5A nor

FLAG-GFP was captured by the mgtagnetic beads (Fig.3.17, lanes 15 and 18).

Interestingly, the specificity test with mpidOM22 suggestethat this bait protein was
able to capture both FLAGIS5A and FLAGGFP (Fig.3.17, lanes 21 and 24). TOM22
was found to be a specific NS5A protein interaction candidatd AP, so the CelP
results differ from those of the TAP experiments. However, onetion of TOM22 is to
act as a chaperoii@39)and therefore it magegularlyinteract witha number oproteins
to assist with proper folding. The fact that theselEexperiments all involve transient
expression, whickendsto produce much higher amounts of protein compared to stable
cell expression, may be a factor in the different results seen betwe&ixdllAP. An
additional candidate protein, m@CAR2 was able to eprecipitate FLAGNS5A-2a

and because it was the only protein to specificallpazipitate FLAGNS5A-2a and not
FLAG-GFP, CCARBecamen primarycandidate for further function evaluation

(Fig.3.17, lanes 27and 30).
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WB: Myc, Anti-NS5A-Ab02

FLAG-NS5A-2a + Myc-FKBP38
FLAG-NS5A-2a + Myc-CCAR2
FLAG-NS5A-2a + Myc-CDK12
FLAG-NS5A-2a + Myc-OGDH
FLAG-NS5A-2a + Myc-SOD1
FLAG-NS5A-2a + Myc-NKRF
FLAG-NS5A-2a + Myc-CHERP
FLAG-NS5A-2a + Myc-Rangapl
FLAG-NS5A-2a + Myc-TOM40

000 N o U B =

- - Jo—
ot 10, FLAG-NS5A-2a + Myc-TOM22

Figure 3.16. Co-immunoprecipitation of FLAGNS5A-2a with myetagged candidate
proteins. Plasmid expression vectaeye transfecteohto 293TN cells,harvested 48
hpt, subjected tantrmyc antibody coated magnetic begadrificationand the final
elutionwas evaluated by Western blotting with aNts5A-Ab02 and antmyc
antibodies. myd¢&-KBP38 (43kDa) (lane 1), my€CAR2 (103kDa) (lane 2), my€DK12
(160kDa) (lane 3), my©GDH (116kDa) (lane 4), wa-SOD1 (16kDa) (lane 5), myc
NKRF (78kDa) (lane 6), my€HERP(106kDa) (lane 7)myc-Rangapl (64kDa) (lane
8), mycTOM40 (42kDa) (lane 9), TOM22 (16kDa) (lane 10) are detected witmyfoe
antibody as red bandpink arrows). FLAG-NS5A-2a is detected asgieen bandising
antibody NS5AAb02 at 63/65 kD&green arrol IgG heavy and light chain bands
appear as 50 and 25 kDa yellow ba(idse arrow.
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FLAG-5a + Myc-FKBP38 Bind
FLAG-5a + Myc-FKBP38 Elution
FLAG-GFP + Myc-FKBP38 Start
FLAG-GFP + Myc-FKBP38 Bind
FLAG-GFP + Myc-FKBP38 Elution
FLAG-5a + Myc-MeaslesM Start
FLAG-5a + Myc-MeaslesM Bind
9. FLAG-5a + Myc-MeaslesM Elution
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14 15 1617 18 19 20 2122 23 24 10. FLAG-GFP + Myc-MeaslesM Start
11. FLAG-GFP + Myc-MeaslesM Bind
yo—" - ~— 12. FLAG-GFP + Myc-MeaslesM Elution

13. FLAG-5a Start

14. FLAG-5a Bind

15. FLAG-5a Elution

16. FLAG-GFP Start

17. FLAG-GFP Bind

18. FLAG-GFP Elution

19. FLAG-5a + Myc-TOM22 Start

2526 27 28 29 30 20. FLAG-5a + Myc-TOM22 Bind
4 21. FLAG-5a + Myc-TOM22 Elution

22. FLAG-GFP + Myc-TOM22 Start
23. FLAG-GFP + Myc-TOM22 Bind
24. FLAG-GFP + Myc-TOM22 Elution
25. FLAG-5a + Myc-CCAR2 Start

26. FLAG-5a + Myc-CCAR2 Bind

27. FLAG-5a + Myc-CCAR2 Elution
28. FLAG-GFP + Myc-CCAR2 Start
29. FLAG-GFP + Myc-CCAR2 Bind
30. FLAG-GFP + Myc-CCAR2 Elution

Figure 3.17. Validation of myc celmmunoprecipitation using FLAGIS5a2a and
FLAG-GFP as prey proteins. Plasmid expression veuters transfectenhto cells,and
harvested 48 hpt, subjectedaiat-myc antibody coated beads and the final elutions
obtained by boiling.Sample input (Start), binding supernatant (Bind) and elutions
(Elution) were evaluatetly Western blot analysis with atRLAG, ant-NS5A-Ab02,

and antimyc antibodies. my&KBP38 (43 kDa, purple arrow) (laness) myc

MeaslesM (35 kDa, teal arrow) (lam@&12), mycTOM?22 (16 kDa, orange arrow) (lanes
19-24) and myeCCAR?2 (103 kDa, pink arrow) (lanes-3B) are detected with theyc
antibody as red band®4) FLAG-GFP (27 kDa, red arrow) (lanes641012, 1618, 22
24, 2830) is detected by the FLAG antidyas a red bandctLAG-NS5A-2a (63/65 kDa,
green arrow) (lanes-3, 7-9, 1315, 1921,2527) is detected by FLAG and NS5%02
antibodiesas a greetyellow band. IgG heavy and light chains appear as 50 kDa and 25
kDa red bands elutions (lang$,9,12,1518,21,24,27,30 Western blots are
representative of six separate biological replicdtegire

As mycCCAR2 provided a strong signal from-peeicpitating FLAGNS5A-2a and

using a myraid of controls, proved that the interaction was specific, the Gloakihg
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site on NS5A was investigatetio determine if a particular NS52a protein domain was
responsible for the interaction with CCARRe FLAG-tagged JFH1 NS5A domain
mutantswere constructeddomainmutants consisted of domain D1, D2, D3-D2, ard
D2-D3 with the corresponding low complexity sequence (LCS) regions as pictured in
Fig.3.18.A. The upper panel of figure 3.18.B shows a Western blot of the miyZ Co
sample input with the fullength FLAGNS5A-2a (63/65 kDa) (lane 1) and the domain
mutarts, D1 (30 kDa, lane 2), D2 (25 kDa, lane 3), D3 (28 kDa, lane 4pDM5 kDa,
lane 5) and D:D3 (40 kDa, lane 6). No protein was detected for the FID¥=construct
but all the other aastructs showed expression at the expected molecular weights and to a
similar level to fulllength NS5A. Onlyull-length FLAGNS5A-2a protein was co
precipitated to any extent by m@CAR?2 (Fig.3.18.B, Elution, lane 1) as none of the
FLAG-NS5A-2a domain costructs were detected by either the-&htAG or NS5A

Ab02 antibodies in the my€CAR2 ColPs (Fig.3.18.B, lanes-@). Although improper
folding and inappropriate subcellular localization issues were not explored further, it
remains that only a fulengih form of the NS5A protein was competent for capture by

myc-CCAR?2.
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Figure 3.18. Evaluation of CCAR2 interaction with NS52a domains(A) Schematic

of full-length NS5A and NS5A domain mutants constructed from JFH1 NS5A. FLAG
tagged domain mutants consisting of one ormeighboringdomainsand the
corresponding LCSI regionere createdrom full-length JFH1 NS5A(B) myc-CCAR2
co-precipitation of FLAGNS5A-2a domain mutants. Plasmid expression vectors were
transfected intoalls and harvested 48 hpt, subjectedrit-myc antibody coatetbeads,
and final elutionsvere obtainedby boiling. Sample input (Input, upper panel), and
elutions (Elution, lower pangFLAG antibody left, NS5AAB02, righ)) were evaluated

by Western blbanalysis with antFLAG (detects FLAG tag at ferminus, all domain
mutants, lanes-6), anttNS5A-Ab02 (dectects NS5A&a epitope in D3, only lanes 1, 4,
6)), and antimyc antibodiesFull-length FLAGNS5A-2a (63/65 kDa) (lane 1) FLAG

D1 (30 kDa, lane 2FLAG-D2 (25 kDa, lane 3), FLA@3 (28 kDa, lane 4), FLA®1-
D2 (45 kDa, lane 5) and FLAG2-D3 (40 kDa, lane 6) are detected with FLAG and
NS5A-Ab02 antibodies as green or yellow banti$yc-CCAR2 (103 kDa) (lanes-&) is
detectedvith the myc antibodysaa red bandlgG heavy and light chains appear as 50
kDa and 25 kDa red bands in the elutions (lanék $ize of fultlength FLAGNS5A-2a
indicated by a blue arrow and size of FLA&)ged domain mutants indicated with a pink
arrow.
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3.2.6 Evaluation d NS5A-2a/CCAR2 cell colocalization

Co-localization of NS5A2a and CCAR2vas first examineth 293TN and Huh7.5 cells
doubly transfected with FLAGIS5A-2a and myeCCAR2. In mock transfections of
293TN and Huh7.5 cells, endogenous CCAR?2 is fqaredominately in the nucleus,
(Fig.3.19, A/C, Merge, pink shading). However, in either 293TN or Huh7.5 cells
expressing both FLAGIS5A-2a and MyeCCAR2, CCAR?2 is largely redistributed to

the cytoplasm where FLAGIS5A-2a is also located (Fig.3.19, B/D, merg yellow

pixels). Examples of cells expressing both FL-AG5A-2a and myeCCAR2 where

there is redistribution of CCAR2 to the cytoplasm are indicated with white arrows in the
CCARZ2 (593 channel) and the corresponding N&aA488 channel) (Fig.3.19, B/D,
CCARZ2, NS5A2a). In cells not expressing NS5A, CCAR?2 is located primarily in the
nucleus as indicated by orange arrows (Fig.3.19, B/D, CCAR2). Therefore, a correlation
between FLAGNS5A-2a expression and CCAR2 redistribution from the nucleus to the

cytoplasm is apparent.



CCAR2 (593) NS5A-2a (488)

A
Mock
Transfected
293TN Cells

B
FLAG-5A-2a/Myc-CCAR2
Transfected
293TN Cells

C
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Figure 3.19. Colocalizationof FLAG-NS5A-2a and CCAR?2 in ctransfected cells. 293TN and Huh7.5 celere transfectedith
FLAG-NS5A-2aand nyc-CCAR2 or mock trasfected with a pUC19 plasmid (nexpressing control plasmid293TN and Huh7.5
cellswere transfectedith (A, C) pUC19 or (B, D) FLAG-NS5A-2a+ myc-CCAR2.48 hpt cellsvere fixedwith 2%
paraformaldehyde, permeabilized with TritoAlBO andant-rCCAR2and NS5AAb02 antibodiesvere used for detectiorPrimary
antibodiesvere detectedith antrmouse593 andantirabbit488 fluorescently conjugated secondanyibodiesand nucleic acids
were stainedavith DAPI. Images were obtained wiéim Axiovert 200M fluorescence microscope (Zeiss) with the 20X and 32X and
are representative images from three biologieplicates. White arrows indicate CCAR2 cells with cytoplasmic localization of
CCAr2 and FLAGONS4A?a and orange arrows indicate VVARZgent in the nucleus in cells absent NS5A.
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Evaluation of subcellular localization was afserformed using a higher resolution LSM
700 laser scanning confocal microscope (ZeigsR93TN cells transfected with FLAG
GFP endogenous CCAR?2 is mainly locatethe nucleus (Fig.3.20.A, merg&Yhile
FLAG-GFP and CCARZ2 are in similar areas of tled, there is no yellow color that
would be indicative of amverlap(Fig.3.20.A Merge50X/100X). Alternatively,in the
presence of FLAGNS5A-2a, there is more cyptasmic staining o€CAR2(Fig.3.20.B,
CCAR2). Thisis important as CCAR2 is often described as a nuclear pi(@#4ih342)

A zoomed in merge panel indicates that tteeestrong areas of overlap between NS5A

and CCAR?2 indicated by the yellow d¢fsg.3.20.B, Merge 50X/100X)

While majority of the CCAR2 protein remained in the nucleus in transfected cells,
several cells expressing FLABS5A-2a indicated CCAR2 cytoplasmic redistribution
(Fig.3.20.C).In some 293TN cells containing FLASS5A-2a (Fig3.20.C),nucleic
acids @pearcondensedand CCAR2 no longer elocalizes with the nucleic acids but is
present in the cytoplasm. There is a correlation between the presence ciNSHG
2a, condensed nucleic acids and CCAR2 cytoplasmic redistril{Eigs3.20.C, Merge
50X/100X). Thiscould highlightamo me nt i lifecyele (roitesis) wihiesh NS5A
and CCAR?2 interact strongly with one another. $tienginteraction between NS5A
2a/CCARZ2is also demonstratad 293TN cells doubly transfected with FLASS5A-
2a/MycCCAR2(Fig.3.20.D). 293TN cells expressing the M@EAR?2 plasmid appear
brighter red with broadebtal cell staining as opposed to endogenous CCAR2 levels that
arelighter red with primarily nuclear staining (Fig.3.20.D, CCAR2). These

colocalizationsvere repeateth Huh7.5 cells and yielded similar results (Fig.3.2G.E



In Huh7.5 cells, CCAR2 was present in both the nucleus and cytoplasm,-RS&&-
2a/CCAR2 colocalized in the cytoplasm and even more so in the FL3&A-2a/Myc

CCAR2 transfection (Fig.3.20-6).

Next, colocalization of NS5&2a/CCAR2was investigatedvith HBH tagged GFP and
NS5A-2a stable GP2 293 cells used in ith&al nTAP identification of the NS5A

2a/CCAR2 (Fig.3.21.A&B). Cytoplasmic expression of CCAREZs confirmedn both
HBH-tagged NS5A2a and GFP cells lines (Fig.3.21.A&B, CCAR2). Discrettow

puncta demonstrating an overlap between NS5A (488) and CCAR2 (593) were observed
(Fig.3.21.B, merge). The yellow puncta do not represent a majority population suggesting
that this interaction magepresena lower amount of interaction when HBRS5A-2a is
expressed at a more moderate level compared to the transient transfection results
presented above. It should be noted that GP2 293 cellsalmairemalcytoplasm, thus

providinga smaller area by which to discern level cytoplasmic interactions

CCAR2-NS5A-2a calocalizationwas additionally evaluatad the SG JFH1 replicon

and JFHIHT infection models. SG JFH1 cells contain actively replicating HCV RNA of
including thenonstructuraHCV proteins and merging of t88,and 593 fluorescence
channelsshowregions of overlap between the CCAR2 and NS5A protein represented by
discrete yellow puncta (Fig.3.21.C, merge). In SG JFH1 cells with condeusled,

there is an increase in the yellow overlap between CCAR2 (593) and-RESE#88)
indicating that the two proteins colocalize to a higher degree in cells with condensed

nucleic acids thanay beundergoing mitosis or cell death (Fig.3.21.C, merge). Huh7.5
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cells infected with JFHHT virus reflect sinlar results as seen with the SG JFH1 model
where NS5A2a/CCAR2 colocalization is observed (Fig.3.21.D, merge). Taken together

the indirect immunofluorescence experimeatgmonstrat¢hat NS5A2a and CCAR2

proteins interact.
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Figure 3.20. Colocdization of FLAG-NS5A-2a and CCAR2 in transfected 293TN and Huh7.5 cells viewed with a laser scanning
confocal microscope. 293TN and Huh7.5 celése transfectedith (A, E) FLAG-GFP,(B, C, F) FLAG-NS5A-2a or(D, G) FLAG-
NS5A-2a/Myc-CCAR2. 48 hpt cellsvere fixedwith paraformaldehyde, permeabilized with Tritoril®O and antibodies to CCAR2
and NS5AAb02 were used to detect proteifgimary antibodiesvere detectewith mouse593 and rabbitt88 fluorescently
conjugated secondaantibodiesand nuclei@cidswere stainedavith DAPI. Yellow overlapping punctare indicatedvith a blue

arrow. Images were obtained wih LSM700 laser scanning confocal microscope (Zeiss) with the 40X objective and are
representative of two biological replicates (cell tfaogons).
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Figure 3.21. Co-localization of NS5A2a and CCAR2 in HBFNS5A-2a GP2 293 cells, SG JFH1/Huh7.5 and HHIHuh7.5
cells.(A) HBH-GFP,(B) HBH-NS52a GP2 293, S@&) JFH1 Huh7.5 cells an@) JFH1X-HT infected Hih75 cells were fixed with
paraformaldehyde, permeabilized with TritorllBO andantibodies to CCAR2 and NS5Ab02 were used to detect proteinBrimary
antibodiesvere detectewith mouse593 and rabbitt88 fluorescently conjugated secondanyibodiesand nucleic acidweere
stainedwith DAPI. Yellow overlapping punctare indicatedvith a blue arrow. Images were obtained veithLSM 700 laser
scanning confocal microscope (Zeiss) with the 40X objective and are representative of two biologicalsreplicate
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3.2.7 Quantification of CCAR2 in NS5A2a expressing cells

To determine whether expression of NSBAinfluenced endogenous CCAR?2 protein
levels, CCAR2was quantifiedn both HBHNS5A-2a and HBHGFPGP2 293 cells
(Fig.3.22. Western blot serial dilution analysis of cell extract detected with the CCAR2
antibody showed a linear correlatiof=0.986) over a 5u40ug total protein load range
(data not shown). 30ug of 2% Sharvested total protein from GP2 293 stable HBH
NS5A-2a (lane 1), HBHGFP (lane 2kellsand 293TN cells (lane 3) were evaluated by
Western blot (Fig.3.22.A) and quantified (Fig.3.22.B). Actin was utilized as a load
control to ensure equivalent protégading,and CCAR2 protein abundanaeas
expresseas a ratio of CCAR2/Actin signal (Fig.3.22.B). Atwoa i | ed -®student ds
assuming unequal variance indicated that the quantity of CCAR2 was unaffected by
HBH-NS5A-2a expression when compared to HBiFP controls with a pvalue of 0.94

when the two means from three biological replicatese compared

The colocalization studies from the previous section suggestgo@asmic

redistribution of CCARZ2 in at least a subset of cells expressing N&a5#ig3.20&21).

To test whether this observation could be quantified, GP2 293 cells expressing HBH
NS5A-2a and HBHGFPwere separated into cytoplasmic and nuclear fractions using the
Rapid, Efficient And Practical (REAP) meth@giL1) 40ug of total protein from the

whole cell and cytoplasmic fractions and 35ug from the nuclear fraction was evaluated
using Western blot analysis (Fig.3.22.C). GAPDH and Histone H3 (H3)userkas
cytoplasmic and nuclear g&ction specificity controls to produce ratios of

CCAR2/GAPDH for whole cell and cytoplasmic fractions and CCAR2/H3 ratios for



nuclearfractions (Fig.3.22.D). The mean CCAR2 whole cell, cytoplasmic and nuclear
ratios obtained from HBHNS5A-2a cellswerecomparedo HBH-GFPR, but no

significant differencevas detected y a S t-test(pvalueo$ 0.80, 0.67 and 0.64
for the whole cell, cytoplasm and nucleus abundance ratios respectively)(Fig.3.22.D).

Therefore, NS5A2a expression does not alter theAR2 protein levels in 293 cells.
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Figure 3.22. Expression of NS5&a does not affect CCAR2 overall protein levéls.
CCAR2 expression in HBHagged NS5A and GFP expressing cells. 30ug of total protein
from HBH-NS5A-2a (lane 1) and HB¥GFP (lane2), GP2 293 cells were evaluated by
Western blot. CCAR2 (103 kDa, red arrow), HBEB5A-2a (63/65 kDa, green arrow)

and Actin (2 kDa, blue arroware identifiedvith anttCCAR2,ant-NS5A-Ab02, and
antiActin antibodies by near infrared detectigB) Quantificationof CCAR2 in HBH
tagged NS5A and GFP cells. Signal intensities of CCAR2 and actin were quantified using
Image Litesdtwareandpresentecis CCAR2/Actin ratiosData presented are the mean
CCARZ2/actin ratio SEM obtained from three biological replicatéS) CCAR2
expression in REAP fractionated HBEgged NS5A and GFP celld0ug of whole cell
lysate,40ugcytoplasme fractionand 35ug nucledraction from REAP separated HBH
NS5A-2a (lanes 13) and HBHGFP (lanes 46) GP2 293 cells were evaluated by

Western blotCCAR2(103 kDa, red arrow), HBHNS5A-2a(63/65 kDa, green arrow),
HistoneH3(18 kDa, purple arrow) and G®H (37 kDa, orange arrow) are identified

with anttCCAR2, NS5AAb02, H3 and GAPDH antibodies by near infrared detection.
(D) Quantification of CCAR2 in REAP fractionated HERElgged NS5A and GFP cells.
Signal intensities of CCARZ3, and GAPDH were quatiied using Image Lite.

CCAR2 abundances expressedsexpresseas CCAR2/GAPDH fowholecell and
cytoplasmic fractions and CCAR2/H3 fouclear.Data presented are the mean
CCAR2/Control ratio® SEM obtained three biological replicates.
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3.3Summary

NTAP and xdTAP methodologies were applied to stably expressedMB5A-2a

samples and identified previously published aodelNS5A interacting candidates.

While the FLAGNS5A-2a immunoprecipitation did not provide the specificity required

to confirm the TARcandidates when compared to a FL&EP control protein,

reciprocal myetagged CdPsestabliskd CCAR2 as a novel NS52a interacting

protein. Colocalization using indirect immunofluorescence provided further evidence of
the NS5A2a/CCAR?2 interaction as both proteins colocalized intracellularly in several
models of NS5A2a expression. ExpressionNd$5A-2a does not affect the overall
guantity of CCAR2 cellular protein in total protein lysates obtained from stable HBH
NS5A-2a GP2 293 or SG JFH1 replicon cells. While colocalization supports a model for
CCARZ2 cytoplasmic redistribution, it appearstzur in a subset of cells as this was not
confirmed in REAP separated cytoplasmic and nuclear fractions ofN85A-2a GP2

293 cells possibly due to the limited number of cells that his occurs in.
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Chapter 4: Mapping and characterization of phosphorylaton sites on

hepatitis C virus nonstructural 5A protein

4.1 Introduction and Rationale

The phosphorylation status of NS5A is believed to play a significant role in the
replication and packaging of HCV. Di fferent
to bind host proteins and these interactiaresrequiredor successful completion of the

viral life cycle (140,284) Several groups have attempted to identify phosphorylation

sites within NS5A and the followingS5A residuesS146 S222, S225, S235, S2aad

T348 havebeenunddentified (303 306). Mass spectrometry analysis of HB&fged

NS5A protein(Results Chapter 3indicated a number of phosphorylation sites had not

been previously reported. Therefore, a more concerted effort wastonadg any

additional sites and determine if they had a biological phenotype in the context of an

infectious virus clone.
4.2 Results

4.2.1 Expression of JFH1 NS5A to identifyphosphaacceptor sites by mass

spectrometry

During the carse of this studyphospheNS5A was isolated from severaburces.

Initially, the HBH-tagged protein expressed in 293 cells was used as a source of NS5A.
dTAP purification of HBHNS5A was enriched for phosphopeptides using titanium
dioxide resin and subjected to mass spewttoy analysis. This source of NS5A

identified 25 phosphorylation sites. (Table 4.1) While all of the peptised for

phosphorylation identification were confidently identified as being phosphorylated, in
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two cases, the specific residue was not clearoRe peptide containing S381+S382 and

for another peptide containing S414+S415, the specific serine residue could not be
unambiguously assigned and therefore they are listed as S381/S382 and S414/S415
(Table 4.1 and Appendix 2). Additionatoteasesverealso used in order foroduce

different peptides and thysovidedifferentgreater coverage than trypsin could alone
therefore GIuC (cleaves after glutamate and aspartate residues) and AspN (cleaves after
Asp and Cys residues) were incorporated in tatraysis. GluC digestion identified

new phosphorylation sites in NS5A%288, S381/S382, S401, T410, and S414/%4thb
confirmed another phosphorylation site at T204. AspN digestion identified T210 and

S272 (Table 4.1).

Table 4.1. NS5A phosphorylation sites identified from eadurce where NS5A was
expressedNS5A sources: Expressed HB¥S5A-2a (NS5A isolated fronsP2293 cells
stably expressing HBlagged NS5A), wt SG JFHI (NS5A isolated from cells harbouring
a SG replicon JFH1 wt, genotype 2a), SG JFH1 N&BM (NS5A isolated from a

modified wt SG JFHL1 replicon where an HBH tag was incorporated into the NS5A
coding £quence. Positively identified phosphorylated residues are indicated with a black
box under the serine or threonine residue found to be modified by mass spectrometry
analysis. Previously identified NS5A phosphorylation sites are highlighted in blue
(289,303 306) Protein digestion enzymes used for site identification are indicated
below (T=trypsin, G=GIluC, A=AspN).

NS5A Phosphorylation Sites

MN55A Source
Expressed HBH-NS5A-2a
wi 5G JFH1
5G JFH1-N55A-HEH

Digestion Enzyme F i rlwla i hlalegirr i lrlels]e]s]

While the HBHtagged NS5A protein platform provided large amounts of extremely pure

product which is highly amenable to mass spectrometry identification, there was the
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concern that additional phosphorylation sites may occur only when NS5A is expressed in
the context of other viral proteins. Therefd®& JFH1repliconcells wereused next as a
source of NS5A protein. In order to reduce the proteome complexity, lysates were
subjected to slalgel SDS PAGE and the region corresponding to NS5A Including the
baslly phosphorylated (p56) and the hyperphosphorylated form (p58) was isolated
following electrophoresis. Unfortunatelynis methodology is not optimal for mass
spectrometry analysis as slgbl SDSPAGE can only resolve a limited amount of

protein beforgesolution is compromised and the proteins migrate as an indistinguishable
protein smear. Additionally, digestion and extraction of peptides from acrylamide slices

is not an efficient process thereby limiting detection success during subsequent mass
spectometry interrogationn order toalleviate the yield problems associated with

standard slab gels, NS5A was isolated from SG JFH1 Huh7.5 replicon cells using a large
format continuous higinesolution gel electrophoresis 491 prep cell {B&ad). This

systen can circumvent the two most important issues mentioned above: 1) the system can
successfully resolve up to 5mg of total protein and 2) protein is eluted from the gel

liquid fractions and therefore subsequent manipulations do not require digestien of t

protein in acrylamide.

Figure 4.1.A depicts a silver stained SBAGE gel of fractions collected from the 491
prep cells, demonstratirgpodseparation of proteins by size. iesternblot probed
with ant-tNS5A-2a antibody (NS5AAb02) was used to idefy the fractions containing
NS5A-2a protein (Fig.4.1.B) and these fractiovesreconcentrated and enriched for

phosphopeptide identification. In this case, 12 sites were identified of which three were
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new compared to the HBNS5A expressed and purifiedrfo (S381/S382, T410 and
S414/S415). There were 16 sites seen in the {jged NS5A expressed source that

were not seen in the SG replicon source of NS5A. A possible explanation is that yield
and purity compromised detection of these species as numehen$ost

phosphorylated contaminatipgoteins were also detected in these samples. One potential
advantage of the 491 prep cell size separation method was the ability to separate the two
phospheproteoforms of NS5/a. In Figure 4.1.B, eluted fraction & contains the

equivalent of p56, whereas lanes 2 and 3 copa@+p58,and lanes @ contains p58.

491 Prep cell Fractions _

Figure 4. 1. Continuous gel electrophoretic separation of total protein from wt SG JFH1
replicon Huh7.5 cells. Five mg of total protein from wt SG JFH1 eells separateon a
7.5% 491 prep celBjo-Rad),and fractionsvere elutedn 2ml volumes(A) Separation

of wt JFH1 replicon Huh7.5 491 tsjzeusing the 491 prep cell. 15ul of select 491
fractionswere resolvedn an SDSPAGE gel and silver stained for total protein content.
Fractions E&E15 contained 600 kDa proteins(B) Identificationof NS5A-2a from 491
prep cell elution fractions. NS58awas detecteth the 491 elution fractions spanning

the 6070 kDa range E3 (lane 1) and-EQ5 (lanes B) using the NS5AAb02 antibody

and chemiluminescence.
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Ultimately, the most valuable model to study NS5A phosohooplatiould be one in
which the HBH affinity tag was added to NS5A within the genome of a replication
competent virusThis would allow expression of NS5A in the context of viral replication
and provide a simple way to affinity purify the protélio. this endthe HBH tag was
inserted into NS5A within the SG JFH1 replicon. Th&e@ninal region of NS5&a has
been previouslghownto tolerate insrtion offoreignsequence while still allowing
genome replicatiof141,181,304) The HBH tag was inserted between E420 and G421
within NS5A-2a at the site of an Absl restriction site (Fig.4.2.A). Transcribed RNA was
generated and used to establish a replicon cell line and the presence eHBH5A the
cells was confirmed bWesten blot and indirect immunofluorescence (Fig.4.2.B&C). In
figure 4.2.B, lane 1, wt NS52a is detected as two bands at 63/65 kDa, the two
predominant phosphproteoforms of NS5A. These forms will still be referred to as p56
(basally) and p58 (hyperphosphgated) even though NS5A from genotype 2a has a
natural insertion that increases its size to 63 arkD@bBands at 8@5 kDa are
unidentified host protein detected by NSBA02 in Huh7.5 cells as well as other cell

lines tested (see Fig 3.17 for a 2% only control).

Increasing amounts of protein from the SG JM85A-HBH replicon cell line evaluated
by Western blotting are shown in lane$ 2nd the bands detected at 74/76 kDa are the
correct sizes for NS52aHBH. Indirect immunofluorescence ngj the NS5AAb02
revealed that SG JFHNS5A-HBH replicon cells displayed the same characteristic
cytoplasmic NS5A staining as did wt SG JFH1 cells (Fig.4.2.C). The lel&5A

protein compared tait suggested that the HBH tagged replicon was not asezffias
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the wt SG form¢ompare Fig.4.2.B, lanes 1 and Beverthelessyiable subgenomic
RNA replication and localization was taking place so SG JNS83A-HBH Huh7.5
replicon cells were used as a source of isolating phosphorylated NS5A from a replicon

model.

JFH1 NSS5A TGSASSMPPLE FPGDPDLESD
410 420) yﬁ 431

HBH Tag MRGSHHHHHHAGKAGEGEIPAPLAGTVSKILVK
EGDTVKAGQTVLVLEAMKMETEINAPTDGKVEK
VLVKERDAVQGGQGLIKIGVHHHHHHAGSVR

20ug wt JFH1
SG JFH1-NS5A-HBH 1ug
SG JFH1-NS5A-HBH 5ug
SG JFH1-NS5A-HBH 10ug
SG JFH1-NS5A-HBH 20ug

N NSRS

NS5A-Ab02 (488

wtJFH1

> t NS5A-Ab02 (488)
Figure 4. 2. Expressiorof NS5A-HBH-2a from SG JFHINS5A-HBH replicon Huh7.5
cells.(A) Schematic of HBH tag insertion into JFH1 NS2A. The HBH tag was
inserted utilizing an Absl restriction site between E420 and G421 in NS5A within SG
JFH1.(B) Western blot confirmation of NS5ABH-2a expression from SG JFH1
NS5A-HBH replicon cell lines.20ug of protein from wt SG JFH1 (lane 1) and 1, 5, 10
and 20ug of SG JFHIS5A-HBH lysates (lanes-8) were detectedsing the NS5A
Ab02 antibody and near infrared detection. Wt N&ZAs indicatedas wt p56/wt p58
and NS5AHBH-2a as HBHp56/HBHp58C) Indirect immunofluorescencd SG JFH1
NS5A-HBH and wt SG JFH1 cells. NS5Ab02 was used to detect both, and HBH
tagged NS5A2a.The leftpanel shows cell under visiblight, and the right panel shows
indirect immunofluorescence detection of NS5A WilEB5A-Ab02. Imagesvere
obtainedwith an Axiovert 200M fluorescence microscope (Zeiss) with the 20X objective.
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In this case, HBHagged NS5A was isolated frotime replicon cell model using the
dTAP method. Mass spectrometry analysis identified 13 ploogiattion sites with eight
being shared in common with the SG \Wibdel with no affinity tag (Table 4.1). No new
sites were identified compared to what the original HBSBA protein expressed on its

own saw.

As an example of typical phosphopeptide idecdifion, phosphthreoninel64is

presented. Phosptibreonine 164vas detected as a phosphorylated residue within NS5A

by each of the three different platforms and a spectrum (image generated in Scaffold
Software, Proteome Sciencésshownin Figure 4.3.Here, a doubly charged peptide of
1286.62 Da was selected and fragmented to produce a spectrum of fragment ions (tandem
mass spectrometgpectrum). The peptideas identifiedas belonging to NS5&a with
amino acid sequence fF Adxatkhe thredrine positiant64dp hos p h o
(T164) (Fig.4.3.A). There is a predominant parent ion species (parent +Z811

which is consistent with stripping of the phosphate grou @4 98Da) from the parent

ion during collisional induced dissociation (ClDhisis a commorfeature of

phosphopeptides detected by CID but causes decreased sequence information due to lack
of fragmentation of the parent ion. Nevertheless, adequate sequence infomaation
obtainedfor this species with sik-ionsand sevenyons detected (Fig.4.3.B)The fine

mapping of T164 as a phosphorylated residtrgghtforwardas the T+80 (HP¢) Da

ion speciesvas identifiedn both the b and-jon seriesand peptide contains only a

single phosphorylatable residue (T) (Fig 4.B)should be noted that this peptide

contained a missed cleavage at position K6. This was potentially a fortuitous event as

cleavage at his site would have resulted in a smaller peptide with the sequence



AFAPTPKO which is just anMndow.eMore importahtly,Ghe D a
peptide charge state would likley have been +1 rather than +2. The addition of a
phosphate moiety results in a negative charge (even in acidic solution) and, combined
with the positive charge from the-tdrminus and the NHS8idechain on arginine (or

lysine), a net charge of +1 results. Typically, when mass spectrometers are used for
peptide interrogation, all +1 charged species are excluded from further (tandem) selection
andfragmentation as they often represent chemiocataomminants. However, due to the
internal K, which was not cleaved during trypsin digestion, the peptide has an overall +2

charge and was selected for analysis (Fig.4.3).

A | T164 Phosphorylation ‘

Neutral loss

100% parent+2H+1-98 -
z R s et T80 p ] « P p44.32 iz, 2+, 1,286 62Da. (Pajent Emori51.9 ppm)
e R i F t F +—P—t K t—P— T+80 t—P—Aa F
@ y8+2H
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>
= y6
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o b2 y2 yabd | Ll wsbe |, [pr hg  y8 b9
b T T - T T
0 250 500 750 1000 1250
miz
B Blons B+2H B-NH3 B-H20 AA Y Tons Y+2H Y-NH3 Y-H20 Y
1 148.1 F 1,287.6 644.3 1,270.6 1,269.6 10
2 21941 A 1,140.6 570.8 1,123.5 11225 9
3 316.2 P 1.069.5 535.3 1.052.5 105615 8
4 497.2 479.2 T+80 9725 486.7 955.4 954.5 7
5 504.2 576.2 P 791.5 396.2 7744 5
6 7223 361.7 705.3 704.3 K 694.4 347.7 677.4 5
7 8194 4102 802.4 8014 P 566.3 549.3 4
8 966.4 483.7 949.4 948.4 F 469.3 452.2 3
9 11135 557.3 1.096.5 1.0955 F 322.2 305.2 2
0 1,287.6 644.3 12706 1.269.6 R 1751 158.1 1

Figure 4. 3. Mass spectrometrgpectrum of a peptideéntifyingphospheT164 from
NS5A peptide produced from dTAP purified HB¥S5A-2a.(A) The mass spectrometry
detected ion speciese plottedas relative intensity vs. mass/charge (z) ratietefxhinal
(b-iong) are highlightedn red, Gterminal (yions)are highlightedn blue with numbers
corresponding to the position along the peptide froroMC- terminus. The m/z value,
peptide charge, predicted mass and parent ion error (inippnu)icatedn the upper left
corner. The parent ion neutral lossr@ya + 2H +198Da) is indicatedB) lon
fragmentation table-tand yions predicted to be present in the peptide spectra are
indicated with detected speciaghlightedin color. Each column represents the
anticipated mass of ions in the peptigi@.Daltan parent ion corresponding &m 80

Dalton HPQ moiety andan HO molecule referred to as a neutral loss are indicative of a
phosphorylation event is pictured in green. The phosphopeptide was incompletely
digested by trypsin as evidenced by an internal Lysine (K) residue.
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A comparison bthe mass spectrometry phosphatignsite mapping from the various
sources is depicted in figure 4.4 and the data supporting phosphorylation position site
assignment is presented in AppendixFigure 4.4 demonstrates that majority of the
phosphoacceptor sites were identified withirBdd3omain 2, followed by Domain 3

and Domain 1. No phosphorylated residues were identified near the N&sAi@us

due to the lack of protease cleavage sites available and thus the inability to produce

appropriately sized peptides for mass spectrometry.

As the NS5A2a protein is rich in lysines and arginines, the use of additionatrppsin
digestion enzymewas also includeadh order to more completely interrogate the
phosphopeptide sites presedsing GluC provided the exclusive identification of
phosphoacceptor sites S401, T410 and S414/S415 and AspN with T210, T213 and S272
from dTAP purified HBHNS5A-2a samplesTherefore, inclusion of additional proteases

can increase the coverage of interesting residues.

The majority of identifications were abhed usingiBH-NS5A-2ain combination with

the TAP protocol, modikely due to the high amount of proteiecovered. Only three
phosphopeptides were identified exclusively in the untagged SG réphdon,and those
were pepti des38tbmBB8BaDsh/i 41 5 GiFine mappirfg ©f4he 0 0
phosphorylation events was accomplished except the exact phosphorylated residues on
peptsIBE/MS820, cduldaoibd un&nbigjudusly assigndde to lack of

defining ion species (Fig.4.4).



In all, 28phosphorylated residues were identified from NS5A phosphopeptides of which
26 were mapped tospecificresidue. The six previously unambiguously mapped NS5A
phosphorylation site5146, S222, S225, S235, S238, T8&3 306)) were confirmed

in this thesis and 20 novel residues were identffied.4.4).

100

S
146
S T 200
151 164
SMLTDPPHIT AET SPPSEASSS VSQLSAPS
201 204 210 21 222 225 228/229/230 232 235 238
D1' LCsI Lcs1'D2
S S 300
272 288
T T
334 348
D2' LCSs2
% S ESTIS Ss 400
356 360 362/363 365 . 381/382
es2l p3 NS5A-Ab02 Epitope
S T SsS
401 410 414/415 HBH |nsertion Region

466
Figure 4. 4. Positively identified phosphoacceptor sites and residues identified on
phosphopeptides from NS5A JFHYertical lines separatthe three NS5/&a protein
domains (D1, D2 and D3) and two low complexity sequences (LCS1 and L&SR)e
and threonine residues identified by the search algorithms are Haltktiandolored
residues unequivocally assigned to a single residue ard¢doeld and underlined. Colors
indicate the source material for the identified phosphorylation sites: blue-{H3A-
2a, SGIFHX:NS5A-HBH, and SG JFH1), green (HBNS5A-2a, SG JFHINS5A-
HBH), red (HBHNS5A-2a) and black (SG@FH1).Previously publishe sites S146,
S222, S225, S235, S238, ang48(289,303 306) aredouble underlined.

As highly conserved residues between HCV genotypes may be indicative of the

requirement of that particular amino aadnservation of NS5/&a identified
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phosphoacceptor sites was evaluated ugpgesentative sequences from each of the
seven HCV genotyg343,344) Alignments were performed usi@.USTAL Omega

1.2.1 and conservation of the phosphorylated serine and threonine residues wasdevalua
(Appendix Fig. Al). Identified phosphoacceptor siteaserved irall seven HCV

genotypes containing either a serine or threonine as the identifieldiewere: T204

(except R in 3a, a charge mimic), T210, S225, S229, S230, S232,8A3kand S415.
Interestingly, T164 and T348, identified here as phosphorylation sites, were only present
in JFH1, 2c and J6 strains respectively and Twa® foundonly in strain JFH1

(Appendix Fig.Al).

4.2.2 Phosphoblatant and mimetic mutations of phosphoacceptor s in pJFH1

To determine the impact of the identified NS5A phosphoacceptor sites on théfelCV
cycle, bothalanine,and aspartic acid residue®re substitutedhto the pJFH1 backbone

at the sites identified by mass spectrometry and database analysialafine mutations
served to ablatphosphorylationand aspartic acid residues were ugechimic the

negative charge of a phosphatelecule. The JFH1 virussedin this study was the
unmodified JFH1 strain devoid of any supplemental@dtlireadapive mutations(151)

as opposed to the commonly used Jclor J6/JFH1 chistains. This choice was made
to maintain the highest level of biological relevance and to avoid producing potentially
synergistic mut at i oproductiondotirfautious girudHaehHRNA s i nf er |
species was electroporatedio Huh7.5 cells and plated to allawllectionof RNA,

protein and infectiousupernatanirom the same electroporated cells (Fig.4.5).
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Figure 4.5. Effectsof NS5A-2a phosphomutants on the JFH1 HCV protein synthesis,

RNA replication,and virus production. Nucleotide sequences of N@&Aerine and

threonine residues identified as phosphoacceptor sites by mass spectrometry and database
analysesvere mutatedo a phosphoblatant (alanine) or a phospharge mimetic

(aspartate) wihin the HCV pJFH1 DNA plasmid. Following Xbal digestiamyitro T7

RNA was synthesized arRINeasypurified. 5ug of RNA was electroporatedo Huh7.5

cells and plated into separate 35 mm dishes. Samglesharvestetbr RNA (4 and 72

hours post eleobporation fipe), protein (72 hpe) and, following passaging of the cells,
infectioussupernatant9 dpe).

4.2.3 Analysis of JFH1 RNA replication efficiency of phosphoblatant (alanine) and
phosphomimetic (aspartate) mutation of positively identified NS5A

phosphoacceptor sites

JFH1 genomic RNA levelwere evaluated byRI-PCRfrom samples harvested at four

and 72 hourpostelectroporatior{hpe) (Fig.4.6). A nomeplicative JFH1 GND mutant

construct with an inactive NS5B polymeragas useds areplicationnull control. GND

also served to define the rate of RNA degradation in the cells by comparing 4 hour

Ai nput o RNA to virus genomic RMWAsatljustede| s at
to 100ng of total RNAprior toreverse transcription and HE specificprimerswere

employedalong with a cellular loading control, GAPDH. JFH1 viral RNA leweése
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determinedy comparison to a-point log dilution standard of wt JFH1 RNAnd these
valueswere further normalizetb GAPDH levels. It is worthwke noting that only very

minor differences in the GAPDH valuegre seeetween samples in any given
experiment suggesting that the initial 100ng spectrophotometry valuesssermially
adequate for normalizatiqdata not shown)However, the inclusioaof this control also

acted as general RNA quality control that could identify poor quality samples. JFH1 viral
RNA fold changewvas determinetly comparing the 7#hour RNA level to the 4our

Ai nput 0 R Nodmparengoehe valudfem wt JFH1 genme replication. Each
gRT-PCR experiment incorporated duplicate wt JFH1 RNA species for each experiment.
In this study wt replication levels did not vary by more thafo81 overall with respect

to replicative capacity (comparing géito 72hpe values).

Most of the phosphoablatant or mimetic mutations produced phenotypes similar to wt

(Fig.4.6) and none replicated with a greater capacity than wt JFH1 virus. The mutants

that did not exhibit wt like replication could be classified as weal)(®ld less R)

levels at 72hpe/4hpe compared to wt), very weakl®@fold less RNA levels 72hpe

compared to 4hpe) and extreme (>100 fold less RNA levels 72hpe compared to 4hpe).

Mutant S229A showed the most severe decline in RNA at the 72 h time point,

comparable tohe GND mutant, which is RNA polymerase deficient. T218P29D,and

S235A mutations displayed the fAvery weako re
These mutants were unable to increase the RN&ls above the 4hpe inpoy 72 hpe

but the RNA levelsit 72 hpe were not as severely depressed as for S229A or GND. If

RNA replication isoccurring it is at very poor efficiency. Alternatively (or in
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combination), RNA turnover may be adversely
protectedo a certain extd. Other studies have showhmat mutations at these sites also

adversely affect HCV replicatiaf284,289,299,304,305)Several of the phosphomutants

were hindered in their replicative capacity
category. These include T204D, T210A, S225D, S232A/D, S235D, S238A/D, T334A/D

and T363A/D (Fig.4.6.). Here, replication showed a lras tLGfold increase in the

amount of RNA compared to 72 hpe and suggests less than optimal replication levels for

these mutants. T204D and T334D mutations hadeen previously evaluatedAn

important caveat to this observation is that some of titamsiexhibited higher than wt

i nput RNA |l evels at 4hpe (S232D, S235D and &
for viral replication in these experiments, it could make the relative increase appear

smaller than it could have been.

S222D has been suegfed by Lemay et al., 2013 to be inhibited for replication capacity

(303)but the results presented in this theses@msistent with otheeports suggesting

that itreplicates to wt level@89,299,304) Mu 't a n t xtr&rke RRAArépkcatien
phenotype was partially reversed with mutant
mut ant phenotype). Mut ant S235D | i kewise fnre
RNA replication level. Mutant T210D (very weak phenotype) wasues to a weak

level with mutant T210A (Fig.4.6). Although additional experiments would need to be

performed to determine if the altered phenotypes are due to changes in NS5A stability,

localization or PPIs, the data points to the D1 and D2 domains g lihg greatest

influence relating phosphorylation to replication.

164



>
=

109
108
107 4 hpe

10°
108
107
108
10°
104
103
102

4 hpe
W 72 hpe
1

106 I 1
10°
104
103
102

HCV Genome Copies/100ng Total RNA
(Normalized to GAPDH and WT 4hpe)
(Normalized to GAPDH and WT 4hpe)

HCV Genome Copies/100ng Total RNA

0
=}

109 109

<L —~
33 &g
x = B, —5 8,
55 10 gE 10
°E 7 4 hpe 3 . 4 hpe
oT 10 cc 10
55 MW72hpe S 8 Il 72 hpe
3a 10%4; 28 10
.gg ag b d
[=]
gs 105 ‘:,2 10
-] EE
‘%% 104 g% 10
E SE 103
3,
g2 10 32
= = 102
102 N EEEFEEEREEREEERE
3523932222323 ¢2 BB 2 - o 9 - g S ¥ T WG oL =
N N O 00 F S 00 0 WO © S O NNOMO™MS 2 S 8 8 VBV Y E&TEF T T IT TS [C]
gggggﬁvgmmggggww (T) w v on®nm NNk ®O®O OO

w wn nun l—l—ﬂﬂwwwwﬂf—"

Figure 4. 6. Effects of mutating sequences of phosphoacceptor sites in HCV JFH1-2&5idtein identified through mass
spectrometry on RNA genome replication. Positively identified phosphoacceptor sites were mutated to either alanine §da3phobl
or aspartic acigphosphomimetic) in a pJFH1 plasmid $ite-directedmutagenesis. JFH1 wt and GND (A@plicative with a
mutant NS5B polymerase) virusesre utilizedas positive and negative controls. All plasmid constnwet® subjected to T7 RNA
synthesisand 5ugof RNA was electroporateidto Huh7.5 cells. Total cellular RN#as isolatedt four @raybars),and 72 hpe
(black bars) to represent input RNA and replicated genome RNA respeclively.RNA and cell control GAPDH levels were
determined by gR'PCR Da# for each time point was normalized to GAPDH and then to four hpe wt input iR&sests represent
the meant standard error of the me&8EM) of a minimum of two independent electroporation experimégRtdNormalized HCV
JFH1 genome abundance of tleeise-alanine and seriraspartic acid mutations of positively identified phosphoacceptor sites of
NS5A D1(B) LCSI (C) D2/LCSII/N-terminus of D3D) C-terminus of D3 of JFHNS5A-2a.
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4.2.4 Impact of NS5A phosphoacceptor site mutains on the abundancend ratio of

basally and hyperphosphorylated NS5A protein

NS5A migrates as a doublet on SPBGE gels with the faster migrating, basally
phosphoryl ated band referred to as fAp560 and
formreferred to aé p 5(87@ Although NS5A from JFH1 has additional sequence near

the Gterminus making it a larger protein that migrates at 63 and 65kDA, the terms p56

and p58 are still used to refer to the two phosptoteoformq151) Earlier studies

described in this thesis used chemiluminescence to evaluate Westermldadsr to

improve quantitative accuracy, subsequent bi@se assessagsing near infrared

detection quantitation (ECor Bioscience}k

To evaluate the quality of quantification on this platfpsarial dilutions of a 72hpe wt
JFH1 protein sample wer@g@lied as a Zold serial dilution to a Western blot and probed
with antibody NS5AAb02 (Fig.4.7.A). The linearityof the NS5AAb02 antibody signal
(r?) was 0.997 when thsignalfrom both p56 and p58 bandgre evaluate(Fig.4.7.B).
The Western blot ifigure 3.7.A containing the serially diluted JFH1 protein was also
used to determine whether the p58/p56 ratio of the N&bArotein is affected by the
percent of NS5A2a protein occupying a total protein lysate (Fig.4.7.C). The p58/p56
ratio generatedby the serially diluted JFH1 protein lysate showed less than 15%

difference over a-J%old serial dilution (Fig.4.7.C).

Next, NS5A2a phosphgroteoform ratiosvere calculateérom extracts of SG wt JFH1

Huh7.5 cells with different monolayer confluencyg®.8). Thiswas done to determine
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if thedensityof a cellular monolayer significantly affected the NS84 p58/p56 ratio.

In figure 4.8.A NS5A2a was detected from total protein extracts of SG JFH1 Huh7.5
cells at 60, 80,100 and >100% confluency (&a#&). When quantified, the produced
p58/p56 ratios from the different percent monolayers showed a decrease in the p56/58
proteoform ratio from 0.58 to 0.42 as the cell confluency went from 60% to >100%. Total
NS5A-2a protein amounts also increased asthdluency increased (Fig.3.8.B). As

such, the NS5/&a phosphgroteoform ratio is moderately affected by @alhfluency,

and therefore all experiments were designed to result in plating densitiegthaimilar
throughout all experiments.

A
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Figure 4. 7. Evaluationof NS5A antibody NS5AAb02 for quantitative detection of
NS5A-2a by Western blofA) Western blot of total JFH1 electroporated Huh 7.5 cell
protein extract (72 hpe)@ld serially diluted: 2eRug. NS5A2a was visualized using
NS5A-Ab02 antibody and near infrared detectionQar Bioscience} (B) Plot of the
relativesignal intensity bdetected NS5A protein versus total protein load€yl.
p58/p56 NS5A phosphproteoform signal ratios from seriallyfa@ld diluted JFH1 total
protein lysate.
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Figure 4. 8. Effects of ceII confluency on NS52a p58/p56 phosphproteoform signal
ratio in SG wt JFH1 Huh7.5 replicon cel{$) Western blots of SG wt JFH1 total protein
harvested at different cell confluencieswAmaster mix was created from pooled wt
JFH1 total protein lysates to ensure consistency of the p58ipb&etween separate
Western blots (lane 1). This Master sampées runon every Western blot where NS5A
guantificationwas performedCell confluenciesat thetime of harvest were: 60% (lane
2), 80% (lane 3), 100% (lane 4) and >100% (lane 5), 72 hihebwrg of transcribed RNA
(lane 6) anca Huh7.5 cells only contrdlane 7). NS5A was visualized using the NS5A
Ab02 antibody (greearrow),and an antVinculin antibody detected Vinculin (red
arrow) as a load control in near infrared detect{Bj) Quantfication of the p58/p56 ratio
from the Western blot in (A). NS5A signal intensity data was extracted using Image
Studio Lite software (LICORBiosciences) and plotted against the cell conflueibg
p58/p56 ratiosmre presenteds bluebars,and total NS5A signals (p58+p5éie
portrayedas red squares.
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To detemine the effects of the NS5A phosphoacceptor site mutations on the expression of
eachNS5A phospheproteoform total protein was collected from RNA electroporated
Huh7.5 cells at 72hpand subjected to Western blot analysis using N865A2. The

majority of phosphomutants displayed p58/p56 ratios within 20% ofnenwt ratio of

0.61, within the experimental variance noted earlier (Fig.4.9). NS5A protein from

mutants S229A and S229kere below detectable levels and couldm®tguantified
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consistent with their extreme (SS229A) and very w&0D RNA replication
phenotypes disussed earl{section 4.23). Interestingly, T210D which was also
categorized as a very weak RNA replicatrmautant did have enough NS5A protein to
allow quantification and although it was significantly reduced in total NS5A amount
compared to wt NS5A level3he p58/p56 ratio for this mutant wamich higher than for

wt at 1.01.

S151D,S225A,and S232A exhibéd the lowest p58/p56 ratios of 0.19, 0.11 and 0.08
respectively (Fig.4.9). S151A expressed a closer to wt ratio of 0.44 indicating that
phosphorylation at S151 may be detrimental to the production of p58 (Fig.4.9).
Interestingly, S225A and S232Rere notfully rescuedo wt level ratios by their
phosphomimetic counterparts with S225D and S232D producing mean ratios of 0.28 and
0.24 (Fig.4.9).This suggests that the aspartic acid mimic at these residues may aid in
chargecompensatiorut the full phospha molecule mape requiredor optimal

expression or that authentic phosphorylation at these sites are required to hinder
migration in SDSPAGE. Thismay also suggest that mutation of S225 and S232 has a

destabilizing effect on the NS5A protein, a feattitatwas not further explored

Several phosphomutants expressed moderately lower levels of p58 and include: S146D,
S228A, S288D, S235A and T348D with mean p58/p56 ratios of 0.21, 0.37, 0.29, 0.35
and 0.35 respectively (Fig.4.9). The reduabdndance gb58 observed with
phosphomutants S225A, S232A, S225D, S232D, S146D, S235A in this study is

consistent with previous observations and is likely due to reduced replication capacity



(289,299,84,345) S235A phosphproteoform abundance has been inconsistent
between studies where previous investigations have reported no detectable protein
(289,305) no discernable p58 expressi@®6)or, as was observed in this study, a lower
p58/p56 ratid299) Only three othe phosphomutants assessed produced decidedly
more p58 than wt andcluded T213D and T210A/D wittmeanp58/p56 ratios of 0.89,
1.08, 1.01, respectively (Fig.4.9). Several groups have reported the phosphomimetic
mutations S232D, S235hd S238D result in the impeded mobility of p56 and thus an
apparent increase in molecular weight was obse(2@@,299,304) The results

presented here also indicate reducebility of the p56 species compared to the wt

controls (Fig.4.9).
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Figure 4.9. Impactof the phosphoblatant and phosphomimetic mutations of N&bé&n

the abundance of the p58 and p56 phogmiateoforms(A) NS5A phosphomutanisere
evaluatedby Western blot andearinfrared fluorescence detectiddS5A was detected
usingthe NS5AAb02 antibody, and an antiinculin antibody detected Vinculin as a
cellularload control. Awt master sample was included on each Western blot to ensure
consistency between separate Western WiBjQuantificationof the p58/p56 ratio from
NS5A phosphomutds. Signal intensities produced by NS2A phosphgproteoforms,
p56,and p58, were quantified using Image Studio Lite software to determine p58/p56
ratios. Phosphablatant mutationare displayedavith white bars, phosphomimetic
mutations argraybars,andthe wt levels are presented as black bars. N.D. indicates not
determined where protein levels were below the minimum detection capaliijes.
replication defectiverirus (GND) and a Huh7.5 mock electroporatiere utilizedas
negative controlgD) Quantifications of (C). Data presented are the mean p58/p58 ratios
+ SEM obtained from a minimum of two independent experiments.
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4.2.5 Determining the effects of phosphablatant (alanine) and phosphomimetic
(aspartate) mutations of positively identified fnosphoacceptor sites on JFH1
infectious virus production.

The effects of the NS5A phosphoacceptor site mutations on infectious virus production
were measureffom Huh7.5 cell culture supernatants collected nine days after
electroporation of 5ug of JFH1 RNAElectroporated Huh7.5 cells were split every three
days and seeded according to tlweifluencyas to achieve near 100% confluency 72
hours later. At nine days post electroporation (dpe) infectious cell supernatants were
serially diluted and plated émnaive Huh7.5 cells and four days post infection were
visualized using immunofluorescence. Infectious titegse basedn the presence of
positivewells,and TCIDo/ml values were calculated using the Reed and Muench
method revised by Lindenbach, 20@17) Viral titer determination assays are known
to produce inherentariability in repeat experimen{846) To combatthis TCIDsg/ml
valueswere normalizedo the mean wt TCIEYml value obtained froreach individual

electroporation experiment.

As was seen with the RNA ampdotein data, the majority of the phosphomutants
produced titers akin tat and with lesshan a twefold change (Fig.4.10). Four of the
phosphomutants were unable to produce detectable infectious virus nine days post
electroporation (dpe) andcludedT210D, S229A/D and S235@ig.4.10.A, B). While
T210D has nobeen previously assessdldetiter results obtained for S229A/D and
S235A are in agreement with previous stud89,305,345) Several phosphomutants

produced less than thréeld the infectious virus ofvt and included: S201D, T204D,
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T210A and 225A with 4.7, 4.3, 3.2 and 3.1 fold reductions, respecti{faly.4.10.A,

B). Moderate reductions in viral titer between two and three fold fmbmvere observed

in phosphomutants T164D, S222A, S230A/D, S238D, T334D and S381D with reductions
of 2.3,2.62.7, 2.0, 2.7, 2.7 and 2.4 fold, respectively (Fig.4.10). Whilenerity of

the phosphoacceptor site mutations have not had their titers previously evaluated, a
reduction in theeleasednfectious virus of the S225A is consistent with preceding

repots (289,304,345) Several of the phosphomutants produced more infectious virus
thanwt includingS151A, S151D, T213A, S228D, S232D, S238A, S382A aridbB4

with 1.86, 1.67, 1.33, 1.40, 1.25, 1.18, 1.62 and 1.26 fold increases above wt (Fig.4.10).
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Figure 4.10. NS5A phosphoacceptor site mutation effects on HCV JFH1 released infectiousvivitso synthesized RNA from
mutant virus templates were electroporated into Huh 7.5 cells and cells were passaged every 72 hours based on cellictinfluency
cell superatantswere collectedhine dpe.Five-fold serial dilutions of clarified infectiousupernatantvere plated onto naive Huh7.5
cells and visualized by immunofluorescence with the N®BA2 antibody. TClley/ml values were calculated using the Lindenbach,
2009 revised Reed and Muench calculdBi7)and expressed as a ratio of the mean TCID50/ml values obtained from two
independent wt TCID50/ml values with each experiment. The GND mutant served as a nonviable cegiatl Infectious titers

were determined in at leasto separate experimerdadpresenteds mean fold changes + SEM. N.D. indicates levels were below
detection(A) Normalized HCV JFH1 genome abundance of the seimaine and seriraspartic acianutations of positively

identified phosphoacceptor sites of NS5A B) LCSI (C) D2/LCSII/N-terminus of D3D) C-terminus of D3 of JFHINS5A-2a.
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4.26 NS5A from electroporated JFH1is predominately hyperphosphorylateduntil
48 hpe

Most of the current understanding regarding NS5A biogenesis was obtained from studies
using the HCV 1b genotype.\tas concludethat NS5Ais liberatedrom the HCV
polyprotein, becomes basally phosphorylated creating the p56 form after which,
hyperphospbrylation generates the p58 foi88,276,277) To track the development
of NS5A-2a phospheproteoforms over time, JFHRNA was electroporateitito Huh7.5
cells,and total cellular RNA and proteimgere obtained, 12, 24, 36, 48 and 72 hpe
(Fig.4.11). JFHRNA samples were analyzed by glRCR. JFHIwt samples showed a
continuous increse in genome copy number followed by a dip at 12 hpe. Maximum
RNA quantity was seen at 36 and 48 hpe (Fig.4.11A&)expected the nereplicative

GND mutant showed a decrease in virus RNA over the time course (Fig.4.11.A).

Western blot analysis of JFHibrvested protein samplssowedno detectable NS5A

protein until 24hpe,at which point the p58/p56 ratio was 3F3g.4.11.B/C). Higher p58
levels were alssustainedt the 36 hpe timpoint with a p58/p56 ratio of 1.5
(Fig.4.11.B/C). At 48 hpe thebB/p56 ratio of wt NS5A wareversedand p56 became

the more abundant phosppooteoform with a mean ratio of 0.71 followed bga#io of

0.58 at 72hpe (Fig.4.11.B/C). GND protein data was not quantified as the protein signal
was below the limits of detéon at every time point. This same tremals seein both

the SG JFHZeplicon,and the SG JFHNS5A-HBH replicon (Fig.4.11.D) with the high
p58/p56 ratio maintained at 24 hpe for SG JFH1 (Fig.4.11.D/E) but delayed until 48 hpe

for the SG JFHINS5A-HBH (Fig.4.11.D/F). The delay for the HBH tagged replicon
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would beconsistent with its delayed kinetics of RNA replication in general compared to

wt JFH1 (data not shown).
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Figure 4.11. Analysisof NS5A phosphgproteoforms early tim@oints post
electroporation of JFH1 RNA. JFH1 wt RN#as electroporateidto Huh7.5cells,and
RNA and proteirwere isolatedt the indicated timgoints post electroporation. GND
was useds a norreplicative negatie control.(A) JFH1 wt and JFHGND genome
copy numbers at 4, 24, 48 and 72 hpe. Viral RNA levels were determined by reverse
transcription qRTIPCR and normalized to the housekeeping transcript GARBH.
NS5A-2a from JFH1 and JFHGND evaluated by Westeblot and near infrared
fluorescence over 72 hpe. NS5A was detected using N8#R antibody, and an anti
vinculin antibody detected Vinculin as a cellui@ad control (C) Quantification of the
p58/p56 ratio and total NS5¢ignal intensity from JFHa@ver time. Signal intensities
produced by NS5&a phospharoteoformsp56,and p58, were quantified using Image
Studio Lite software and p58/p56 ratiwsere obtainedThe p58/p56 ratits displayedn
the lefty-axis,and the total NS5&a protein signal ([#+p56)is on the right yaxis.
N.D. indicates levels below detection limi() SG JFH1 and SG JFFNS5A-HBH
NS5A phospheproteoform abundance post electroporation. Western ks
performedwhereNS5A was detected by the NS502 antibody, and antiinculin was
used to detect Vinculias acellularload in near infrared imagin@e, F) Quantification
of NS5A phospheroteoform ratios and thetal signal from SG JFH1 and SG JFRH1
NS5A-HBH NS5A. The p58/p56 ratis displayedn the lefty-axis,and tte total
NS5A-2a protein signal (p58+p5& on the right yaxis. N.D. indicates levels below
detection limits.



4.27 Reduction of p58 in SG JFHIvertime

Several groups have suggestieat continued passaging of HCV replicons results in a
decrease in p58 phosppooteoform abundanqé41,282,304) Based on these
observations, Western blot analysis was performeti®@®G JFH1 Huh?3 cell lines
produced and were carried longer term. Isolation of prétem cells three days post
electroporation and from cells following ten weeks of passageperformed
(Fig.4.12.A). Compared to shedrm wt NS5A that produced a p58/p56 ratidddo2,
NS5A from thetenweekold SG JFH1 Huh7.5 cells produced a slightly lovedio of

0.499. (Fig.4.12.B).

Although a 16% reduction in phospjpooteoform ratios is quite small, it is possible that
passaging the SG JFHL1 cells for a longer periodavasult in further loss of p58. For
example, RosS hrieplandand Harris. 20149bserved a 40% drop in the p58/p56 ratio
after passaging SG JFH1 Hiulcells for 20 weekg304). It could also be that
confluencies may havgartly confounded the previous studies as we have demonstrated
that confluency affects the interpretation of p58/p56 ralioevaluate if any sequence
changes had occurred in replicon form i#leveek ol SG JFH1 cells, DNA sequencing
was performed over the9%A ORF. No changes in nucleotide sequence were detected
(data not shown) alhalso argues that over the-t@ek period of cell passage, no changes

to NS5A (particularly at the phosphorylation sitesgurs.

It hasalso been suggested thkatase(s) specific for producing p58 may have reduced

phosphorylation capacity in aged replicon cdlis.test this possibilitywt SG replicons
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were reintroducehto established *eekold SG JFHINS5A-HBH cell lines.HBH-

NS5A is 11 kDa larger than wt NS5A, and therefore the H&#tjed NS5A is distinct

from wt NS5A2a on a Western blot (Fig.4.13). The wt NS5A phosplodeoform ratios
produced by introduction 5ug of wt fdéngth JFH1 and SG JFH1 RNA into the SG
JFH1X:NS5A-HBH Huh7.5 cells at 24 hpe were 1.4 and 1.7, respectively (Fig.4.13.B/C).
The NS5A phosphgroteoform ratiosvere slightly reducedhen compared NS5A

p58/p56 ratios produced by electroporation of the wt constructs into naive Huh7.5 cells
(3.0 ad 3.3, Fig.4.11.E). However, at-hpe wt NS5A from fullength JFH1 and SG
JFH1providedratios of 0.66 and 0.74, respectively (Fig.4.13.B/C). The 72hpe ratios are
closer to the consistently observed 0.60 phogplteoform produced by NS5A at 72hpe
from naive Huh7.5 cells (Fig.4.11.Ejhisindicates that at least over the-d@ek period
during which cells were passaged, p58 phosphorylation capacities are not affected. It
should be further noted that replicon cells used for any integral experimertsaaver

passaged for longer than the\li®ek period.
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Figure 4.12. NS5A-2a p58/p56 ratio in SG JFHL1 replicons after extended passage in cell
culture.(A)Western blot analysis of NS52a from teaweekold SG JFH1. Total protein

was isolated from SG JFH1 replicon Huh7.5 cell lines 72 hpe andeafteeeks of cell
culture passage. The NS5%002 antibodywas usedor NS5A-2adetectionand an anti
Vinculin antibody detected Vinculin as a cellular load control in near infrared detection.
(B) Quantificationof the p58/p56 ratigA). Signal intensities produced by NS2&
phospheproteoformsp56,and p58, were quantified using Image Studio Lite software

and p5&d56 ratioswere obtained
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Figure 4.13. Introductionof wt SG JFH1 and JFH1 into SG JFNBE5A-HBH Huh7.5
cells. (A) Western blots of protein samples from electroporated SG JFH1 (left) and full
length JFH1 into SG JFHNIS5A-HBH Huh7.5 cells. Total proteiwas harvested, 24,

48, 72 hpe. NS5Avas detectedith theNS5A-Ab02, and arantivinculin antibody
detectedvinculin as a cellular load control. HBNS5A is approximately 11 kDa larger
than wt NS5A and indicated as hyper and basal. NS54 wtlicatedas p58 and p56.

(B) Quantification of NS5A phosphproteoforms from electroporated SG JFH1 RNA
into SG JFHANS5A-HBH Huh 7.5 cells.(C) Quantification of NS5A phosphko
proteoforms fronelectroporateaf full-length JFH1 RNA into SG JFHIS5A-HBH

Huh 7.5 cells. Signal intensities produced by NSaphosphgroteoformsp56,and
p58, were quantified using Image 8itw Lite software and p58/p56 ratiagre obtained

4.3Summary

To extend the mapping of NS5ghosphorylation site$yS5A-2a was isolated from both
ectopically expressed NS5A and SG JFHL1 replicons. Mass spectrometry and database
searching identified phpsorylation sites within the NS52a protein. In addition to
previously identified5146, S222, S225, S235, S2388d T348n NS5A (289,303 306),

20 new residuewere additionally mapped Phosphopeptideontainingh S3 8 1/ S38 2 0
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and 0S4 had/TAAweBdentified exclusively from the unmodified SG JFH1
replicon. Relevant serine and threonine NS5A residuerse mutated teither an alanine
(phosphablatan) or anaspartic acid (phosphomimetic) residue in the context of a JFH1
infectious virus clone. Phosphomutamere assessddr their effects odFH1genome
replication,infectious titresand NS5Ap56/p58 ratios While mutating most of NS5A
phosphoacceptor sitelgd not affectvirus genome replication anatal titre, T204D,

T210A, T210D,S225D, S232A/D, S235D, S238A/D, T334A/D and T363A/D replicated
weakly, T210D, S229D and S235A very weakly and S229A extremedklweSeveral
phosphomutants produced NS5A phosphateoform ratios decidedly different than wt
JFH1 with S151D, S225A and S232A producing the lowesfT@i@D and T210A/D
producing the highest:210D, S229AS229D,and S235AJFH1mutations were unable

to produce infectious virus. Furthermore, NS5A was fourtsetpredominantly
hyperphosphorylatedt earlytime-pointspostelectroporatiorbut reaches a consistent,
steadyphospheproteoformratio at 72 hpeThis study reveals the highly phosphorylated
naure of the NS5A protein and the impact of individual phosphorylated residues on the

HCV life cycle
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Chapter 5: Discussion

5.1 Identification of host celli hepatitis C virus NS5A protein-protein interactions

(PPIs) by tandem affinity purification and mass spectrometry/database searching

Hepatitis C virus infection often leads to chrodisease that can resultsavere liver

damage including steatosis, fibrosis, cirrhosis, HCC, and 2atiNewly developed

HCV direct acting antivirals (DAAs) can achieve SVR rates of 95% in infected
individuals(56). However, accessibility and drug resistance remain points of concern.
The HCV NS5A protein directly regulates the HGcycle and modulates the host cell

to create an environment conducive to viral propagdf6ii,210) However, the exact
molecular melanisms dictating NS5A function remain elusive. This study used protein
purification techniques combined with mass spectrometry/database searching to identify
host ceINS5A-2a PPIs. Additionally, a similar technical platform was usadeatify

andchamacterizephosphorylated residues within the NS3A protein.

5.1.1 Generation of stable cell lines expressing HBtdgged NS5A2a

To identify host proteingteracting with NS5A, an HBH fusion affinity tag was
employed. This tag/resin combination lsasumber ofadvantages: (1) the resin is
relatively cheap compared to many immunoaffinity resins and therefore it is possible to
economically scale up purification reactions and (2) the captureecparformedinder

high urea (denaturing conditions). As Buby first crosdinking PPIs in their native

cellular compartments, then capturing under denaturing condipordiices highly pure

protein complexes.
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In order to identify NS5A interacting proteinmlyclonal stable cell linesere generated
which expessed HBHagged NS5A2a (and HBHtagged GFP as a control) at moderate
levels (Fig.3.3.A). Stable expression, as opposed to transient transfections, may result in
more manageable expressmircellular proteins allowing better/proper protein folding
andappropriate postranslational modificationsThisis key for NS5A as

phosphorylation may be a critical factor in regulating its interactd#e,284,285)
Overexpression can lead to protein aggregation as a result of overloading the cellular
proteinfolding machinery. Moderate protein expression also helps circumvent issues
such as over activation of chaperone and heat shock pr@@dinsThis phenomenon has
been previously demonstratedplasmid titration studies during transfection of NOD

like receptors inttdEK293E cells. When expressed at too high a level, protein
aggregation and reduced cellular viabiligreobserved348) Expression at a lower

level improved protein solubility and also allowed improved capture by purification
resins(348)thus demonstrating the valuerabderaterotein expression for use in
interaction studies. Experiments in this thesis compared statses transient

transfections of NS5A andemonstratethat transient transfections produced less full
length forms of the protein (Fig.3.3.C). It is plausible that the smaller bands were due to
high overexpression of NS5&2aHBH creating degradation @aducts and truncated

proteins fromncompletetranslation.

One general concern with retroviral transductiorargdomintegration of the viral

genome into host genomic regions causing deleterious insertions. In some cases,
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inappropriateansertionshaveled to leukemia in retrovirally transduced m{Gd9).
Although this phenomenon would be difficult to discern in cell lines generated here,
growth and viabilitywere comparetb nontransdued controls and did not appear to be

affected.

Affinity epitope tagging a protein can potentially alter protein conformation, stability
and/orsub-cellular localization. Nand Gterminally tagged NS5A and GFP were not
affectedat least with respect to their stability as immunoblots consistently produced
proteins of the expected sizes even months after continuous cell passage (Fig.3.3.A and
data not shown). HCV NS5A is present in the cytoplasm, witR-tisrminalamphipathic

hdix causing the membrane associat{®@68 171) HBH tagging NS5A did not interfere
with localization either at either the C (Fig.3.3.B) otédminus (Fig.3.21.B) when stably
expressed in cell$n all this suggested that the HBH tag could be used as an affinity

epitope without severely altering NS5A stability and cellular localization.

5.1.2TAP optimization

The original HBHTAP protocolwas designetbr identifying yeast protein interactions
(255,256) and as such, had to be optimized for human cell line work. However, the first
consideration was to establish that the HBH tag was accessible. Purifications using a
cobadt cartridge coupled to an FPLC alleviated this concern as NZ8ABH was

recovered with high efficiency with little bait protein present in the flow through or wash
fractions (Fig.3.6.A). Nerminal HBHtagged NS5A2a and GFP were also easily

captured fom total cellular proteins (Fig.3.10). Although both N ante@ninal tags
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appeared similar in all respects, a decision was made to concentrate more on the N
terminal tag form, which many other groups studying HCV had also used for their
positional taggig. An additional consideration to support&minal tagging of NS5A

was to avoid potential processing by methionine aminopeptidases present in human cells
that cleave terminal methionines and often add an acetyl group to the penultimate amino
acid(350,351) Authentic NS5A is cleaved from the HCV polyprotein producing an N

terminal serine and addition of an acegybup could be iappropriate.

Lysis and wash buffer optimization tests evaluating different detergents and pH identified
an optimal lysis/purification nTAP buffer to be 50mM NafR®i 8.0, 150mM NaCl,

0.5% NP40 (Fig.3.6). During detergent optimization tests, it becanagaayhat a
discrepancy existed between cobatid nickelbased purification of HBHagged NS5A.
Elution from nickel columns occurred earlier and over a broader elution volume
compared to similarly sized cobalt column purification (Fig.3.6.C vs. FigB.6

Although itis statedhat nicketbased metal chelate resins produce higher protein yields,
cobalt has a higher specify foistidineresidueg352). Comparatively, cobalt elution of
NS5A-2aHBH produced a cleaner and more concentrated elution and thesaf®resed

in the final TAP procedure.

While the FPLC was useful in defining the initial purification protocol, the effort for se
up, higher volumes of buffer, lack of parallel processing for multiple samples and limited
scalability dictated a switch to a different technique. An additional concern was that

dilution of the samples during FPLC purification might affect PPIs retiant
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macromolecular crowding. A cell is composedafoncentratethilieu of

macromolecules and dilution influences the affinity of some PPIs where the interaction
affinity negatively correlates with increased diluti®3,354) A batch method utilizing
iron-cored cobalt beads used a more concentrated input sample and most importantly,
improved elution quality (Fig.3.7). Itis likely that the FPLC column resin (1ml packed
volume) to input proteinanple volume was too high resultingarargeamount of non
relevant capture. With the beads, much smaller resin volumes improved this ratio. This
optimal ratio concept also applies to batch purification at the second stage of purification,
where reducinghe streptavidin bead volume from 100ul to 25ul still captured the

majority of the NS5A2a-HBH protein but with improved purity (Fig.3.8.A&C).

TAP purification experiments in mammalian cells often suffer from low recovery with
yields as low as 5%®254). The number of cells required for TA&gged experiments is
typically 4-15, 15cm plates of confluent ce{B55 357). Rigorous optimization of the
NTAP procedure in the experiments presented here allowed for the use of only a single
15cm plate, which considerably reduced costs and processing times. Figure 3.10.Bis a
silver-stained SDSPAGE gel containing aliquots from dastep of the nTAP

purification of HBHNS5A-2a with the presence of a band corresponding to the correct
size of HBHNS5A-2a (74/76 kDa) detected from a streptavidin bead elution. Assuming
that 0.20.6ng of protein cabe detectedor a midsized proteinRlusOne Silver staining

kit, GE) such as HBHNS5A-2a and that the streptavidin beads were diluted dvi20 to
silver stain analysis, there is a minimum of-42ng of HBHNS5A-2a protein captured

on streptavidin beads. Coupled with the consistent protaierage of 70% for NS5A
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during mass spectrometry analysis/database searchivay decidedhat a single 15¢cm

plate of cells was a sufficient amount of starting material for HB¥P experiments.

5.1.3Mass spectrometryidentification of NnTAP HBH -NS5A-2a-host PPI

Evaluation of HBHtagged proteins using an optimized protocol revealed several

previously identified NS5A interacting partners exclusively in HBB5A-2athus

providing confidence that the native TAP (nTAP) method was capable of recovering

specific NS5A interacting proteins. To establish a more rigorous the candidate list of

NS5A-2a interacting host proteingree nTAP biological replicates were performed

consisting of HBHNS5A-2a,HBH-GFP,and cells only (no vector)Mass spectrometry

identified proteins had to meet three criteria: 1) proteins had tdereified by a

mi ni mum of two peptides and have false disco
present in a minimum of two replicates and 3) the protein had to be exclusiee to th

HBH-NS5A-2a sample.

Several points shoulde addresseldere. First, because initial TAP experiments showed a
largenumber of potential interacting proteins, it was intentional that a smaller candidate
list wouldbe generatedSecond, although most cparativeexperimentsise the bait

protein (NS5A) and an empty vector contimdiscern nofrelevant resin interactions
effectively, GFP was included here as a fsretevant bait protein to determine if capture
could occuisimplywith any protein being prest. Additionally, the HBH tag could

interact with proteins that are not relevant to the study and so this control would eliminate

those proteins. Finally, HBI&FP expression was higher than HBIEB5A-2a for an



equivalent amount of GP2 293 cells (Fig.3.10sAC). Attempts were made to generate

cell lines having more comparable levels of epuctein, howeverthis was the closest

that couldbe obtainedComparative Western blotting using the HBH target suggested

that GFPwas expresseapproximately fourimes higher than NS5A. Although

comparable levels of protein abundance would have made quantitative capture

comparisons simpler, the results hereloavieweda s a At oughednt case sce
essence, the negative bait GFP protein being present in pigtheell concentration than

NS5A provided a greater opportunity for nmlevant interactions to occur and thereby

be detected.

Although p53 was identified in the initial PPl experiments with HBE5A, itwas not
classifiedas a specific HBENS5A-2a ineracting protein in theiplicate nTAP
experimentandthis could be considered a weakness ofita analysis method, which
is likely, too strict. Several other studies using NS5A affinity capture combined with
mass spectrometidatabase searching haalso not identified the NS5A/p53 interaction
(248,269,295)All TAP methodologies are biased towastiongand abundant protein
interactions and previous studies detailing the NS5A/p53 intenagsed GSTaffinity
captured bait proteins and {@® to demonstrate the interacti{224,225,318) These
methodologis use a targeted approach and thus amplify weak or lower level protein
interactions. As the affinity of the NS5A/p53 interaction hasheein empirically
determinedt may bea weakeor transient PPI that does not always survive nTAP

purification.
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Onecaveat of using mass spectrometry/database searching to identify proteins is that not
every peptide present in a sample bandentified A protein must produce viable

peptides witifavourableattributes for identification; peptide sizes that fall outsad the
analysis window, are hydrophobic or have charges incompatible with efficient capture are
not identified(358) lon suppression, whereby analytes in a sample compete for
ionization and elute simultaaesly, thus suppressing their signals is also a potential
problem(359) Although given the higher degree of purification from TAP protodbls,

should be of lesser concern.

Several of the nTAP interacting candidates present in the triplicate analysis (Table 3.1)

stood out, as their functions were consistent with phenotypes previously associated with

NS5A expressiomMNKREF is a transcriptionaepressor of NFKB responsive genes,

regul ates | FNb and i NOS -8peguwation(322 326) N&5Ad i s i nv
is capable of activating the i NOS promoter,
the expression of H8 and NFKB response gen@27 332). In the studies prested

here, NRKF was found toe specifically associateuth the HBHNS5A-2a during

NTAP purifications (Fig.3.13)Cell division cycle and apoptosis regulator protein 2

(CCAR?2) deletedn breast cancer 1 (DCBIKJAA1967) regulatesnany cellular

processg by interacting with additional host proteins to modulate their functions. These

include negatively affecting enzyme function (SIRT1, HDAC3, SUV39H1pativating

receptors (estrogen receptor alpiacocorticoid andhyroid hormone receptgrand

influencing MRNA elongation and processing as part of the DBIRD con(@i€kx365).

SOD1 was previously correlated with decreased HCV protein and RNA prodircséh



replicon cells when treated with acetylsalicylic a@686) Increased oxidative stress has
been consistently observedcels expressing NS5£328,367 369), and it is tempting to
speculate thaan NS5A/SODInteraction may influence the antioxidant response.
CDK12 is akinase,and adNS5A is highly phosphorylated, tip@ssibility exists that it
serves aan NS5Akinase. OGDH is an oxidoreductase crucial to the cellular glycolysis
pathwayandan NS5A/hexokinasmteraction haveen previously establishéuht

results in increased cellular glycoly$14) Therefore, nTAP analysis was able to
identify several proteingith functions that areonsistent witlthe cellularperturbations

observed with NS5A expression.

5.1.4Mass spectrometryidentification of xdTAP HBH -NS5A-2a-host PPI

Before moving on tadditionalcharacterization of NS5A candidate interacting host
proteins found during the native state HBH tag experiments,-tink@sg denaturing

TAP (xdTAP)was evaluateds another mechanism of potentially uncovering additional
NS5A interacting proteins. Besidd®e advantage of potentially detecting weak and
transient interactions in the appropriate spatial and temporal context, xdTAP can cement
interactions that rely on labile pesanslational modifications before theodification

maybe lostduring isolatioricapture purification. For NS5A this may be particularly
relevant as the interaction with hVAP3 appears to be dependent on the phosphorylation

status of NS5A140).

Paraformaldehyde (PFAS considere@ zerdength spacer arm cross linkeg

additional linkers of varying lengtivere evaluatethcluding: DSS (11.4 A spacer a)m
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DSG (7.7 A spacer arm) afitzS (16.1A spacer armf262)(Tables 3.2 and 3.3). All

told, a significant number of previously defined interacting NS5A proteins were

confirmed including: Hsp7(@333,334) Tubulin(335), Hsp90(232), Hexokinasg¢244)

and FKBP8/3§232,234 237), ILF3 (synonym NF90}336,337) CDK1 (338)and IPO5

(196,370) Heat shock proteins are molecular chaperones that tid synthesis

assembly and folding of th@oteinand may bind any overexpressed pro84i7) Co

IP studies previouslyreval ed NS5A06s i nter(3dPandHspO0 wi t h bot h
(232) but a control with another irrelevant overexpressed pretasinot utilized

Gonzalez et a., 2009 overexpressed GFRP@sentiakexpression control in their FLAG

Co-IP demonstrating an interaction between NS5A and Hsp90, but GFP was not FLAG

tagged and therefore wouht havebeen capture(B34) Mechanisticdy, there does

appear to be a role for heat shock proteins in the HC\¢yitee, but at best they must be

regarded as general class interacting proteins meaning that they can likely interact with

any protein thats expressedn the case of the TAP metttimlogy used here, because the

levels of HCV proteins in an authentic setting is difficult to determine, it is unclear what

the fAappropriateod | ev elivesofHC\epxoginsanstteiS& n i s gi v

replicon range from 226 hourg277)

Identification of ILF3 (NF90) aan NS5Ainteracting partner furtheltustrates the need

to demonstrate PPI specificity using the proper controls. Li et al. 2014, reaealed
NS5A/ILF3 interaction which was reliant on the presence of HCV RNA suggesting that
the interaction is RNAnediated337) In contrast, Isken et al. 2007, were able te Co

precipitate ILF3 and NS5A from RNase treated SG repliconHaélls but not from
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expressing on NS5A on its own condilng that NS5A/ILF3 interactiors basedn a

cofactor present in HCV replicating cells whismot HCV RNA(336) An ILF3/NS5A
interaction was seen here with the EG®sslinker. It is possible, if the hypothesis of

Isken et al. 2007, is correct that another molecule may be facilitating this interaction and
was cementeth place by therosslinking reaction. Directinteraction withNS5A would

have to be confirmed using different methodology such as @pwih using purified

putative interaction partners.

Typically NS5A is reported as being cytoplasmic or more specifically bound to the
Golgi/ER at the periphery of the nuclgids1,192) However, immunogid electron
microscopy has shown that NS5A produced from SG replicons is present in both the
mitochondrial matrix and membran@®1). Interestingly, a large numbef

mitochondrial or mitochondrial associated proteins were identified in the xdTAP screens
including: TOM5, TOM20, TOM22, TOM70, VDAC2, FKBP8, CDK1, RHOT2,
Hexokinase and Maxin-2. Identification of the TOM proteins 5, 20, 22 and 70 is
interestingas these proteins, along with TOM 6, 7 andfdfim the translocase of the
outer mitochondrial membrane (TOM) complex. The TOM complex is responsible for
importing cytosolic prodeed proteins into the mitochondria. TOM proteins 70, 22 and
20 are receptors that sense mitochondriat@rget sequences, passing them through a
channel composed of TOM40. TOM proteins 5, 6 and 7 provide essential scaffold
functions maintaining the didity of the TOM complex371) Virtually the entire TOM
complex was isolated by xdTAdsan NS5Ainteracting candidate suggesting the NS5A

contacts one or more of the TOM proteins ara possible mechanism of NS5A
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mitochondrial import.Unfortunately despite the use of programs suclpbaBNK (372)
or XQUEST (373)which are used to infer creisked PPIs, it was not possible to

preciselyidentify direct peptidgeptide interactions.

5.1.5 Reproducibility of NS5Ahost cell PPIs

The reported NS5A interactome is extremely large with approximately 130 host
interacting partners havirlgeen reporte@07). Unfortunatelythere tends to be little
overlap between theseports This lack of overlap may not be surprising as lacge
analysis of interactome studies revealed a 0.03% overlap in yeast PPI studies and 0.1%
overlap in human PPI studi€249,250) The most likely explanation for NS5t#ost PPI
identification discrepancies is differences in protein expression systems and experimental
procedures. Many 8bA interacting proteins have been identified using the Y2H system
including FKBP38235), karyopherin beta @70)and TIP47374). The Y2H system is
prone to generating false positives, is limited to detecting binary interactions and, until
recently required that the expressed proteins transiinde@ctedn the yeast nucleus

(252). A Y2H study using each HCV protein produced 278 HCV prelteistPPIs,but

only 10 PPIs had been previously described in the literature resulting in a 3.6% overlap
(246). With NS5A specifically, 97 PPIs were identified with 38 previously published
(246). Another Y2H screen of HCV proteins resulted in 112 identi#Bds,but only 18

PPIswere previously reportec 16% overlap to the previous literat(2d 7).

A study by Dolan et al. 2013, also investigated whether there was any genotype or sub

genotype specificity regarding HGNost PPIs for genotypes/sglenotypedb, 1a, and
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2a(247) 326 HCVthost PPIs were identified in HCVprot database and separated based
onthe HCV proteif s g e n ot y pve identifié¢ddrigenBtypé H HCV

proteins, 81 from genotype l1a, and 85 from genotype 2a. Not one host pragein
identifiedas an interacting partner for all three genotypes investigated. Only 19 PPIs
were identified in commofrom HCV 1la and 1b sufenotypes, 4 from 13a and 14
between 12a(247) Okamoto et al. 2006yas one of the few studies that confirmed a
FKBP8/38NS5A interaction with NS5A generated from genotypes l1a, 1839

However, the NS5ALa protein in this study appeared to be larger than N&G#otein

on the Western blots. The 18 amino acid insertion within NS5A from JFH1 should make
this impossible, so the results must be interpreted with ca{@8i#) These studies do
illustrate there is ttle agreement in interactome screens performed with HCV proteins

from different genotypes

Co-IP experiments identify PPIs in what is likely a more biologically relevant context.
However, the results are reliant on the choice of protein expressiemsyke
presence/absence of an affinity tag, cell lines, antibodies and affinity kgnsiary

concern is that the lysis procedure destroys any spatial cons(difh)s Germain et al.

2014, used affinity purification of FLA@gged HCV CorelNS2, NS3/4A, NS4B, NS5A

and NS5B from 293 cells. They defined 98 host interacting proteins involved with the six
HCV proteins chosen and compared these host proteins to a curated list of previously
identified HCV interacting partners, (543 PPIs tofa$8). The 74 overlapping PPIs from

t he aut hor 6s s twerd igentdieddadinghoea 24.50%toeerg@48)ulm e

the case of NS5A, 17 PRigere identifiedof which eightwere previously reporte@48)
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While hepatoma cells would be the preferreddgatal source for expressing HCV
proteins for TAP, expression in these cells from a CMV promoter is quite weak.
However, 293 cells have been used to propagate the SG JFH1 r¢pligalbeit
inefficiently, and thus must contain thecessargellular factors to support JFH1
replication justifying their use. Experimental manipulation of cell lines can also impact
the reproducibility of a PPI study. Chung et al., 2003, idectiBax asan NS5A

interacting protein. However, cells were always stimulated with sodium phenylbutyrate
prior to performing interaction studi€205) TheGrb2/NS5Aoften cited as a clear

NS5A interacting partner, but is apparently only observed in HelLa cells stimulated with

epidermal growth factai201)

An interaction between NS5A afKR was established using NS5A from genotijpe

but studies using NS5A derived from genotypes 2a and 3a failed to confirm the NS5A
PKR interaction(240 243). While Bax,Grb2,andPKR may ke bona fide NS5A
interactingproteinsthey would nobe detectegxcept under specific experimental

conditions or with specific NS5A bait proteins. Expression levels of the NS5A protein
may also impact its interactome. An Hsp70/90/NIiXe receptors pr@in interaction

was identifiedvhen NODIike receptors were highly expressed by transfectiomiast

absent when evaluated from a moderately expressing lentitegratedstable cell line
(348,376,377) The lack of reproducibility of NS5/Ao0st PPIs acrosgudies

demonstrates the need to scrutinize the interaction by many methods using several model

systems with negative controls addressing interaction specificity.
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5.1.6 Confirmation of nTAP and xdTAP NS5A interacting candidates

In order to further confirncandidate PPIls, FLA@Gyc CcelPs were undertaken. FLAG
GFPwas useds an irrelevant expressed negative control protein in tandem with-FLAG
NS5A-2a to control for interaction specificity. Surprisingly, thelPs using FLAG
antibody and affinity resins alésulted in the cprecipitation of the my¢agged TAP
interaction candidate with FLAGFP as well as FLAGIS5A-2a (Fig.3.15). This
interactiondid not occur when lysates were prepared from cells transfected with only the
myc-expressing construct subjedtto FLAG pull downs. Numerous technical
optimizationswere attemptedyut no criteria seemed to improve the specificity, although
lowering the GFP expression did help to some extent. However, evéaidaréduction

of FLAG-GFP still allowed binding ofie myeFKBP38 positive control interaction
(232,234 237)Fig.3.15.B. Additionally, EGLN1, another previously identified NS5A
interacting proteir{248), was evaluated as a control (a kind gift from Dr. Daniel
Lamarre, University of Montreal). Unfortunately, EGLNc-elutes with the IgG heavy
chain at approximately 3Da, and itwas difficult to distinguish thevo proteins by

SDSPAGE analysis (not shown).

It is unclear why the FLAG immunoprecipitation experiments did not give definitive
results and why FLAGSFP coeprecipitated the TAP candidate proteins and-imyc
FKBP38 positive control. Other FLA@gged proteins (FLAGIS5A-1b, 3XFLAG
NS5A-1b) (a kind gift from Dr. Daniel Lamarre, University of Montreal) were also able
to indiscriminately ceprecipitate the mytagged TAP candidate proteins (not shown).

There appears to be a specificity issue with the FLAG antibody/resin when aFLAG
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tagged proteims expressethat is absent frorthe mycantibody/resirand thus

interaction confirmations were only consideredrirthe myeCo-IPS.

5.1.6.1 Specificity of the NS58a interactions with TOM22 and CCAR2 in Myc
reciprocal ColP

As there was an issue with the FLAG-Gbexperiments, additional controls were
evaluated to determirtbe specificity of theNS5A-2a/TOM22 andNS5A-2a/CCAR2
interactions by myc GeP (Fig.3.17). mye~KBP38was useds a positive control
(232,234 237)(Fig.3.17, lanes-b) and a mydagged Measles Matrix protein was used
as an additional negative control bait protein (Fig.3.17, lari®.7FLAG-NS5A-2a but
not FLAG-GFP was captured by myEKBP. Neither FLAGNS5A-2a nor FLAGGFP
wascapturedoy the myeMeasles matrix protein suggesting that not just any-tagged
protein will result in norspecific binding. FLAGNS5A-2a and FLAGGFP, when
expressedh the absence of a myagged protein, were not detected with the 1ogpture
protocol suggesting they did not bind to the myc antibody or resin directly (Fig.3.17,
lanes 1318). While myeTOM22 precipitated both FLAGIS5A-2a and FLAGGFP,
myc-CCAR2 speffically precipitated FLAG NS5A (Fig.3.17, lanes-22 & 28-30).
Therefore, the interaction between CCAR2/NSEwas both reproducible asgecific

in the reciprocal my€Co-IP.

The TOM22/NS5A interaction, while reproducible was not deespedificto NS5A2a
as FLAGGFP was also cprecipitated by MyeTOM22 ((Fig.3.17, lanes 24This may

be due to the chaperone activity of TOM339). TOM20/22/70 function as the TOM



complex receptors as they contain cytosolic tails with TOM20/22 recogniztegiNnal
presequences and TOMT78cognizingnternal hydrophobic residug¢378) In addition

to their receptor function TOM20/22 also function as chaperones, binding to unfolded
proteins to aid in folding preventing aggregation on the mitocho(@B@). The high
levels of FLAGGFP and FLAGNS5A-2a proteins resulting from the transient
transfection experiments méag binding to TOM22 acting as a chaperone and not as a
receptor in complex with the other TOM proteins. It is possible that FN&5A-2a and
HBH-NS5A-2a arebinding differentpools of TOM22 protein. Figure 3.16 also used a
reciprocal myc CdP to cepredpitate FLAGNS5A-2a with MycTOM40, but without

the use of FLAGGFP as a specificitgontrol. As TOM40 makes up part of the TOM
complex channel, this possibly suggests that FIM&SA-2a was in complex with at
least one protein within the mitochondrial izomplex. Therefore, it is possible that
NS5A interacts with the TOM complex, but further studies would need to be performed

to elucidate which member(s) of the TOM complex specifically interact with NS5A.

As it is often the case that many viruse$izgisimilar mechanisms for propagation in the
host cell it is not surprising thdie TOM proteins make additional appearances in the
literature with other viral proteins. Interestingly, the mitochondrial import of Influenza A
RNA polymerase PB1+1 alteringe frameshift protein appears to be reliant on the
presence of TOM4(B79) However, siRNA reduction of TOM20 and TOM22 and
mutation of the internal TOM70 recognition sequence did not impede import of PB1+1
into the mitochondrig379). This suggests that while PB1+1 requires TOM40 to enter

mitochondriajt is by a norcanonical TOM import pathway not reliant on the
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TOM20/22/70 receptor€379). It is not impossible to considéhat NS5A binds TOM40

but uses a similar necanonical pathway and that the TOM20/22 proteins detected act as
chaperones. In another study, the HIrotease was found to cleave TOM22 when
associated with the mitochondria resulting reductionin mitochondrial membrane
potential and apoptos{880). As many studies have demonstrated the antiapoptotic
effects of expressing NS5&05,216,217,221)it coud be that NS5A binding to TOM22
protects the protein from cleavage. Additional experiments would need to be performed
to assess whether NS5A has a protective effect on TOM22 under induced apoptotic

conditions.

5.1.6.1.1 NS5&a interaction with CCAR2

Deletion constructs of NS52a were generated tentify the CCAR2bindingsite

within NS5A (Fig.3.18). Unlike fuength NS5A2a, myeCCAR?2 failed to provide

clear caoprecipitationwith any of the FLAGNS5A-2a domain constructs. It may be that
CCAR2 birds to multiple NS5A2a domains requiring the fuiéngth protein or that the
presequencef more than one domain provides a tertiary structure that is necessary for
CCAR2 interaction. Of the constructs tested, F-B&NS5A2a (25 kDa) produced a
weak signhin the input laneThis s likely a stability issue as increasing the plasmid
transfection amount did not improve the signal substantially. Therefore it is possible that
this low protein abundance was below the detection limit of the Western blot. Hpweve
couldbe assumethat the other constructs El12 and D2D3, which both contain the

domain2, would have shown capture with the M@€AR?2 protein (Fig.3.18). Itis also



possible thaCCAR2NSS5A interaction requires NS5A domdirdimerization but then

binds elsewhere in the protein.

Colocalizationstudies using both fluorescent and confocal lasanning microscopy
indicated that NS5&a and CCAR2 occupy a similar cellular location (Fig.3.19,
3.20,3.21). Demonstrating this NS2&/CCAR2 celocalizaton was important as

CCAR2 is often described as a nuclear prod#t 342). Interestingly, CCAR2 cabe
N-terminally deletediue to activated caspasleavageand in thiscaseijt is found to be
exclusively cytoplasmi€381) Confocal images of negative control 293TN and Huh7.5
cells (in which NS5A2a was absent) demonstrate that while the majority of CCAR2 does
align with the DAPI stained nucleic acids, CCARalso detectenh the cytoplasm
(Fig.3.20.AE, Fig.3.21.A). In NS5A/CCAR?2 doubly transfected cells, yellow punctate
fluorescence indicating NS52a/CCAR2 cdocalization are present in any NS2a
expression model evaluated (transient transfection or SG replicon, 293 or Huh7.5 cells),
although themajority of NS5A2a and CCAR2 proteins are not participating in this
interaction.Thisis not surprising given the fact that both proteins likely have a role in

interacting with other proteins in the host proteome.

Additionally, in FLAG-NS5A-2a (endogeness CCAR2 detection) and FLAGS5A-

2a/mycCCAR?2 doubldransfectionsthere is a correlation between high FLAGS5A-
2a expression, condensed nucleic acids, and CCAR2 cytoplasmic redistribution
(Fig.3.20.C.D.F.G). One interpretation for the increasmilocalizationcould be that

NS5A-2a is sequestering CCAR2 in the cytoplasm. CCAR2 interacts with mutated in
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colorectal cancer (MCC) protein and MCC sequestered CCAR2 in the cytoplasm in a
subset of RKO cells doubly transfected with tagged®12AR2 and GFRMCC (341).
Nuclear/cytoplasmic fractionation of HBNS5A-2a 293 cells showed no increase
cytoplasmic redistribution of CCAR2 (Fig.3.22.C) however, the translocation may only
occur in only a small population of cells as with MCC/CCAR21) Fig.3.20&21show
that CCAR2 cytoplasmic redistribution does not happen in all N&bAxpressing cells
and therefore malye dilutedout when analyzed by subcellular fractionation. Another
explanation for CCAR2 cytoplasmic redistribution, especially in N@8Aells with
condensed nuclei, is that these cells are undergoing apoptosis. Nucleic acid condensation
is a hallmark of apoptoticells,and DAPI stained images of FLASS5A-2a transfe@d
(Fig.3.20.C), FLAGNS5A-2a/MycCCAR?2 double transfected (Fig.3.20.D.G) 293 and
Huh7.5 cells suggest cells with irregular nucleic acid comporreatsoupledvith

virtually complete cytoplasmic redistribution of CCAR2. As such, cells high levels of
NS5A-2a may be experiencing cellular stress and activating an apoptotic response
thereby leading to Merminal cleavage of CCAR2 and ultimately its cytoplasmic
translocatior(381). WhetheMNS5A-2a has higher/any affinity for truncated CCAR2 over

the full-length protein remains unknown.

A specific protein interaction has the poten
an increase in expression of that protein to compensateef@ottion participating in the

interaction The result of either is @ancreasen protein abundance. The CCAR2

antibody used for CCAR2 quantification studieabgam 151190)specificallydetected

the ful-length CCAR2 protein and was capable of prodyeineliable, linear
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guantifiable signal when analyzed using a{paent dilution curve (not shown). The anti
myc antibody and commercial ai@CAR2 antibody (detecting the-términus of

CCAR2) both detected expressed RGLCAR2 but in the absence of at€minal target,

it is unclear whether a truncated form is present at different levels in NS5A expressing
cells. It may be that NS5A expression may increase quantities of the truncated CCAR2,

but an antibody directed toward an epitope in tHer@inus ofCCAR?2 is required.

Quantitative western blotting performed ldBH-NS5A-2a,and HBHGFP 293 cells
determined that the expression of NSBAdid not affect thabundancef 130 kDa

CCARZ2 (Fig.3.22.A&B). One caveat to quantifying CCAR2 in GP2 293 cellsis t
these cells have neoplastic origir93 cells are a transformed embryonic kidney cells
containing adenovirus type 5 DNA where portions of the viral genome integrated into the
host genome and decreased cellular senescence resulting in continudivssasil

(382). Bae et al. 2012, quantified the CCAR2 protein in both cancerouscaeancerous
liver tissue of 10 HCC patients and revealed CCARZ2 only increaseith thetumours
(383) As such, CCAR2 expression may alreadyelevatedin GP2 293 cell lines used

in the studies described here, dampening &@sgable effects of NS5A on CCAR2
abundance. Demonstrating any CCAR2 expression changes in both an aetheivic
HCV infection and ectopic NS5A expression in primary liver cells could provide insight
into NS5A effects on CCAR2 in a narancerous celine. JFHL1 infections of primary

hepatocytefaverecentlybeen demonstratd884).
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While NS5A-2a expression may not have impacted CCAR2 abundance, the NS5A

2a/CCAR?2 interaction could affect the HQi¥écycle. One ofthe besicharacterized

functions of CCAR?2 is its ability to bind SIRT1 and interrupt its NAd2pendent

deacetylase functior(860,361,385) SIRT1 regulates several cellular functions

including DNA repair, metabolism, rRNA trangation (386 391), and directly impacts

p53 function by deacetylating p53 at K3@®2) SIRT1 deacetylation serves as a p53

antagonist as deacetydat p53 exhibits dampened p53 target gene expre&8ar392)

Furthermore, SIRT1 overexpressioncells containing wt p53 leads to increased

resistance to genotoxic induced apopt¢387,392) Deacetylatiorof p53 at K382 also

allows for ubiquitination of K382 by the Mdm2 E3 ubiquipnr ot ei n | i gase and
subsequent degradati(303) CCAR2 is a direct negative re
antagmi st effects on p53 as CCAR2 binds SIRT16
deacetylate p5@860,361) siRNA depletion studies of CCAR2 revealed that such cells

were more resistant genotoxicinducedapoptosis and these effecisre reversetly

reducing both CCAR2 and SIRT1 protein abundg36€,361) Therefore, the

interaction of NS5 A2 a and CCAR2 coul d i mpacof CCAR206s n

SIRT1 leading to either an increase or decrease in p53 K382 acetylation.

Using a quantitative Western blot with a K382 acetylation specific p53 antibody could
determine any change in p53 K382 acetylation in the presence of-R&5A
Interestingly, itwas discoverethat CCARZ2 did not function as a negative regulator of
SIRT1 mediated deacetylation of p53 in the liver cancer cell line-$82{383). As

well, siRNA mediated CCAR2 silencing led to a reduction in p53 acetylation in etoposide
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treated A549 epithelial cells but not in etoposide treated-38RJliver cells(383).

These results suggest that CCAR2 may not influence SIRT1 functions irfl8Rltklls

and are perhapsdicative of CCAR2 function in HCC. However, the acgi$%B

antibody used in this study was not wadiscribedand it is not clear which acetylated

lysine the antibody targeted in p53. Without quantifying the pixel density on the Western
blots, it is hardo conclude that acetylated pi&3ot reduced in CCAR2 depleted SNU

182 cells as the results obtained from SIM82 cells are not as dramatic when compared

to reduced acetylated p53 levels in CCAR2 depleted cori888). The aut hor 6s
themselves state that p53 is wt in A549 cells and is a mutant derivative H1&NU

which may confound #results furthe(383). As such, studies determining on whether

the NS5A2a/CCAR?2 inteaction affects p53 K382 acetylation in an HCC cell lines are

still warranted.

An additional function o65IRT1 in the liver that has links to HCV protein expression is
protection against steatog94) CCAR?2 isinvolved in the development steatosis as

mice depleted of CCAR2 were resistant to lipid accumulation, inflammation and injury in
a steatosis induction mod@94) The development of steatosis is a frequent
complication of HCV infection thas linkedto a Y164F mutation in the®V Core
protein(34,35) However, an interaction between NS3&/CCAR2 may inhibit CCAR2
functions and lead to an increase in cellular lipid accumulation contributing to steatosis.
The deacetylase activity of HDAC and the methyltransferase activity of SUV39HL1 are
also negativity impacted by their binding to CCAR52,363) and these targets coueé

examinedn the presence of NS52a expression. CCAR2 is also a ligand dependent co
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activator of sevetaeceptors including the estrogen receg@tipha, glucocorticoidnd

the thyroid hormone recep&(364)and NSSA2 a may affect CCAR20s

potentially downstrearsignaling The DBIRD complex is composed of
CCAR2/ZNF326/ZIRD and regulates mRNA elongation and spli¢3®%). The
NS5A/CCAR2 interaction could influence th@mationof the DBIRD complex. Given
the important regulatory functions of CCAR2, interaction W85A may affect these

processes and have multiple effects on cellular homeostasis.

5.1.6.1.3 Role of CCAR2 in viral infections

The role of CCAR2 habeen investigateih viral infections. CCAR2vas evaluateth
199 HCC patients infected with hepatitedated viruses by immunohistochemical
staining and tissue microarré305). 177/199 HCC cases displayed high reactitoty
CCAR2 andwere associatedith unfavorableeffects on recurreneeee survival (395).
Twenty-two out of 199 patients were HCV positive, and 14 of those patiadtfigh

CCAR2 staining(395)

Cardiovirus leader proteins x).belonging to viruses of tHeicornaviridaefamily are

known for halting nuclear import/export pesses by binding R&BTP protein leading

to perpetual activatio(896). The RANLy interaction results in NUP

hyperphosphorylation thus terminating nucleocytoplasmic traffic@8@). Affinity
purificationcoupled to mass spectrometry analysis revealed CCAR2 bound to the EMCV
Lx protein(398) Thisis interesting as the both the EMCV Lx protein and HCV NS5A

both interfere with the cellular distribution of the Ran GTRa9&,196) Majority of the
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Ran proteins typically locatedn the nucleus, but in HCV infected cells Ran was
observed in the cytoplasm in NS5A positive f#95,196) The EMCV Lx protein and
NS5A both disrupt the nuclear/cytoplasmic trafficking and also bind to CCAR2
suggeshg the possibility of common functionddass spectrometry also identified
CCARZ2as an interacting partner of Ebola virus (EBOV) VP24 by purification of VP24
EGFP using GFrap from 293 cell§$399) VP24 is a multifunctional protein with an
affinity for membranes that plays a role in EBOV replicatmssemblyand packaging
(400,401) VP24 aids in Ebola virus immuneasion by binding karyopheralpha
blocking nuclear accumulation of STAT1, again interfering with the nuclear transport
system(402). It is tempting to draw correlations between@®BVP24 and NS5A in that
both are multifunctional proteins involved in vitdé cycleregulation and cellular
trafficking and both interact with CCAR2. It is not surprising to find that many different
virus proteins target a single host cellular pratsuch as CCAR2, as a means to

modulate host cell functions.

5.2Mapping and characterization of phosphorylation sites on hepatitis C virus

NS5A protein

NS5A exists as two distinct phosppmteoforms by SD®AGE analysig97) and this

has prompted initiates to generate a comprehensive list of all the phosphorylated
residues within NS5A. Several investigations have reported identifying NS5A
phosphopeptide89,303 305), but finemapping has only identified S146, S222, S225,
S235, S238, and B8 as bona fide phosphoacceptor §j883 306). In this

investigation, NS5A was isolated for phosphoacceptor site identification by mass
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spectrometry. In several isolation experiments, nTAP or dTAP was used to isolate highly
purified HBH-NS5A-2a protein from GP233 cells, and NS5A41BH-2a from SG JFHL
NS5A-HBH Huh7.5 cells. Continuous elution electrophoresis was also used as a
purification technique in order to purify untagged NS5A derived from SG JFH1 protein

in Huh7.5 cells. In all, 28 phosphoacceptor sites wetified in the NS5A protein

(Table 4.1& Fig.4.4) across all experimental platforms. Twenty of thlesgphorylated
residuesverenovel,and six previously identified sites were confirm&d 46, S222,

S225, S235, S238, and T3@3 306) (Fig.4.4).

The identification of 28 phosphorylated residues within NS5A was aided by the use of
multiple sources of NS5A, purification techniques, phosphopeptide enrichment and
multiple proteases. Several phosphorylated residues were identified in samples obtained
from expression of HBHNS5A-2a,SGJFHENS5A-HBH, and SG JFHL1 that included

S146, T164, T204, S222, S225, S228, S230, and T348 (Table.4.1&FigChdsistent
identification of these residues could indicate that they are highly abundant or that these
phosgopeptides have biochemical characteristics favourabladss spectrometry
identification. Phosphopeptides containing
identified exclusively from the unmodified SG JFH1 repli¢dable.4.1&Fig.4.4) As

such, phephorylation of these residues may require active RNA replication of the
presence of the other HCV NS proteins. S201, T210, T213, S229, S232, S235, S238,
S272, S288, T334, and, S365 were only identified in TAP purified NE8A-2a

sampleqTable.4.1&Fig.44).



TAP purified HBHNS5A-2a is extremely pure and as such may have significantly
improved detection sensitivity potentially leading to the identification ofleuel
phosphorylations. TAP purified HBNS5A-2a was digested with GluC and AspN in
additon to trypsin producing alternative peptides. The expanded coverage led to the
identification 0fS288, S381/S382, S401, T410, and S414/S415 from GluC digested

peptides and T210, and S272 from AspN.

5.2.1 Phosphorylation requirements for NS5A from diffeent genotypes

While clear that differential phosphorylation exists in NSpesenc®f the
hyperphosphorylatefibrm (p58) appears to differ between HCV genotypes even to the
strain level. Expression of NS52b in COS1 cells showed thdtyperphosphoryladn

was dependent on the expression of HES4A provided in tran§d7). Deletion of the

1b polyprotein in Hep3B cells indicated that p58 production depends on bkSbé\
expressedh cis asan NS3NS5A segmenand that NS3 must contain an active protease
(276). NS5A-1a requires the expression all of the nonstructural profi@imMéS5A
hyperphosphorylatio276). However, the findings were different when NSbhawas
expressedh BHK-21 cells. Herepoth phosphgroteoformsvere observewithout the
need for dditional HCV proteing281) This study also demonstrated that NSZAdid

not requireotherHCV proteins for the production of both phospgtroteoformq281).

NS5A hyperphosphorylatiorequirements are further complicated when evaluated at the
strainlevel. Several different HCV 1b strainere assessaddependentlyand each

appeared to require a different set of HCV proteins to produce NS5A p58. Strain J
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(genotype 1b) required NS4A supplied in tré@8), while a 102 amino acid deletion

from the Nterminus no longerequiredNS5A to generate p5803) Strain BK

(genotype 1b) required NS2 provided in @38)for p58 formation. NS5A derived from

two patients (genotype 1b) required complete NSHA expression for p58 to be
produced279) It is possible that the use of different cell lines could explain many of
these discrepanciesiowever,it is dso probable thagven subtle differencesithin the

NS5A sequences used may lead to differences in phenotype. The effects these different

requirements have on HCV biology remains unresolved.

5.2.2 Conservation of phosphoacceptor sites identified in NSS4&H1

Typically highly conserved residues across multiple samples, or in this case

genotypes/strains would suggest conservation of function. An alignment of the NS5A

ORF from several different HCV genotypes indicated &4, T210, S225, S229,

S230, S2325235,5414,and S415vere highly conservedcross all seven genotypes

(Appendix Fig. A1). Conservation of serines within the LCSI (S225, S229, S230, S232,

S235) hadbeen previously noteand modifications in this area have been shown to affect

HCV life cycle kinetics indicating their importance in the vitife cycle(141) T204

and T210 are present i n @%)eT2MIwaskonservétlinbi ndi ng
genotypes b but with a negatively charged aspartic acid in two genotype 3a strains

while T210 was conserved in all genotypes. Giverittigortantr ol e f or Pl 4KI 1 1 U
HCV replication, they aref interest especially since work presented here has

demonstrated that each can be phosphorylated. Reiss et al., 2013 revealed

phosphoablatarglanine substitution of T204 wag, but T210 lead to dramatic increases



in hyperphosphorylation, indicatingahphosphorylation of these residues are repressive
to p58formation(284). T204A and T210A replicated to wt levels #10E replication

was severely reduced@204Ewas not teste(84). The conservation of T204 and T210
among HCV genotygs may indicate that phosphorylation of these residues is detrimental

to p58 production and negatively affects H&plication.

Interestingly, T410 is exclusive to the JFH1 strain. JFH1possesses the unique ability to
grow in hepatoma cell culture witbbadaptive mutationd51)and identifying which

viral sequences providais capacity has been inconclusigequencewithin Core,NS3,
NS5A,and NS5B(100,152 155)have allbeen suggestetivVhile it was demonstratethat
T410A/D mutations produced near wt RNA replication levels and viral titers
(Fig.4.10.D), the T410 residue may be a factor, in caatimn with an additional site

that contributes to the unique features found in JFH1.

5.2.3 Phospheproteoform effects on HCV life cycle

The phosphoacceptor sites identified in NS5A were systematically mutated in the JFH1
virus backbone to determine teiéectsof eliminating and constitutively mimicking
phosphorylation charge at a single residue. The mutant vingeshen evaluatedr

their effects on RNA genome productigrb8/p56 protein abundance ratiasd

infectious virus particle productionif=4.5). While the majority of the mutants did not

differ significantly from the wt control, others showed clear differences in one or more of

the factors studied.
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5.2.4 NS5A phosphomutant effects on HCV RNA replication

When comparing the fothour (input) to 7zhour (replicated) viral RNA levels, most
mutants showed no appreciable differences companet &md none of the mutants
exhibited higher levels of RNA production compared to wt. Mutants were considered of
interest when their replicative capacdiffered from wt by more than-told as

evaluating duplicate wt JFH1 RNA over multiple experiments revealed a variability in
the wt of twefold. Replication phenotypes differing from wt JFH1 were classified as
weak (0 10 fold less RNA levels 72hpe compared to 4hpe), very weak Q0Cdold less
RNA levels 72hpe compared to 4hpe) and extreme (>100 fold less RNA levels 72hpe
compared to 4hpe). A point to consider is that the input RNA levels at 4hpe for each
mutantarerelai vel y high and thus the genome replic
thus limiting the fold change observed. While this was not tested empirically, a
replicative maximum may account for the smaller fold changes observed with the RNA

data presenteia this study.

S229A was the only mutant to display extremely weak replication levels comparable to
that of the GND negative controlf210D, S229D and S235A mutants had very weak
replication and the mutants that replicated weakly included T204D, TEZZ5D,
S232A/D, S235D, S238A/D, T334A/D and T363A/[Fig.4.6). Interestingly T210A

and S235D mutants at least partially rescued the virus although not necessarily to wt
levels, suggesting that the presence of a charged residue at T210 and the almsence of
at S235 are tolerated. Alanine or aspartate substitutions at position S229 were both

deleterious with S229A showing no RNA replication and S229D showing very weak
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RNA replication capacity. It is interesting to speculate that this site represents a

molec ul ar Aswitchod such that at certain points
must be unphosphorylated while at other times it must be phosphorylated. The effect of

these mutations on RNA replicationasnsistent with previously published data
(284,289,299,304,305ReducedRNA replication capacity for mutants T210A, S232A

and T334A are consistent with earlier investigati(in®,284,289,299,304Whether the

reduced replicative capacity observed with these mutants involves altering the stability of

the NS@A protein, the efficiency oéstablishing replisomes actual RNA replication

remains unknown.

The small butonsistenteduction in replication for mutant S222®in line with

previous result§303), but others found this mutant to behave more like wt JFH1 virus
(289,304) Mutant S238A has also been reported to replicate at wt levels whereas this
work suggests a weakened replication capd2i®,299,304)Considering how small the
reduced replicativeapacitiesare for S222D, and S238A compared to wt, these lower
level fold changes are difult to quantify and could be a reason for th&crepancy
between studies. i$ not believedhat RNA synthesis and electroporation was a key
factor in this investigation as different batches of RNA were prepared, measured and

electroporated with eadpecies behaving very consistently across experiments.

S229A and S235A both show decreases in replication compared to wt. tebetia

phosphomimetiemproves the replication capacity albeit not to the same levels. as

Thisis not surprising. Bedes the obvious possibility that the amino acidssamgly
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incompatible with the secondary/tertiary structure or stability of the protein at that site,
there arenherent issues associated with attempting to mimic a phosphorylation event
with a charged amo acid. The negative charge on a phosphate molecule at
physiological pH is generalbhi.5 while aspartate has a chargelgfthereby, limiting the
size of the ionic shell created by the replacen2®dt) Furthermore, if the phosphate
residue contributes to an essential PPI, an aspartate mimic will not efficiently replicate

the area needed to complete a proper interaction r€2@an

The negative impact on RNA replication in NS5A Domain 3 mutants was unexpected. It
was previously reporteithat thisregionwas dispensable for genome replication B3d

is principally involved inviral assembly and xibn production(98,178) T334A/D,

T363A/D and T401D all negatively impacted HCV replication and indicate that these
sites may play some role in maintaining optimal genome replication igugl4.6)

Reduced T334A replication levels haween observegdreviousy, but a potential link to

phosphorylatiorwas not mad€179)

5.2.4.1 NS5A T356A Mutation

Cordeket al.,2013utilized anin vitro kinase assawith protein kinase A and NS5A

protein derived from the Conlb genotype combined with mass spectrometry to identify
T360 as a phosphorylation s{te75) 1b replicons with the S220ddplication
enhancement mutatiomere establishedontaining thgghosphoablatarglanine mutation
and the phosphomimetic glutamine mutation and revealed that tampering with T360,

regardless of theutationintroduced reduced HCV genome copies levels apmately
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10-fold, but only after multiple cell passagds'5). However, the use of the Conlb

replicon with the S22041 mutation may have interfered with NS5A phosphorylation
studes as S2204I eliminates p58 NS5A hyperphosphorylated (3. In order to

verify the importance of this site in a replication model, T356 (the comparable residue in
the JFH1 sequence)as mutatedo either alanine or glutamate. These mutativese
engineerednto a JC1/@uc2a luciferase reporter virusds5) Both viral replication and
infectivity were monitorednd both assays indicated that the T356A mutation resulted in
a nonreplicative, norinfectious virus while T356E resulted in WT levels of replication

and packagin@l175)

However, these results were not confirmed instively presented here. Replication (and
infectivity) levels of both T356A and D were comparable to(Wwig.4.6)&4.1Q. In order

to rule out a mixup of testing samples, RNA from T356A/D electroporation experiments
was converted to cDNA ardtirectly sequencedn all casesthe mutations wererpsent

as expected. Although the simplest explandionhe discrepancy in results is a mixed
up sample, it is possible that T356A/D in the JQ@dAa reporter virus exhibitifferent
effectson genome replicatiocompared tdFH1. If this were the sa, it could

substantially change the interpretation of data usepgrtersystems for their readuts.

5.2.5 NS5A phosphomutant effects on NS5A phosphoform protein abundance
Determining the effect of mutations on phosphorylation status, particulagg&®and
p56 was also of interest as prior studies using 1b replicons suggested a correlation of this

ratio with HCV replication(141,282) The average p58/p56 ratio produced by wt NS5A
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was 0.61. Mutants S1518225A,and S232A produced the lowdstels of
hyperphosphorylated NS5Awitheanp58/p56 ratios of 0.19, 0.11 and 0.08 respectively
(Fig.4.9). While S151D appeared towk at leastoncerningRNA replication, S232A

had lower replication levels compared to wt virus. Interestingly, S232Ehveihowed
impaired RNA replication levels had a p58/p56 ratio of Oitant S151A expressed a
near wt ratio of 0.44 whereas S146D was considerably lower 0.19 ratio suggesting that
phosphorylation at this site decreases p58 amounts (Fig.4.9). S18lpadsiced ratio
40% below wt although RNA replication was not affectBuese findings appear to be
consistent with previousbservations involving sites within thetirminus. Double

mutant experiments hademonstratethat the S146D mutation is domaint and

negatively affects NS5A hyperphosphorylatios@tondargites within the LCS(304).
Interestingly, deleting Merminal portions of NS5Ab resulted in p58 prodtion

whereas the fullength NS5A1b, p58 was only produced when NS4A expression
occurred suggesting a role for the NS5Ad¥minus on NS5A hyperphosphorylation

(403). One explanation for these findings is that phosphorylating residues at the NS5A
N-terminus disrupts a recognition site that blocks phosphorylation or that the addition of

a charge causes repulsion of an otherwise weak interaction at that site.

Studies involving mutations of NS5A S235A have been inconsistent. Both Masaki et al.,
2014 and Eyre et al., 2016 were unable to detect any NS5A protein production from
JFH1 or JC1 viruses with that mutati(#89,305) Chong et al., 2015 expressed S235A
NS5A in HEK293 cells under a CMV promoter and determined by Western blot that the

p58 band was below their detection lin{i896). In this thesignd ina study by Fridell et
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al., 2013(299) p58 is produced in the S235A background, albeit at a lower level than wt
(Fig.4.9). The disparities could eashye explaineds a consequence of immunoblot
sensitivity or RNA input levels. Additionally, the difference in expression systems are
likely significant; CMV-drivenNS5A in HEK 293cell306)compared JFH1
electroporation into Huh7.5 cells (this study$8 generation from a S235A mutant may
require expression in the context of a more approprguecation system In this study,

the JFH1 virus without additional replication enhancing mutations was used in the
Huh7.5 hepatoma cell culture providing a biologically relevant model that did produce

low levels of p58 from S235A

Three mutants producedslightly greater p58/p56 ratio compared to wt and included
T210A,T210D,and T213D withmeanp58/p56 ratios of 1.08, 1.01, and 0.89,
respectively (Fig.4.9). Interestingly, T210A ah10D mutants replicated weakly and
very weakly, respectively. High p38velsgeneratedby T210A/D suggest that
modification of this site alone eithBavorsp58 production or suppresses p56.

Phosphorylation of T213 could be a major contributing residue to p58 production.

Several reports have suggested that NS5A proteintining S232D$235D,and
S238D mutationgmpedethe mobility of p56 by SDEAGE (289,299,304) That
observatiorwas also madm this study (Fig.4.9) suggesting that NS5A phospho
proteoform production may be more complicated than just p56 and p58. 2D gel
electrophoresis hasdicatedalargenumber of species at both the p56 and p58 levels

that may diffetby only one phosphorylation eve@i04) (Fig.4.9).
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5.2.6 NS5A phosphomutant effects on infectious JFHL1 titers

Evaluating the effects of mutations on the quantity of released infectious J&¥0 o

be difficult due to the inherently low viral production of unaltered JFH1 yit&6%) A
time-course evaluation determined that the optimal day post electroporation for viral
harvest was nindpeandserialpassage was thus necesdargeep cell monolayers

below 80% confluencyWT titers averaged 8.96x4TCIDso/ml atnine dpe. These
observations were in contrast to the that of Rids$epland et al., 2014 reporting WT

JFHA1 titers of approximately 2x4 &u/ml (2.9x10* TCIDso/ml) at 72hpg304). Such a

high value in the latter case is surprising given that most reports using unaltered JFH1
report similarlypoortiters (hence the reason that the J6/JFH1 or Jc1 recombinant viruses
are often usetbr virus production studies). The mostyéle explanation is that there

are differences in the cell lines used. This study uses the standard Huh7.5 cell line (a gift
obtained directly from Dr. Rice, Rockefeller University) whereas the other study uses a
Huh-7 cell line. In these cells, therepgars to be a difference in the JFH1 input RNA
decay ratedJsing the same amount of input RNA (5ug) after 72 hours, GND mutants
levels (an indication of RNA decay in the absence of viral replication) drops
approximately 1000old in contrast to the studyf RossThriepland where there is only a
100-fold reduction in RNA copy 72 hpe which they hypothesized was due to the stability

provided by the BUTR (304).

What is cleafrom the study presented here is that any manipulation of S229, either to A

or D, changing T210 to D or changing S235 to A all decreases JFH1 infectious virus



production(Fig.4.10) In each case, this is directly explained by the fact that each of

thesespecies also showed the largest negative effect on RNA replication.

Severabther mutants produced less§2old) infectious virus than JFH1 wt. T204D,
T210A, S230A/D and T334D all had redudédrsbut also had reduced RNA replication
levels (Fig.4.0). Interestingly, T164D, 210D, S238D and S381D produced 2.3, 4.7, 2.7
and 2.4 fold lesseleasednfectious virus than WT but had no difference in genome
replication levels compared to wt (Fig.4.10his observation suggests that
phosphorylation at T1641210, S238 and S381 could be involved in the replication
process but may be deleterious to viral assemble or packagoryersely, S222A and
S225A also exhibited wt RNA replicatidevels,but have a 2.6 and 3.1 fold reduction in
released infectioustérs (Fig.4.10)suggesting that phosphorylating S222 and/or S225
may be required for processes downstream of replicatioportantto keep in mind that
when dealing with small differences such as these along with high variances and low
sampling that stestical significanceavas not reachednd therefore these observations

must be treated more. @as fAsuggestive observat

5.2.7 NS5A phospheproteoform abundance impact on the HCMifecycle

Reports using the Conlb SG replicon suggestedttmat p58/p56 ratio promotes viral
replication while a highatio bolsters infectious virus producti¢h41,282,283) In direct
contrast with this, work by Fridell et aR013 suggested that in the JHF1 system, high
levels of p58 promoted genome replication whereas low levels of p56 caused higher viral

titers(299) Despite the detailed analysis of the sites identified in this study and the
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extensive investigation intine associategdhenotypesthe results are not supportive of
the hypothesis that a differential abundance of NS5A pheppiteoforms promotes
replication over packaging or vice versa. The findings here do support the concept that
phosphoablatamhutatiors in the LCSI (which causes reduced p58 abundance)evels
appear to have the largest impact on the overall Kif€\¢ycle. The reductions most
apparentvith S232A,and S235A as each mutant produced a p58/p56 ratio <0.35
accompanied by a greater thanf@ldl decreas@& genome replication and lower levels of
released infectious virus. These sites angaoficularinterest as theerinesof the LCSI

are conserved across 40 HCV strgitél) It is tempting to conclude that
phosphorylatia in the LCSI is a major contributing factor to the creation of
hyperphosphorylated NS5A, but this may require phosphorylation of more than one
residue P58 likely contains multiple species of phosgtroteoforms but it may be that
only one type is cruciah the phenotypes examined here and as such is but seearfl

essentiafactors.

5.2.8 NS5A/PI4KITIU Interaction

NS5A constructs containing the T204A mutation replicatezssentiallywt levels while

the T204D mutant was reduceddd. The repliation of the T210A mutant was alse 5

fold less tharwt, but the T210D was severely impaired and considered replication dead.

Reiss et al., 2013 had previously mapgee&t Pl 4Kl I | U bi n-42l4ap r egi on
NS5A and suggest ed tehnaatibn eithefavoredtBespadfatmer K1 | 1 U i n
suppressed p58 formati¢®84) Utilizing triple alanine mutations in ti&4Kll | U

binding regiorrevealed the importance of this region to both HCV RNA replication and
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p58 production. Mutations that altered T204 and T210 resulted Hnepbicative

phenotypes with higher p58/p56 rati@84) Similar to this study, a single alanine

substitution at T204 resulted wt replication and wt p58/p56 levels, but a

phosphomimetic mutamtas not evaluate(®84) However, T210 proved to be a critical

site as alanine substitution resulted ib0&-fold reduction in genome péication a
phosphomimetisubstitution (T210E) reduced virus genome replication by 1&@@0

It also abrogated PlI4KIII1U binding |eading t

phosphoacceptor si{@84).

In the study presented in this thesis, conclusive evidence of both T204 and T210

phosphorylation was providex$ both sitegvere seems phosphorylated in expressed

NS5A while T204 phosphorylationas also identifiech a replicon model. T204A/D

and T210A/D produced similar phenotypes to those reported by Reis2€t13 with

T204A replication levels indistinguishable compared t@md the T204D mutant

reducedb.6-fold (Fig.4.6.A). T210A/D mutant RNA replication levels were reduced 6.5

fold for T210A and were almost nagxistent for T210D (Fig.4.6.A). This phenomenon

may not be directly related to the predominance of one p568ciopfsdirectly, as the

p58/p56 ratios produced by T204A/D were similar to wt (Fig.4.9). While more studies

would be necessary, it is possible thhosphorylation of T204 and T210 may negatively
influence the NSS5A/ Pl 4KI 104dnd T2t0taenoa c t i on . As
phosphorylated PI4KII1I1U can bind successfull
phosphorylation at these sites prevents Pl 4K

Eyre et al., 2016 provided fiurequitedor evi dence
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optimal HCV genome replicatiaf305) |t appears that PlI4KI 11U i
eventsneededor successful phosphorylation of S235 in NS5A through an undetermined
mechanisn{305). In this scenario, PI4KI0L may bl ock access of othe
responsible for phosphorylation events leading to the production ¢Bp58 While

there is cumulating evidence suggesting that

(284,305) further investigation will be required to establish the mechanism.

5.2.9 NS5A tyrosine phosphorylation

This investigation, along with several others usimapgs spdoometrydatabase search
based approaché289,303,304,306hasyetto positively identify tyrosine

phosphorylation in NS5A However, twastudiesutilizing a phosphayrosine antibody

have suggested that NS5A contains phosphorylated tyrosine(s). Tiséuilygemployed
myc-NS5A-1b deletion constructs expressed in COS cells stimulated with the tyrosine
phosphatase inhibitopervanadate, and used a phosphotyrosine antibody, pY20, to reveal
a phosphotyrosine present between amino acidst447405) Mutation of Y334 to
phosphoablatarghenylalanine in myd&S5A produced a much weaker Western blot
signal than wt NS5A when probed with the pY20 antib@b) In a followup study,

the pY20 antibody was used to evaluatephesphotyrosinstatus of NS5A
immunoprecipitatedrom a J6/JFH1 infected Huh7.5 cells and suggested that p58 was
preferentially phosphorylatdd06) Y330 in JFH1 NS5A was reperd to be the tyrosine
that corresponds to Y334 froNS5A-1b, and Y330Fwvas engineerento the J6/JFH1

virus and the SG JFHL1 replicon. Y330F J6/JFH1 produced lower genomic RNA levels

and reducethtra andextracellulaiinfectious viral titers while the Y3F mutatiordid
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not affectgenome replicatiofd06). The conclusion was that Y330 phosphorylation was
involved in HCV particle assembly and that the effects may only be evident in cells
producing infectious virug406) The investigation performed in this thesis did not
identify Y330 as a phosphorylateesidue. The tryptic peptide, containing Y330 is
ARPDYQPPTVAGCALPPPK and this study mapp€B34 as a site of phosphorylation
indicating that the peptide was seen by the methods employedtloar@not be ruled out
the possibility that anulti-phosphoylated peptide exists (and is not captured for
analysis) bubther possibilities neet be evaluatedThephosphotyrosinantibody,

pY20, may not be performingptimally when recognizing the NS5A epitope containing
Y330. Peptide microarray experimentakesating pY20 specificity revealed optimal
affinity when a proline residue is at positi#8, and a leucine afl from the tyrosine and
thatchargedesidues in thel positions reduce antibody specific{g07) Y330 in the

JFH1 sequence has an aspartic acid resithie -1 position,and as such, pY20
specificity for this residue may be lacking. The stringency of pY20 for phosphorylated
tyrosineshas been brouglto question. Immunoblots using pY20mpared93 cells
treated with insulin (induces phosphorylatiortysbsine residuesyith untreatectells,

and the number of bands identified between the two treatwasisdistinguishable

(407). Thereforethe presencand/orsignificance of tyrosine phosphorylation in the
NS5A phenotype remains an open queséiod it wasot surprisngto not have

identified phospb-tyrosine residues in this investigation
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5.2.10 NS5A protein production from nonreplicative phosphomutantsversusGND

An interesting observation was made involving the production of NS5A protein from the
JFH1 mutants debtive in RNA replication. The S229A mutation results in no
measurabldFH1 genome replication and S229D mutant exhibits extremely weak RNA
replication. However, T210D and S235A, while atsdibitingvery reducedevels of

RNA replication (and undetectabliters ofinfectiousvirus), do exhibitvery lowlevels

of NS5A protein at 72hpelnitially, this was believed to be the result of translating input
RNA, but the absence of NS5A protein in tBBID mutant experiments indicated that
this was unlikely to b the case (Fig.4.9)Two possible mechanisms include: 1) the
mutations in NS5A severely inhibit RNA replicatioampetencybut a small amount of
activity still exists albeit it extremely inefficiently. 2) NS5A is known to have the
capacity to bind RNA=d may still maintain a binding/protective mechanism shielding

input RNA from degradation in the absence of replication.

5.2.11 NS5A phosphorylation at earlstime points post electroporation

It is generally acceptetiat NS5Ais basally phosphorylatddllowing liberation from

the HCV polyprotein. This species then serves as a scaffold for hyperphosphorylation
(188,276,277)In support of this®>S Methionine pulsehase experiments revealed trace
amounts of NS5A detected at the end of the labgerad,but 2P labeled NS5A was
only detectable 20 minutes after the chase p€fi88). Neddermann et al., 1999,

utilizing *°S methionine pulsehase expements with NS5A from the pcB3A genotype
1b polyprotein expressed in Hep3B cells evaluated phegpiteoform appearance. p56

was detected 15 minutes aftabelingand p58 was of equal intensity following two
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hours of incubatiotime, thereforgp56 isreleased from the polyprotein andgedas a
substrate for hyperphosphorylati(®v6) These observationgere also confirmeth
pulsechase experiments utilizing the Conlb replicon wherew#&bproducethefore
p58(277) While this explanation is plausible, the functional nature of the two phespho
proteoforms of NS5A at early times has heen heavily studiedn this thesis, with any

of the model systems evaluatbgperphosphorylateNS5A (p58) was present at higher
levels (compared to p56) at early points post electroporation (Fig.4.11). The p58/p56
ratios from electroporation of infectious JFH1 were 3.3 and 1.5 at the earliest detectable
time-points, 24 and 36pe (Fig.4.11.B&C)At 48 hpetheratio switches and p56
becomeshe moreabundantorm with a mean ratio of 0.71 followed by 0.58 attfie
(Fig.4.11.B&C) These observations wagenfirmedin SG JFH1 and SG JFHNS5A-

HBH replicons, albeit the HBH#agged NS5A SG replicon displaydeettrend aa

delayedime point, consistent with its delay in RNA replication (Fig.4.11.D, E, F)

While this is a novebbservationthere have been other cases of differential p58/p56
ratiosbeing reportedMcCormick et al., 2006 showed that HCV rephs containing the
GND mutants delivered via baculovirus had higher levels of p58 protein than their wt
counterparts and that hindering polyprotein translation correlated with p58 abundance
(280). These observations may help to explain the high p58/p56 ratio obtained at early
time-points post electroporation. To establish a producgpécation, HCVmust

translate its polyprotein to produce functional NS proteirestablisithe replisome.
Therefore, the process of polyprotein translation preceding genome replication may

explain thenitially elevated levels of p58. Differential decay rates of p56 and p58 may
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offer an alternative explanation as the p58 produced by JFH1 may have a longjé half
thereby appearing to be the dominant form. However, Pietschetahn2001,
established that the hdife of the p56 was 16 hours and p58 was séw@irswhen

NS5A was produced by the Conlb repli¢@i7) A potential reconciliation is that the

stability of NS5A phosphgroteoforms may differ by genotype.

Onthe contrary, amverabundancef p58 at early timgoints post electroporation may
indicate that p58 is required to establish HCV genome replication whiles pie@dedor
later steps, perhaps with virion production. Interestingly, Fridell et al., inO&8tigated
phospheproteoformlevelsin relation toJFH1 replication and packaging utilizing
phosphoablatar#nd phosphomimetic mutations of $erinesof the LCSI and concluded
that a large abundance of p58 results in higher replication letdisp56 promotes viral

packaging299). The results presented in this thesis are not at odds with this hypothesis.

5.2.12 Reduction of p58 levels in lonterm passage oestablishedSG JFH1 Huh7.5

replicon cells

Studies exist that report upon prolonged celture passage, HCV SG replicon cell lines
show decreased p58 phospgtroteoform level§141,282,304) RossThriepland edl.,

2014 using an established SG JFH1 Hutell line model showed thafter 40 passages

the percentage of total NS5A hyperphosphorylation dropped by 40% and that this change
was not due to nucleotide changes in the NS5A seq@adg This invesigation also
evaluated the consequencesonigerterm passage arsthowedhat the p58/p56 ratio

drops by 16% ovetenweeks following initial electroporation. As was observed by
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RossThriepland et al., 2014 there were no sequence alterations Wi4A, therefore,

reduced p58 was not due to loss of a phosphoacceptor site (data not shown). One other
hypothesis for decreased p58 levels is that a cellular kinase responsible for p58 becomes
exhausted over tim&o assess thisvt SG JFH1 or fullength JFH RNA was

introducednto tenweekold SG JFHIHBH-NS5A Huh7.5 cell lines. As the HBH

tagged NS5A protein is 11 kDa larger, it was possible to evaluate the two species
independently. Whilevt NS5A from SG JFH1 or fullength JFH1 introduced into the
HBH-tagged NS5A SG replicon cells had a lower p58/p56 ratio than did RNA
electroporated into naive Huh7.5 cells at 24hpe (1.4 and 1.7 versus 3.0 and 3.3), by 72hpe
the ratios were 0.74 and 0.66 comparable to the 0.59 ratio produced by wt. This suggests
that the elements required for p58 production are available and therefore the kinase
exhaustion is not the mechanism responsible for depleted p58 abundance at least in

replicon cells pssaged over a two and a half month period.

An alternative hypothesis to tleghaustion concept is the possibility that kinase
accessibility to NS5A changes. The form of NS5A required for establishing functional
replication may be freely accessible to the kinase(s) responsible for
hyperphosphorylation, but after a replisome hanhkestablished, NS5A is no longer

freely accessible, spatially, to the kinase(s).

5.2.13 Issues involving phosphorylation studies
The number of caveats associated with phosphorylation studies is tremendous. While it

would be easy to dismiss phosphomtdahat exhibit an altered phenotype as merely
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Aprotei n dest thibis Winiikelyitonbg themcage averallsThe mutants

presented here (and in fact all of the mutants discussed in the literature) do of course need
to be evaluated for alteratis in stabilityJocalization,and interaction that could
compromisenalysisput these studies do represent a start. What additionally needs to

happen is a more quantitative understandirtp® NS5A phosphorylation

For example, in most studies wihhg mass spectrometry and database analysis for
studying phosphorylatiominimal mention is made of site occupancy issuegrder to
identify the phosphates present on the peptides, enrichsnanpliedfor thesespecies,

and as aesult,the nonphoghorylated peptides are lost. As such, the phosphorylated
species may be present ahanuscule level compared to the Rphosphorylated. Direct
comparisons are difficult as a phosphopeptide is chemically distinct from #s non
phosphorylated counterpartdaas such may affect its chargmization,andelutioninto

the mass spectrometer and thus direct quantitative comparisons di#&jt

Identifying phosphopeptides withotlte ability to determine their site occupancy could
overemphasizsepuriousand/orbiologically irrelevant phosphorylation events.
Conversely, the act of not observing a phosphorylation site does not necessarily imply
that it does not exist. Factors abigaliscussed such as peptide length, hydrophobicity
and charge may have significant effects on chromatographic properties and ionization
efficiency. These issues are of concern as few truly quantitative proteomics has been

performed at this stage.



An addtional level of complexity concerningS5A is its diverse functions aiding in both
HCV propagation and modulating the host cellular environment. Differentially
phosphorylated NS5A may direct specifinctionsthat require only a specific subset of
NS5A phospheproteoforms to elicit a particular function. At this point, total cellular
proteinis evaluatedand the ability to work at both a temporal and spatial level becomes

a future step forward.

5.3 Conclusions

Elucidating the molecular mechanisms ultimately responsible for HCV pathogenesis is a
premier step required in the development of therapeutic interventions and a protective
vaccine. The purpose of this study was to understand fundamental aspleetd@¥

NS5A protein by: 1) implement a novel tandem affinity purification technique to
identifying host proteins interactions and 2) delineating the sites and functions of
phosphorylated residues within NS5A. Chapter three successfully addressed the first
hypothesis as NS5A interacting proteins were identified utilizing native state and
denatured crostinked TAP methodology.The optimization of the TAP methodology
resulted in the creation of a protocol that could be easily applied to any protein expressed
in mammalian cell culturdJsing CelP and colocalization experiments, CCAR2 was
confirmedfor the first timeas a specific NS5A interacting protein. The interaction with
NS5Awas shown t@ccur in the cytoplasm, as expected, even though CCAR2 is often
referred to as a nuclear proteldentification of CCAR2 as an NS5A interacting protein

may further mechanistic insights into H@dthogenesis. GivenCCRR6 s r egul at or vy

functions in both apgmosis and carcinogenesis identification of this PPl may resulting in
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more thorough understand of HCV induction of HOQChapter four evaluated several

NS5A purification strategies in combination with mass spectrometry/database searching
to extend the mappg of NS5A phosphorylation. Phosphopeptides containing 28
phosphoacceptor sites were identified with the specific residues assigned for 26 of them.
In addition to confirming the six previously identified NS5A phosphorylated residues, 20
novel phosphoryked sites were identified, several from SG replicddentification of

so many phosphorylated residues in the NPB&atein reveals the highly phosphorylated
nature of NS5A. The extensive numibéphosphorylated residues furthers the

hypothesis that ptephorylation regulates the functions of NSZ¥major hurdle to

identifying the consequences of NS5A phosphorylation has been the lack of
phosphorylated sites conclusively identified inexrwvivomodel. By now having
conclusively identified 28 sites theprovide anuchneededcaffold for future studies

such as the&entification of the NS5A phosphorylatitkinases or the role of
phosphorylation idiacilitating protein interactions essential to HCV propagation. Both
the kinases and interacting host pios could present themselves as viableld@f/

targets not amenable to the mutative nature of the HCV genblagtion of these sites

to alanine (phosphoablatant) or an aspartic acid (phosphomimetic) residue in the context
of a JFH1 infectious virus ahe revealed that the majority of mutations had no impact on
the HCV life cycle with some exceptions. The replicative capacity of JFH1 mutants
T204D, T210A/D, S225D, S229A/D, S232A/D, S235A/D, S238A/D, T334A/D, and
T363A/D was reduced compare to wt JFHartRermore, T210D, S229/45229D,and

S235A mutants did not produce infectious vingicating that phosphorylation of T210

is deleterious to HCV propagation but phosphorylation of S235 is requvéade it was



generally thought that the predominatioms6 or p58 represented a possible

mechanistic switch between viral replication and packaging, this study revealed that this
mechanism not reliant on phosphorylation status of a single site identified in this study.
This revealed a regulation of the HCYelicycle by NS5A phosphorylation is likely very
complicated and may be ralibon sequentiaimultiple, or redundant phosphorylation
events A novel observation was made that electroporated JFH1 RNA leads to production
of NS5A predominately in its hyperpsighorylated (p58) form followed by a switch to
mostly the basally phosphorylated (p56) form past 72 fijpés observation may reveal

that hyperphosphorylated NS5A is required in the early events of HCV infection and a

further target to halt the commencarhef HCV propagation.

5.4 Future Directions

In this investigation, a specific interaction was established between-R&5Ad

CCAR2 using multiple methodologies. Revealing the N&a&inding site(s) on

CCAR2 could reveal possible consequences ofritezdction. The Merminus of

CCAR2 is critical to its functions; fferminal cleavage of CCAR2 sensitizes cells to
apoptosig381)and SIRT1, HDAC3, and SUV39H1 bind near théelminus(360' 363).
CCAR2 negatively regulates acetylation of p53 by SIRT1, leaving p53 acetylated on
K382(360,361,392and interference with p53 deactylation increases p53 transactivation
and apoptosi§360,361) Therefore, K382 p53 acetylation could be quantified in the
presence and absence of NSB& This could reveal a relationship between NS5A
expression and CCAR2 cellular fulmms and may reveal a mechanism of p53 regulation

by NS5A. Given that tight regulation of p53 is so important to cellular transformation a
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role for NS5A in the development of HCC could be establisltenithermore, studies
involving the reduction and oxexpression of the CCAR2 protein could be used to
investigate loss or gain of function effects on the JFHIclifde and determine if the
NS5A/CCAR?2 interaction is a requirement for successful HCV propagation. These gain
and loss experiments could revéalLCAR2 and its functions could provide viable anti

HCV targets

The specificity of NS5A2a interactions with CDK12, OGDH, SOD1, NKRF, and the
TOM complex should be followed uxdTAP revealed an interaction between NSZs\
and the TOM complex. Althggh ColP results determined that the NS24/TOM22
interaction was not specific the caveat of TOM239)acting as a chaperone may have
influenced this result. Therefore, the interaction between N&band the TOM
complex could be further specified by using-IPs to determine if NS5&a specifically
interacts with other members of the TOM complex. Th&A3a/TOM complex
interaction could be involved in importing NS5A into the mitochondria or N3aAay
be influencing the import process of other proteins. Given that NS5A has been viewed in
the mitochondria and mitochondrial dysfunction has been cardeleith NS5A2a
expressior{191) understanding the role of the TOM complex mayle insight into

the underlying mechanisms.

CDK12 provides an interesting candidate given its kinase function and the highly

phosphorylated nature of NS8%a. If an NS5A2a/CDK12 interaction was deemed

essential to HCV propagationCGDK12 inhibitor was recently developgd08)and
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targeting CDK12 could potentially provide a host protein target as an alternative to
DAAs. The NS5A2a/TOM complex interaction could be involved in importing NS5A
into the mitochondria and explain the mitochondrial dysfunction that has beentealrela
with NS5A-2a expressiol91) Further confocal microscopy experiments shoed b

applied first.

Precise identification of the phosphorylated residues in NS5A here has provided the
framework for quantification studieBy adding known quantities of isotopically labeled
synthetic NS5A2a phosphopeptides into a wt NS2a& sample wouldllow for selected
reaction monitoring for quantitative mass spectrometry ang§8®. Determining site
occupancy especially with key residues that affect RNA replication and genome
packaging may provide formation on the biological mechanisms of replication and
packaging.Furthermore, quantifying a specific NS5A phosphorylation ewentd
provide more biological relevance to a phosphorylated residue and help to narrow down
the 28 for targeted studietdentificationof apredominanphosphoacceptor site within
NS5A-2aprovides asubstratdo evaluate thepecific kinase responsibier
phosphorylation. Many kinase inhibitasecurrently utilized in cancer chemotherapy

and could potentially be adapted asaéready safant-HCV therapy

The incomplete overlap of phosphorylation mapping between the three NS5A sources,
particularlythe two SG replicon models suggests that there is more to be discerned. In
particular, the application of purified HBtagged SG NS5A in the SG model applied to

491 separation should be able to discern the biochemical identity of p56 versus p58.
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Additionally, it should not be discounted that there could be differences in NS5A
between a SG replicon model and an infectious virus model as viral packaging may be
influenced by particular phosphorylation events. We have already shown that the HBH

NS5A tag carbe inserted into JFH1 to produce infectious virus.

The phosphorylation status of NS5A influences its ability to interact with host proteins as
such as hVAFA andPl4Kllla (140,284) The Pl4Kllla binding site in NS5A2a

contains phsphoacceptor sites T204 and T4284). Phosphomutants T204A/D could

be used to assess the impagblmdgphotylation onthe NS5A/PI14Kllk interaction and
whether phosphorylation repd4Klll Uacting as the moleculaswitch for HCV to

move from genome replication to viral packaging.

A paramount goal of any study in the field of infectious disease is to use the obtained

knowledge to aid in the generation new therapeutics to ameliorate the disease. An NS5A

host PPI, if deemed essential for HCV propagation, could be used to disrupt the host
proteinds function using an aptamer to inter
residues of NS5/&a also provide a potential therapeutic target through an NS5A aptamer

or specific kinase inhibitors. HCV infection often leads to devastating disease and the

vast genetic diversity the mutagenic potential of HCV demands continued gatiesti

into its pathogenic mechanisms.
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Chapter 7: Appendix 1

Table A 1. Cloning primer nucleotide sequences. Included are the target amplification sequence, primer codes, primer
nucleotide sequences and applicable restriction sites.

Amplification Target PrimerCode Nucl eoti deA8éyjuence (56

Restriction site

NS5A-2a (JFH1) into 650F TGTGCGTACGCTCCGGATCCTGGCTCC BsiwI
pPQCXIN -HBH-TAP-N-ter 651R TAGAGAATTCCTAGCAGCACACGGTGGTAT EcoRl
vector

NS5A-2a (JFH1) into 652Fr TGTTGCGGCCGCATGTCCGGATCCTGGCTCCG Notl
PQCXIN -HBH-TAP-C-ter 653Rr GTGTCGTACGGCGCAGCACACGGTGGTATC BsiwiI
vector vector

GFP into pQCXIN-HBH-TAP- | 616F ACTAGGATCC ATGGTGAGCA AGGGCGA BamH1
N-ter vector 617R TGATGAATTCTTACTTGTACAGCTCGTCC EcoR1
GFP into pQCXIN-HBH-TAP- | 618F ACTA GCGGCCGC ATGGTGAGCA AGGGCGAG Notl
C-ter vector 619R TGATACCGGTTT CTTGTACAGCTCGTCCATG Agel
GFP into N-terminal pFLAG - 770F TGATGAATTCCATGGTGAGCAAGGGCGA EcoRl
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CMV -4 771R GTATAGATCTTTACTTGTACAGCTCGTCC Bglll
NS5A-2a domain mapping into | 764F TGATGAATTCCGGATCCTGGCTCCG EcoRl
pFLAG-CMV -4 765F TGATGAATTCACGGCGCTTGGCACGGG EcoRl
766F TGATGAATTCCCCCCCCAAGAAGGCCCC EcoRl
767R GTATAGATCTCTAGCAGCACACGGTGG Balll
768R CATCAGATCTCTATCTCCTTGGGGGAGGCG Bglll
769R TCAGAGATCTCTAGGTGTTGCTGTGGGTGGTG Bglll
NKRF N-terminally into 824F CCGCAGATCTCTATGGAAAAAATTCTCCAAATG GC | Bdlll
pCMV -myc 825R TTATGCGGCCGCTCAATTTGCTTGAGGCATAACAAG| Notl
Rangapl Nterminally into 826F TGCGGAATTCGGATGGCCTCGGAAGACATTG EcoRl
pCMV -myc 827R GACTCTCGAGCTAGACCTTGTACAGCGTCTG Xhol
CHERP N-terminally into 828F ATTCGTCGACCATGACTATGGAGAAGCAGAAGGAC | sall
pCMV -myc 829R CGAAGGTACCCTACTTACACTCGTCCCTG Kpnl
TOM40 N-terminally into 830F GTCTGAAT TCGGATGGGG AACGTGTTGG CTG EcoRl
pCMV -myc 831R TTACCTCGAGTCAGCCGATGGTGAGGCC Xhol
TOM22 N-terminally into 832F TCCAGAATTCGGATGGCTGCCGCCGTCGC EcoRl




pCMV -myc 833R TGTACTCGAGCTAGATCTTTCCAGGAAGTG Xhol
FKBP38 N-terminally into 1023F AGACGAATTCGGATGGGACAACCCCCGGC EcoRl
pCMV -myc 1024R ATCTGCGGCCGCTCAGTTCCTGGCAGCGAT Notl
CCAR2 N-terminally into 1212F GATCGAATTCGGATGTCCCAGTTTAAGCGCCAG EcoRl
pCMV -myc 1213R TCTACTCGAGTCAGTTGCTAGGTGCCGGCTC Xhol
CDK12 N-terminally into 1216F GTAGGTCGACCATGCCCAATTCAGAGAGACA Sall
pCMV -myc 1217R TACTGCGGCCGCTTAGTAAGGAACTCCTCTCC Notl
OGDH N-terminally into 1220F GATCGAATTCGGATGTTTCATTTAAGGACTTG EcoRl
pCMV -myc 1221R TCTACTCGAGCTACGAGAAGTTCTTGAAGAC Xhol
HBH tag into NS5A SG JFH1 | 1098F ACACCCTCGAGGCAAGGGGTTCACATCATCACC Abs|
1099R CTCTCCTCGAGGCGTACGGAGCCGGCG Abs|

29C



Table A 2. Primary antibodies. Antibody concentrations utilized in immunoblots
and immunofluorescent microscopy. Described are the protein targets, antibody
concentration used in Western blot (WB) and immunofluorescent microscopy (IF),
company and catalogue numeérs.

Antibody Concentration Company Catalogue Number
Actin 1:2000WB Abcam ab8226
BUB3 1:1000 WB Epitomics S2663
c-myc 1:1000WB Santa Cruz sc40
CCAR2 1:1000 WB abcam ab151190
(KIAA1967) 1:200IF
CHERP 1:1000 WB abcam ab15951
FLAG "THE 1:1000WB GenScript A00187%200
DYKDDDDK
Tag"
FLAG M2 1:2000 WB Sigma F1804
GAPDH Clone 1:10,000 WB Sigma G8795
71.1

GFP 1:1000WB Santa Cruz SG9996
Histone H3 1:1000 WB abcam Ab8580
IGF2BP2 1:1000 WB abcam ab124930
MCM2 1:1000 WB epitomics 29011
NKRF 1:1000 WB Abcam Ab168829
NS5A-2a-Ab01 1:4000 WB Genscript Custom

Epitope:
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PPPKKAPTPPPRRR

NS5A-2a-Ab02 1:4000 WB Genscript Custom
1:750 IF Epitope:
SSMPPLEGEPGDPDI
p53 (DO-1) 1:1000 WB Santa Cruz sc¢126
RanGAP1 1:1000 WB epitomics 01-71
RGS-HIS4 1:1000 WB Qiagen 34610
1:200 IF
tetra-HIS 1:1000 WB Qiagen 34670
TOMM20 1:1000 WB abcam ab56783
TOMM22 1:1000 WB abcam ab57523
TOMMA40 1:1000 WB abcam ab51884
Vinculin 1:2000 WB abcam ab18058
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Table A 3. FLAG and myc-taggedexpression vector cloning. Listed are the name of the construct, source of the vector,
source of the insert, PCR amplification primers (see Appendix Table Al for nucleotide sequence) and restriction enzgme

facilitating the cloning.

Construct Name

Source of tagged vector

Source of insert

PCR
amplification

Primers

Restriction

Enzymes

FLAG -GFP pFLAG-CMV4 (Sigma cat# 770F/771R
E7158)

FLAG -NS5A PFLAG-CMV4 (Sigmacat# | pJFH1 plasmid151)(NCBI # 764F/767R EcoRI/Bglll
E7158) AB047640)

FLAG -D1-NS5A PFLAG-CMV4 (Sigma cat# | pJFH1 plasmid151) (NCBI # 764F/769R EcoRI/Bglll
E7158) AB047640)

FLAG -D2-NS5A PFLAG-CMV4 (Sigma cat# | pJFH1 plasmid151)(NCBI # 765F/768R EcoRI/Bglll
E7158) AB047640)

FLAG -D3-NS5A PFLAG-CMV4 (Sigma cat# | pJFH1 plasmiq151) (NCBI # 766F/767R EcoRI/Bglll
E7158) AB047640)

FLAG -D1-D2-NS5A | pFLAG-CMV4 (Sigma cat# | pJFH1 plasmid151) (NCBI # 764F/768R EcoRI/Bglll
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E7158) AB047640)
FLAG -D2-D3-NS5A | pFLAG-CMV4 (Sigma cat# | pJFH1 plasmid151)(NCBI # 765F/767R EcoRI/Bglll
E7158) AB047640)
myc-NKRF pCMV-myc (Clontech MGC Human NKRF Sequence | 824F/825R Balll/Notl
cat#635689) Verified cDNA (Cloneld:5299667)
NCBI#:BC068514
myc-Rangapl pCMV-myc (Clontech MGC Human RANGAP1 826F/827R EcoRI/Xhol
cat#635689) Sequencé/erified cDNA
(Cloneld:3506039)
NCBI# BC014044
myc-CHERP pCMV-myc (Clontech MGC Human CHERP Sequence | 828F/829R Sall/Kpnl
cat#635689) Verified cDNA (Cloneld:4053575)
NCBI# BC021294
myc-TOM40 pCMV-myc (Clontech MGC Human TOMM40 Sequenceg 830F/831R EcoRI/Xhol

cat#635689)

Verified cDNA (Cloneld:4549825)

NCBI# BC012134
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myc-TOM22 pCMV-myc (Clontech MGC Human TOMM22Sequence | 832F/833R EcoRI/Xhol
cat#635689) Verified cDNA (Cloneld:4302531)
NCBI# BC009363
myc-FKBP38 pCMV-myc (Clontech MGC Human FKBP8 Sequence | 1023F/1024R EcoRI/Notl
cat#635689) Verified cDNA (Cloneld:4299915)
NCBI# BC009966
myc-EGLN1 pcDNA3.1+Nmyc EGLN1cDNA ORF clone, Homo | Purchased directly
sapiengConelD:OHu22997)
NCBI# NM_02205INM_000454
myc-SOD1 pcDNA3.1+Nmyc SOD1 cDNA ORF clone, Homo | Purchased directly
sapiengConelD:OHu24018)
NCBI# NM_000454
myc-CCAR2 pCMV-myc (Clontech MGC Human CCAR2 Sequence | 1212F/1213R EcoRI/Xhol
cat#635689) Verified cDNA (Cloneld:5496068)
NCBI# BC065495
myc-CDK12 pCMV-myc (Clontech MGC Human CDK12 Sequence | 1216F/1217R Sall/Notl
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cat#635689)

Verified cDNA (Cloneld:9021722)

NCBI# BC140854

myc-OGDH

pCMV-myc (Clontech

cat#635689)

MGC Human OGDH Sequence
Verified cDNA (Cloneld:3010095)

NCBI# BC014617

1220F/1221R

EcoRI/Xhol

myc-MeaslesMatrix

Kind gift from Helene Schultz
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Table A 4. NS5A phosphoacceptor site mutagenesis primers. Included are the target amplification sequence, primer codes, primer
nucleotide sequences and applicable restriction sites.

INSEYAN Primer code Nucl eoti deA8éyuence (56

phosphoacceptor site

S146A 856F CCAACTACCTGCCCCAGAGTTTTTC
857R CAAGGAATTTTCAGATTGTCAG

S146D 858F CCAACTACCTGACCCAGAGTTTTTCTC
859R CAAGGAATTTTCAGATTGTCAG

S222A 860F GGCACGGGGAGCCCCTCCATCTGAGG
861R AAGCGCCGCGCCGCAGTC

S222D 862F GGCACGGGGAGACCCTCCATCTGAGGCGAGCTCCTCAGTG
863R AAGCGCCGCGCCGCAGTC

S225A 864F ATCACCTCCAGCCGAGGCGAGCTCCTCAGTG
865R CCCCGTGCCAAGCGCCGC

S225D 866F ATCACCTCCAGACGAGGCGAGCTCCTCAGTGAGCCAG
867R CCCCGTGCCAAGCGCCGC




S230A 868F GGCGAGCTCCGCCGTGAGCCAGC
869R TCAGATGGAGGTGATCCCCG

S230D 870F GGCGAGCTCCGACGTGAGCCAGCTATC
871R TCAGATGGAGGTGATCCC

T348A 872F GAAGGCCCCGGCCCCTCCCCCAAG
873R TTGGGGGGGGGGAGAGCA

T348D 874F GAAGGCCCCGGACCCTCCCCCAAGGAGACG
875R TTGGGGGGGGGGAGAGCA

T356A 876F GAGACGCCGGGCCGTGGGTCTGAG
877R CTTGGGGGAGGCGTCGGG

T356D 878F GAGACGCCGGGACGTGGGTCTGAGCGAGAGC
879R CTTGGGGGAGGCGTCGGG

S360A 880F AGTGGGTCTGGCCGAGAGCACCATATCAG
881R GTCCGGCGTCTCCTTGGG

S360D 882F AGTGGGTCTGGACGAGAGCACCATATCAG
883R GTCCGGCGTCTCCTTGGG
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S457A 884F GTCTACTTGCGCCGAGGAGGAC
885R CAAGACCCCGAGCCCGAA

S457D 886F GTCTACTTGCGACGAGGAGGACGATACC
887R CAAGACCCCGAGCCCGAA

T164A 939F GTTTGCACCCGCCCCAAAGCCGT

T164D 940F GTTTGCACCCGACCCAAAGCCGTTTTTC
941R CTATGGATCTGCACACCG

S201A 942F CGTATTGAGGGCCATGCTAACAGATC

S201D 943F CGTATTGAGGGACATGCTAACAGATCCGCC
944R TCTGCGTCGGGCTCAGGT

T204A 945F GTCCATGCTAGCCGATCCGCCCC

T204D 946F GTCCATGCTAGACGATCCGCCCCAC
947R CTCAATACGTCTGCGTCG

S228A 948F ATCTGAGGCGGCCTCCTCAGTGAGCC

S228D 949F ATCTGAGGCGGACTCCTCAGTGAGCC

950R

GGAGGTGATCCCCGTGCC




S229A 951F TGAGGCGAGCGCCTCAGTGAGCC
951R GATGGAGGTGATCCCCGTGC

S229D 952F TGAGGCGAGCGACTCAGTGAGCC
953R GATGGAGGTGATCCCCGT

S232A 954F CTCCTCAGTGGCCCAGCTATCAGC

S232D 955F CTCCTCAGTGGACCAGCTATCAGC
956R CTCGCCTCAGATGGAGGT

S235A 957F GAGCCAGCTAGCCGCACCGTCGC
957R ACTGAGGAGCTCGCCTCAG

S235D 958F GAGCCAGCTAGACGCACCGTCGCTGCG
959R ACTGAGGAGCTCGCCTCA

S238A 960F ATCAGCACCGGCCCTGCGGGCCA
960R AGCTGGCTCACTGAGGAGCTC

S238D 961F ATCAGCACCGGACCTGCGGGCCACC
962R AGCTGGCTCACTGAGGAG

S272A 963F AGAGCCTGAGGCCAGGGTGCCCG
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963R GTCTGAGCCACACCGCCCTCC

S272D 964F AGAGCCTGAGGACAGGGTGCCCG
965R GTCTGAGCCACACCGCCC

S288A 966F CGAGGAAGAGGCCGACCTTGAGC

S288D 967F CGAGGAAGAGGACGACCTTGAGC
968R GCCATTGGCTCGAGAAAG

S362A 969Fr TCTGAGCGAGGCCACCATATCAGAAGCCC

S362D 970Fr TCTGAGCGAGGACACCATATCAGAAGCCC
971R CCCACTGTCCGGCGTCTC

T363A 972F GAGCGAGAGCGCCATATCAGAAGC

T363D 973F GAGCGAGAGCGACATATCAGAAGCCCTCC
974R AGACCCACTGTCCGGCGT

S365A 975F GAGCACCATAGCCGAAGCCCTCC

S365D 976F GAGCACCATAGACGAAGCCCTCCAGCAACTG
977R TCGCTCAGACCCACTGTC

S381A 1029F CCAGCCCCCCGCCAGCGGTGATG
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1030R CCAAAGGTCTTGATGGCCAGTTG

S381D 1031F CCAGCCCCCCGACAGCGGTGATGC
1032R CCAAAGGTCTTGATGGCC

S382A 1033F GCCCCCCTCGGCCGGTGATGCAG

S382D 1034F GCCCCCCTCGGACGGTGATGCAG
1035R TGGCCAAAGGTCTTGATGG

T410A 1036F CCCCTCAGAGGCCGGTTCCGCCTC

T410D 1037Fr CCCCTCAGAGGACGGTTCCGCCTCCTCTATGCC
1038R GCCGGCTCACCAGGGGAC

S414A 1039F AGGTTCCGCCGCCTCTATGCCCC

S414D 1040F AGGTTCCGCCGACTCTATGCCCCCC
1041R GTCTCTGAGGGGGCCGGC

S415A 1042F TTCCGCCTCCGCCATGCCCCCCC

S415D 1043F TTCCGCCTCCGACATGCCCCCCC
1044R CCTGTCTCTGAGGGGGCC

S151A 1045F AGAGTTTTTCGCCTGGGTGGACG

30z



S151D 1046F AGAGTTTTTCGACTGGGTGGACGG
1047R GGAGAAGGTAGTTGGCAAG

S210A 1048F GCCCCACATCGCCGCGGAGACTG
1049R GGATCTGTTAGCATGGACCTC

S210D 1050F GCCCCACATCGACGCGGAGACTG
1051R GGATCTGTTAGCATGGAC

T213A 1052F CACGGCGGAGGCCGCGGLCGLGGL
1053R ATGTGGGGCGGATCTGTTAGCATGGACCTC

T213D 1054F CACGGCGGAGGACGCGGLCGLCGGL
1055R ATGTGGGGCGGATCTGTTAGC

T334A 1056F CCAACCGCCCGCCGTTGCTGGTT
1057R TAATCTGGCCTCCTCCACGATTCCAC

T334D 1058F CCAACCGCCCGACGTTGCTGGTT
1059R TAATCTGGCCTCCTCCAC
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2b.JP.HC -J8.D10988 SGSWLQDIWDWVCSILTDFKNWLSSKLLPKMPGIPFISCQKGYKGVWAGTGVMTTRGHCG

2c._.BEBE1.D50409 SGSWLRDVWDWVCSILIDFKNWLSAKLFPRLPGIPFISCQKGYRGTWAGTGIMTTRCPCG 60
Ref.2a.JP.x.JFH - 1.AB047639 SGSWLRDVWDWVCTILTDFKNWLTSKLFPKLPGLPFISCQKGYKGVWAGTGIMTTRCPCG 60
Ref.2a.JP.x.HC -J6.D00944 SGSWLRDVWDWVCTILTDFKNWLTSKLFPKMPGLPFISCQKGYKGVWAGTGIMTTRCPCG 60

Ref.7a.CA.X.QC69.EF108306 AGSWLREVWDWVCMVLSDFASWLKAKVLPSLPGIPFLSCQKGYKGEWRNDGIMNTKCPCG 60
4a._.02C.DQ418784 ADSWLWEVWDWVCTVLSDFKTWLKAKLLPLMP GVPFLSCQRGYRGEWRGEGIMHTKCPCG 60
Ref.4a.EG.x.ED43.Y11604 AESWLWEVWDWVLHVLSDFKTCLKAKFVPLMPGIPLLSWPRGYKGEWRGDGVMHTTCPCG 60
5a.GB.EUH1480.Y13184 DGTWLRAIWDWVCTALTDFKAWLQAKLLPQLPGVPFFSCQKGYKGVWRGDGVNSTKCPCG 60
5a.ZA.SA13.AF064490 DGTWLRAIWDWVCTALTDFKAWLQAKLLPQLPGVPFLSCQRGYRGVWRGDGVNSTKCPGG
3a._.K3A.D28917 SGDWLRIIWDWVCSVVSDFKTWLSAKIMPALPGLPFISCQKGYKGVWRGDGVMSTRCPCG 60
3a._.NZL1.NC_009824 SDDWLRTIWDWVCSVLADFKAWLSAKIMPALPGLPFISCQKGYKGVWRGDGVMSTRCPCG 60
6a.HK.6a63.DQ480514 ATSWLRDVWDWVCTVLSDFKVWLQAKLFPRLPGIPFLSCQTGYRGVWAGDGVCHTTCTCG 60
1b.JP.JK1 - full.X61596 SGSWLRDVWDWICTVLTDFKTWLQSKLLPRLPGDPFFSCQRGYRGVWRGDGVMQTTCPCG 60
1b._.pCV -J4L10.AF054259 SGSWLRDVWDWICTVLTDFKTWLQSKLLPRLP GVPFLSCQRGYKGVWRGDGIMQTTCPCG 60
1b.JP.JT.D11355 SGSWLRDVWDWICTVLTDFKTWLQSKLLPQLPGVPFFSCQRGYKGVWRGDGIMQTTCPCG 60
Ref.1a.US.x.HCV -1.M62321 SGSWLRDIWDWICEVLSDFKTWLKAKLMPQLPGIPFVSCQRGYKGVWRVDGIMHTRCHCG 60
la._.H77.NC_004102 SGSWLRDIWDWICEVLSDFKTWLKAKLMPQLPGIPFVSCQRGYRGVWRGDGIMHTRCHCED
la.US.HC - TN.EF621489 SGSWLRDIWDWICEVLSDFKTWLKAKLMPQLPGIPFVSCQRGYKGVWRGDGIMHTRCHCG 60
la.JP.HC -J1.D10749 SGSWLRDIWDWICEVLSDFKTWLKTKLMPHLPGIPFVSCQHGYKGVWRGDGIMHTRCHCG 60
** :***: : ** % :*“* :** ’k:.* **:* * *: * % k%
2b.JP.HC -J8.D10988 ANISGHVRMGTMKITGPKTCLNLWQGTFPINCYTEGPCVPKPPPNYKTAIWRVAASEYVE 120
2c._.BEBE1.D50409 ANITGNVRLGTMRISGPKTCLNTWQGTFPINCY TEGSCVPKPAPNFKTAIWRVAASEYAE 120
Ref.2a.JP.x.JFH - 1.AB047639 ANISGNVRLGSMRITGPKTCMNTWQGTFPINCYTEGQCAPKPPTNYKTAIWRVAASEYAE 120
Ref.2a.JP.x.HC -J6.D00944 ANISGNVRLGSMRITGPKTCMNIWQGTFPINCYTEGQCVPKPAPNFKIAIWRVAASEYAE 120
Ref.7a.CA.x.QC69.EF108306 ALIAGHVKNGSMRIVGPKTCRNTWWGTFPINSHTTGPSSPVPSXCYQRALWRVSXTEYVEL20
4a._.02C.DQ418784 AELAGHIKNGSMRITGPKTCSNTWHGTFPINAYTTGPGVPVPAPNYKFALWRVSAEEYVE 120
Ref.4a.EG.x.ED43.Y11604 ADLAGHIKNGSMRITGPKTCSNTWHGTFPINAYTTGPGVPIPAPNYKFALWRVSAEDYVE 120
5a.GB.EUH1480.Y13184 ATISGHVKNGTMRIVGPKLCSNTWQGTFPINATTTGPSVPAPAPNYKFALWRVGAADYAE 120
5a.ZA.SA13.AF064490 ATISGHVKNGTMRIVGPKLCSNTWHGTFPINATTTGPSVPAPAPNYKFALWRVGAADYAE 120
3a._.K3A.D28917 ASIAGHVKNGSMRLAGPRTCANMCH GTFPINEYTTGPSTPCPPPNYTRALWRVAANSYVE 120
3a._.NZL1.NC_009824 AAITGHVKNGSMRLAGPRTCANMWHGTFPINEYTTGPSTPCPSPNYTRALWRVAANSYVE 120
6a.HK.6a63.DQ480514 AVIAGHVKNGTMKITGPRTCSNTWHGTFPINATTTGPSTPRPAPNYQRALWRVSAEDYVE 120
1b.JP.JK1 - full.X61596 AQITGHVKNGSMRIVGPKTCSNTWHGTFPINAYTTGPCTPSPAPNYSRALWRVAAEEYVE 120
1b._.pCV -J4L10.AF054259 AQIAGHVKNGSMRIVGPRTCSNTWHGTFPINAYTTGPCTPSPAPNYSRALWRVAAEEYVE 120
1b.JP.JT.D11355 AQITGHVKNGSMRIVGPKTCSNMWHGTFPINAYTTGPCTPSPAPNYSRALWR VAAEEYVE 120
Ref.1a.US.x.HCV -1.M62321 AEITGHVKNGTMRIVGPRTCRNMWSGTFPINAYTTGPCTPLPAPNYTFALWRVSAEEYVE 120
la._.H77.NC_004102 AEITGHVKNGTMRIVGPRTCKNMWSGTFFINAYTTGPCTPLPAPNYKFALWRVSAEEYVE 120
la.US.HC - TN.EF621489 AEITGHVKNGTMRIVGP KTCRNMWSGTFPINAYTTGPCTPLPAPNYTFALWRVSAEEYVE 120
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la.JP.HC -J1.D10749 AEITGHVKNGTMRIVGPKTCRNMWSGTFPINAYTTGPCTPLPAPNYTFALWRVSAEEYVE

K ek e keker kke k ok kkk k% Kk ok k.« kekkk * %

2b.JP.HC -J8.D1098 8 VTOQHGSFSYVTGLTSDNLKVPCQVPAPEFF SWVDGVQIHRFAPVPGPFFRDEVTFTVGLN
2c._.BEBE1.D50409 VTQHDSHAYVTGLTADNLKVPCQLPCPEFF SWVDGVQIHRFAPKAFMRDEVSFSVGLN
Ref.2a.JP.x.JFH - 1.AB047639 VTQHGSYSYVTGLTTDNLKIPCQLP SPEFFSWVDGVQIHRFAPKFFFRDEVSFCVGLN
Ref.2a.JP.x.HC -J6.D00944 VTQHGSYHYITGLTTDNLKVPCQLP  SPEFFSWVDGVQIHRFAPIPKPFFRDEVSFCVGLN
Ref.7a.CA.X.QC69.EF108306 ILRHNDQHXVVGVTAEDLKCPCQVP SPEFFSFVDGVRIHRFAPEPKPMIREEAAFVVGLH

4a._.02C.DQ418784 VRRVGDFHYVTG VTQDNIKCPCQVPAPEREVDGIRLHRHAPKCKPLLRDEVTFSVGLN
Ref.4a.EG.x.ED43.Y11604 VRRVGDFHYVTGVTQDNIKFPCQVPAPELF TEVDGIRIHRHAPKCKPLLRDEVSFSVGLN
5a.GB.EUH1480.Y13184 VRRVGDYHYITGVTQDNLKCPCQVP SPEFFTELDGVRIHRFAPPCNPLLREEVTFSVGLH
5a.ZA.SA13.AF064490 VRRVGDYHYITGVTQDNLKCPCQVP SPEFFTELDGVRIHRYAPPCNPLLREEVCFSVGLH
3a._.K3A.D28917 VRRVGDFHYITGATEDGLKCPCQVPATEFF TEVDGVRIHRYAPPCRPLLRDEITFMVGLN
3a._.NZL1.NC_009824 VRRVGDFHYITGATEDELKCPCQVPAAEFF TEVDGVRLHRYAPPCKPLLRDDITFMVGLH
6a.HK.6a63.DQ480514 VRRLGDCHYVVGVTAEGLKCPCQVPAPEFF TEVDGVRIHRYAPPCKPLLRDEVTFSVGLS
1b.JP.JK1 - full.X61596 VTRVGDFHYVTGMTTDNVKCPCQVPAPEFF TEVDGVRLHRYAPACKPLLRDEVTFQVGLN
1b._.pCV -J4L10.AF054259 VTRVGDFHYVTGITTDNVKCPCQVPAPEE¥DGVRLHRYAPACKPLLREDVAFQVGLN
1b.JP.JT.D11355 ITRVGDFHYVTGXTTDNVKCPCQVPAPEFF TELDGVRLHRYAPACRPLLREDVTFQVGLN
Ref.1la.US.x.HCV -1.M62321 IRQVGDFHYVTGMTTDNLKCPCQVP SPEFFTELDGVRLHRFAPPCKPLLREEVSFRVGLH
la._.H77.NC_004102 IRRVGDFHYVSGMTTDNLKCPCQIP SPEFFTELDGVRLHRFAPPCKPLLREEVSFRVGLH
1la.US.HC - TN.EF621489 IRQVGDFHYVTGMTTDNLKCPCQVP SPEFFTELDGVRLHRFAPPCKPLLREEVSFRVGLH
la.JP.HC -J1.D10749 IRRVGDFHYVTGMTTDNLKCPC@VEFFTELDGVRLHRFAPPCKPLLREEVSFRVGLH
s : * * : :* ***:*. *:*: :**:::**.** “*“ * *k%

2b.JP.HC -J8.D10988 SFVVGSQLPCDPEPDTEVLA SMLTDPSHITAEAAARRLARS- PPSQASSSASQLSAPS
2c._.BEBE1.D50409 SYVVGSQLPCEPEPDTEVLA SMLTDPSHITAEAAARRLARS- PPSAASSSASQLSAPS

Ref.2a.JP.x.JFH - 1.AB047639 SYAVGSQLPCEPEPDADVLR SMLTDPPHITAETAARRLARG-- PPSEASSSVSQLSAPS
Ref.2a.JP.x.HC -J6.D00944 SFVVGSQLPCDPEPDTDVLT  SMLTDPSHITAETAARRLARG-- PPSEASSSASQLSAPS
Ref.7a.CA.X.QC69.EF108306 SYVVGSQLPCEPEPDVQTVSQLL TDPSHITAETAARRLRRG-- PPSNASSSASQLSAPS

4a._.02C.DQ418784 SFVVGSQLPCEPEPDVAVLT SMLTDPSHITAETASRRLARG-- PPSLASSSASQLSAPS
Ref.4a.EG.x.ED43.Y11604 SFVVGSQLPCEPEPDVAVEWILTDPSHITAESARRRLARGBR-- PSLASSSASQLSPRL
5a.GB.EUH1480.Y13184 SYVVGSQLPCEPEPDVTVLT SMLSDPAHITAETAKRRLNRG-- PPSLANSSASQLSAPS
5a.ZA.SA13.AF064490 SFVVGSQLPCEPEPDVTVLT SMLSDPAHITAETAKRRLDRG-- PPSLASSSASQLSAPS
3a._.K3A.D28917 SYAIGSQLPCEPEPDVSVLT SMLRDPSHTAETAARRLARG-- PPSEASSSASQLSAPS
3a._.NZL1.NC_009824 SYTIGSQLPCEPEPDVSVLT SMLRDPSHTAETAARRLARG-- PPSEASSSASQLSAPS
6a.HK.6a63.DQ480514 NYAIGSQLPCEPEPDVTVBMLIDPMHITAETAARRLKRG-- PPSLASSSASQLSAPS
1b.JP.JK1 - full.X61596 QFPVGSQLPCEPEPDVTVLT SMLTDPSHITAETAKRRLARG-- PPSLASSSASQLSAPS
1b._.pCV -J4L10.AF054259 QYLVGSQLPCEPEPDVTVLT SMLTDPSHITAETAKRRLARG-- PPSLASSSASQLSAPS
1b.JP.JT.D11355 QYLVGSQLPCEPEPDVAVLT SMLTDPSHITAETAKRRLARG-- PPSLASSSASQLSAPS
Ref.1la.US.x.HCV -1.M62321 EYPVGSQLPCEPEPDVAVLT SMLTDPSHITAEAAGRRLARS- PPSVASSSASQLSAPS
la._.H77.NC_004102 EYPVGSQLPCEPEPDVAVLT SMLTDPSHI TAEAAGRRLARGXPPSMASSSASQLSAPS

120

180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180

238
238
238
238
238
238
238
238
238
238
238
238
238
238
238
238
239
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1la.US.HC - TN.EF621489 EYPVGSQLPCEPEPDVAVLT SMLTDPSHITAEAAGRRLARSS- PPSMASSSASQLSAPS 238

la.JP.HC -J1.D10749 DYPVGSQLPCEPEPDVAVLT SMLTDPSHITAAAAGRRLARS>- PPSEASSSASQLSAPS 238
:******:****' * *%x kkkk :* *%k%k k% *% *.**.****
2b.JP.HC -J8.D10988 LKATCTT ---- HKTAY¥ DCDMVDANL:F- MGGDVTRIESEBKVIVLDSLD- SMTE V 286
2c. .BEBE1.D50409 LRATCTT ----  HAKCP DIDMVDANLFCWCTEBAMTRIESEKVLMVDSFDBPVVD K 290
Ref.2a.JP.x.JFH -1.AB047639 LRATCTT ----  HSNTY¥ DVDMVDANLLE-- MEGGVAQTEPERVPVLDFLE PMAEEE 287
Ref.2a.JP.x.HC -J6.D00944 LRATCTT ---- HGKAYDVDMVDANLF- MGGDVTRIESESKVVVLDSLEPMVEER 287
Ref.7a.CA.x.QC69.EF108306 LKATHTT-- L- PQHP DAELIEANLMWEHKVGAIRRMETOKVIILDSFD - SASSXE 290
4a. .02C.DQ418784 LKATCTA ---- RHGSPGTDLLEANLLW-- GS AATRVETDERVIILDSFE PCVAES 287
Ref.4a.EG.x.ED43.Y11604 LQATCTA ---- PHDSP GTDLLEANLL--- WGSTATRVETDEKVIILDSFE SCVAEQ 287
5a.GB.EUH1480.Y13184 LKATCTI ----  QGHHPDADLIKANLLWRQCMGRITRVEAENKVEILDCFK PLKE E 290
5a.ZA.SA13.AF064490 LKATCTT ----  QGHHPDADLIEANLLWRQCMGRITRVEAENKVVILDSFE PLKA- D 290
3a._.K3A.D28917 LKATCQT ---- HRPHPDAELVDANLWRQEMGSIITRVESETKVVILDSFE- PLRA E 290
3a._.NZL1.NC_009824 LKATCQT ---- HRPHPDAELVDANLLWRQEM®BTRVESETKVVVLDSFEPLRA E 290
6a.HK.6a63.DQ480514 LKATCTT ----  SKDHP DMELIEANLLWRQEMGMHTRVESENKVVVLDSFEPLTA- E 290
1b.JP.JK1 - full.X61596 LKATCTT--- RHDSPDADLIEANLLWRQEMGRITRVESENKVVILDSFE PLRA E 290
1b. .pCV -J4L10.AF054259 LKATCTT ----  HHDSPDADLIEANLLWRQEMGRBITRVESENKVVILDSFE PLHA D 290
1b.JP.JT.D11355 LKATCTT ----  HHDSPDADLIEANLLWRQEMGRBITRVESENKVVILDSBE- PLRA E 290
Ref.1a.US.x.HCV -1.M62321 LKATCTA ----  NHDSPDAELIEANLLWRQEMG@SITRVESENKVVILDSFB PLVAEE 291
la. .H77.NC_004102 LKATCTAX --- XHXXPXDAELIEANLLWRQEM®GTRVESENKVVILDSFXXPLVAE 294
1la.US.HC - TN.EF621489 LRATCTT ----  NHDSPDAELIEANLLWRQEMGGITRVESENKVVILDSFDPLVA E 290
la.JP.HC -J1.D10749 LKATCTI ----  NHDSPDAELIEANLLWRQEMGGSITRVESENKVVILDSFB PLVA- E 290
*okk kK LR FouE ok
2b.JP.HC -J8.D1098 8 EDDREPSVPSEYL - IK - RRKFPPALPPWARPDYNPVLIETWKRPGYERPBCALPPTP 344
2c._.BEBE1.D50409 EDEREPSIPSEYL - LP- KSRFPPALPPWARPDYNPPLLETWKRPDYQPPVVAGCALPPPG 348
Ref.2a.JP.x.JFH -1.AB047639 - SDLEPSIPSECMLP- RSGFPRALPAWARPDYNPPLVESWRRPDYWRRICALPPPK 344
Ref.2a.JP.x.HC -J6.D00944 - SDLEPSIPSEYM LP- KKRFPPALPAWARPDYNPPLVESWKRPDYQ®RACALPPPK 344
Ref.7a.CA.x.QC69.EF108306 - DDMEPSTAAECLRTRKVFPPAMPIWARPDYNPPVVENWKDPEYAPPQVSGCALPPAQ 347
4a._.02C.DQ418784 DDDKEVSVAAEIL - RP- TKKFPPALPIWARPDYNPPLTETWKQRDYUGPR5CALPPSK 345
Ref.4a.EG.x.ED43.Y11604 NDDREVSVAAEILRPT -- KKFPPALPIWARPDYNPPLTETWKQQDYRYARSCALPPAK 345
5a.GB.EUH1480.Y13184 EDDREISVSADCF - KK- GPAFPPALPVWRPGYDPPLLETWKRPDYDPPQVWGCPIPPAG 348
5a.ZA.SA13.AF064490 DDDREISVSADCF - RR GPAFPPALPIWARPGYDPPLLETWKQPDYDPPQVSGCPLPPAG 348
3a._.K3A.D28917 TDDAELSAAAECF - KK- PPKYPPALPIWARPDYNPPLLDRWKSPDYMRRGCALPPKG 348
3a._.NZL1.NC_009824 TDDVEPSVAAECKK- PPKYPPALPIWARPDYNPPLLDRWKAPDYMRGCALPPRG 348
6a.HK.6a63.DQ480514 YDEREISVSAECH - RPPRQKFPPALPVWARPDYNPPLLQAWQMPGYEPPVVSGCAVAPPK 349
1b.JP.JK1 - full.X61596 EDEREVSVAAEIL - RK- SRKFPPALPIWARPSYNPPLLESWKDPDYVPPVVHBEZRU 348
1b._.pCV -J4L10.AF054259 GDEREISVAAEIL - RK- SRKFPSALPIWARPDYNPPLLESWKDPDYVPPVVHGCPLPPTK 348
1b.JP.JT.D11355 EDEREVSVAAEIL - RK- SKKFPPALPIWARPDYNPPLLESWKSPDYVPPAVHGCPLPPTT 348
Ref.1a.US.x.HCV -1.M62321 - DEREISVPAEILRKS- RRFAQALPVWARPDYNPPLVETWKKPDYEPPVVHGCPLPPPK 348
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la._.H77.NC_004102 EDEREVSVPAEIL - RXVSEXFAPALPVWARPDYNPLLVETWKKPDYEPPVVHGCPLPPPR
1la.US.HC - TN.EF621489 EDEREVSVPAEIL - RK- SRKFTPALPIWARPDYNPPLVEPWKKPDYEPPVVHGCPLPPPQ
la.JP.HC -J1.D10749 EDEREISVPAEIL- Rk- SRRFTQALPIWARPDYNPPLIETWKKPNYEPPVVHGCPLPPPQ

.:** . : *:******:*::*: * ***:*
2b.JP.HC -J8.D10988 QTPVPPP - RRRRAKV LTQDNVEGVLREMADKVLSPIQDNNDSGHS TGAD- TG
2c._.BEBE1.D50409 TTPVPPP - RRRRAVM LD@BNVGEALKELAIKSF GCPPBGDPGHS- TGGG TT
Ref.2a.JP.x.JFH - 1.AB047639 KAP TPPPRR RR TVG LSESTI SEALQQLAIKTF GQPBSGDAGSSTGAGAA- ES
Ref.2a.JP.x.HC -J6.D00944 KTP TPPPRR RR TVG LSESSIADALQQLAIKSF-- GQPPBGDSGLSTGADAA- DS
Ref.7a.CA.x.QC69.EF108306 TPPVPPPRR - KR AVIQLTESAVSTALAELAERSF PKEEAPPSDSA+ SLD- SPAAN
4a._.02C.DQ418784 QPPVPPP - RRKRX VQLTESVASAALAELAAKTFGQPELSDSGAD--------- LT
Ref.4a.EG.x.ED43.Y11604 QPPVPSPRR - KR TVQ LTESVVSTALAELAAKTF- GQSEBSDRDT-- DL----- TT
5a.GB.EUH1480.Y13184 PPPVPLPRRKRKP -- MELSDSTVSQVMADLADARFKVDTPSIEGQBS AL-------
5a.ZA.SA13.AF064490 LPPVPPPRRKRKP -- VVLSDSNVSQVLADIAHARFKADTQSIEGQBDS AV-------
3a._.K3A.D28917 APPVPPP - RRKRT- IQLDGSNVSAALAALAEKSFPSSKPQEENSSS SGVDTQSSTA
3a._.NZL1.NC_009824 APPVPPP - RRKRT- IQLDGSNVSAALAALAEKSFPSSKPQEENSSS SGVDTQSSTT
6a.HK.6a63.DQ480514 PAPIPPP- RRKR- LVHLDESTVSHALAQLADKVFVESSSDPGPSSBSGL-- S-- IT
1b.JP.JK1 - full.X61596 APPIPPP - RRKRT- VVLTESTVSSALAELATKTFGSSGSRAVDSGT-- A----- TA
1b._.pCV -J4L10.AF054259 APPIPPP - RRKRT- VVLTESNVSSALAELATKTFGSSGSRAVDSGT-- A-- -TA
1b.JP.JT.D11355 GPPIPPP - RKKRT- VVLTESTVSSALAELATKTFGSSGSAVDSGT--- A----- TA
Ref.1a.US.x.HCV -1.M62321 SPPVPPPRK - KR TVV- LTESTLSTALAELATRSF--- GSSS TSGIT- GDN---- TT
la._.H77.NC_004102 SPPVPPP - RKKRT- VVLTESTLPTALAELATKSFGSS--- STSGIT- GDN---- TT
la.US.HC - TN.EF621489 SPPVPPP - RKKRT- VIL TESTLPTALAELATKSFGSS--- STSGIT- GDB---- TT
la.JP.HC -J1.D10749 SPPVPPP - RKKRT- VVLTESTLSTALAELAAKSFGSS--- STSGIT- GDN----  TT

* Kk Kk - . * . ek .
2b.JP.HC -J8.D10988 GDIVQQP ---- SDETAASEAG-- SLSSMPPLEGEPGDPDLEFEPVGSAPPSEGECEVI
2c._.BEBE1.D50409 GETSKSP ---- PDER- DDSEAG SVSSMPPLEGEPGDPDLEPEQVEHPAEGGAAP
Ref.2a.JP.x.JFH - 1.AB047639 GGP -- TS--- PGEPAP--- SETGSASMPPLEGEPGDPDLESDQVELQPPPQGGGVAP
Ref.2a.JP.x.HC -J6.D00944 GSR -- TP---- PDELAL--- SETGSISSMPPLEGEPGDPDLEPEQVELQPPPQGGVVTP
Ref.7a.CA.X.QC69.EF108306 DP ---- PSDCDQ&- ---- SEI- SFSSMPPLEGEPGDPBE------------- S
4a._.02C.DQ418784 TPTETTHSGPILADDASDN -- G-- SYSSMPPLEGEPGDPDLTSB-----------
Ref.4a.EG.x.ED43.Y11604 - PTETTDSGPIVVDDA--- SDDGS$SMPPLEGEPGDPBE------------- T-
5a.GB.EUH1480. Y13184 GTSSQHDSGPEEKRD -- DNSDAA SYSSMPPLEGEPGDPDLSSG-----------
5a.ZA.SA13.AF064490 GTSSQPDSGPEEKRD -- DDSDAA SYSSMPPLEGEPGDPDLSSG-----------
3a._.K3A.D28917 SKVLPSPG - EESDSE SCSSMPPLEGEPGDPDLSEB-----------
3a._.NZL1.NC_009824 SKVPPSPG e GESDSESCSSMPPLEGEPGDPDLSEGH-----------
6a.HK.6a63.DQ480514 SPVPPAP --- TTSDD- ACSEAE- SYSSMPPLEGEPGDPDLSSG-----------
1b.JP.JK1 - full.X61596 PPDQPSDDGIRGSD- DE----- SYSSMPPLEGEPGDPDLSBG-----------
1b._.pCV -J4L10.AF054259 LPDQASDDGD - KGSB- VE----- SYSSMPPLEGEPGDPDLSBG-----------

353
348
348

394
398
396
396
400
391
392
395
395
402
402
399
395
395
395
394
399
394
394

446
450
446
446
430
431
429
436
436
436
436
437
431
431

307



1b.JP.JT.D11355 PPDQTSDDGD - KESD- VE----- SYSSMPPLEGEPGDPDLSBG------- - 431

Ref.1la.US.x.HCV -1.M62321 TSSEPAPSGCPPD  -------- SDAESBSMPPLEGEPGDPBE------------- S- 429
la._.H77.NC_004102 TSSEPAPSGCPPDSD -- VE----- SYSSMPPLEGEPGDPDLSBG----------- 436
la.US.HC - TN.EF621489 TSPEPA SSSCPPDSB AE- ---- SYSSMPPLEGEPGDPDLSBG----------- 431
la.JP.HC -J1.D10749 TSSEPAPSGCSPDSD -- AE----- SYSSMPPLEGEPGDPDLSBG----------- 431
* kkkkkkkkkkkkkkk
2b.JP.HC -J8.D10988 DSDSKSWSTVSBE EDSVICC 466
2c._.BEBE1.D50409 GSDSGSWSTCSDV ---- DDSVVCC 470
Ref.2a.JP.x.JFH -1.AB047639 GSGSGSWSTCSE ---- EDDTTVCC 466
Ref.2a.JP.x.HC -J6.D00944 GSGSGSWSTCSE  ---- EDDSVVCC 466
Ref.7a.CA.x.QC69.EF108306 --- DGSWSTVST-- RSDVICC 446
4a._.02C.DQ418784 - SWSTVSGS- ED VVCC 445
Ref.4a.EG.x.ED43.Y11604 --- SDSWSTV&--  GSEDVVCC 445
5a.GB.EUH1480.Y13184 - SWSTVSGE- DN VVCC 450
5a.ZA.SA13.AF0644%0 - SWSTVSDE- DS VVCC 450
3a._.K3A.D28917 - SWSTVSDS EEQSVVCC 452
3a._.NZL1.NC_009824 - SWSTVSDS EEQSVVCC 452
6a.HK.6a63.DQ480514 - SWSTVSD®- DD VVCC 451
1b.JP.JK1 -full.X61596 - SWSTVSEEAED- VACC 447
1b._.pCV -J4L10.AF054259 - SWSTVSEEAS ED VVCC 447
1bJPJT.D113%% e SWSTVSGEA®D- IVCC 447
Ref.1la.US.x.HCV -1.M62321 --- DGSWSTVSSEANAED/VCC 448
la._.H77.NC_004102 - SWSTVSSGADTEDVVCC 453
la.US.HC - TN.EF6214890  -—-- SWSTVSSEADKEDVVCC 448
la.JP.HC -Ji.b10749 - SWSTVSSEAGTEDVVCC 448

*kkk % **

Figure A 1. Conservation of NS5A phosphoacceptor sites. HCamino acid sequences from 19 strains were chosen based on
providing representation of the HCV genotypes % and were previously identified as such from investigations performed by
Scheel et al., 2012 and Wose King et el., 20{B#3,344)and were retrieved from the Los Alamos Database
(http://hev.lanl.gov/content/indeX). Alignments were performed using CLUTAL Omega software. Serines identified 88S5A
phosphoacceptors in our study and their conserved corresponding serines in the other HCV strains are highlighted in light
grey and threonines are highlighted in dark grey.
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Chapter 8: Appendix 2: NS5A Phosphorylation Site Evdence

S146 (Trypsin digestion, &core = 77.53)

niensiy ) I[B [c[@[L[e[s[2 |z [r[e[s [w[v[p[c[v]e[z[u]e

Y7

Y1B[24]
al
¥g
bB Y8
b7(-38) " vig b b1z H20 VIS-NHI-98) e
Yizps || E10(98) vy B! - DIS-NHI98) pis
JI |IMJ| l Laead t” Ll ol l Jn"lll| " | t |.I |“ . L. p13ﬁ_9?) .bﬂa . b14.|. |
i |00 an0 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
# b b-H20  b-NH3 b (2+) Seq y y-H20  y-NH3  y(2+) #
1| 11409 96.08 | 97.06 | 57.55 I 21
2 21114 | 19313 19412 | 10607 | P 2479.13 | 2461.12 246210 1240.42 20
3 | 37136 | 353.34 @ 354.15 | 186.09 | C(+57.02) | 2382.07 | 2364.06 2365.05 1191.96 19 |
4 | 49929  481.40 @ 482.28 | 250.12 | Q | 2222.04 | 2204.03  2205.02 | 1111.52 | 18
5 | 61242 | 594.43 | 59538 | 306.66 L 2093.98 | 2075.97 | 2076.96 | 1047.81 17
6 | 709.54 | 691.55 692.45 | 355.44 | P | 1980.87 | 1962.89 | 1963.87 | 991.31 | 16 |
7 | 876.40 | 858.36 = 859.34 | 438.40 | S(+79.97) 1883.84 | 1865.84  1866.69 | 942.32 | 15
8 97342 95541 95639 | 48721 P | 1717.00 | 1698.84 1699.82 858.92 14
9 | 1102.68 | 1084.45 1085.52 | 551.58 E 1619.80 | 1601.79 | 1602.77 810.40 13 |
10 | 124959 | 1231.78 | 1232.56 | 625.54 | F | 1490.85 | 1472.64  1473.73 | 746.18 | 12
11 | 1396.66  1378.64  1379.57 | 699.03 F 1343.67 | 1325.66 | 1326.66 | 672.65 11
12 | 1483.62 | 1465.64 | 1466.61 | 74252 | S | 1196.72 | 1178.60 K 1179.59 599.15 10 |
13 | 1669.74 | 1651.74 | 1652.69 | 83536 | W | 1109.68 | 1091.95 1092.75 55539 9
14 | 1768.86 | 1751.08  1751.75 | 884.73 v 923.64 | 905.57 @ 906.48 462.50 @8
15 | 1883.84 | 1865.80 | 1866.69 | 94232 | D | 824.59 | 806.52 & 807.59  413.08 7 |
16 | 1940.83 | 1922.82 | 1923.80 | 97135 | G | 709.54 | 691.55 @ 692.45 35544 6
17 | 2039.90 | 2021.89 | 2022.87 | 1020.48 v 652.50 | 634.38 @ 635.68 | 326.69 5
18 | 2167.96 | 2149.95  2150.93 | 108448 | Q | 553.36 | 535.38 = 53629 277.29 4 |
19 | 2281.04 | 2263.03 | 2264.01 | 1141.02 | I | 42536 | 407.25 @ 40823 | 213.13 | 3
20 | 2418.10 | 2400.09  2401.07 | 1209.87 H 312.33 | 29433 | 29529 @ 15659 | 2
21| | | R 17512 | 15711  158.09 | 88.06 1
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T151 (Trypsin digestion, CID, /&core =8.39)

riensity ) T[B [e[@[L[e s [e [E[E[E[s [W[v[D[c[vIo[z[u]

a0

Vg Y16[2+4]
I 182+ , Vi
F.JB[[ETI] b st Lo mhb? ' :AI. J,.:b|9|ygl.....quIF1,9[2|+] l|b12_|H|2O : 141_98) . bﬂls ?18'.“3*98? T
200 400 B0 800 1000 1200 1400 1600 1800 2000 2200 2400

£ b b-H20 bMH3 b2+ Seq ¥ y-HZO  y-NH3 v (24) £
1| 114.09 | 95.08 | 97.06 | 57.55 I 21
2 | 21114 | 193.13 | 194.12 | 106.07 P 2479.13 | 2461.12 | 2462.10 | 1240.13 | 20
3 | 371.32 | 353.16 | 354.15 | 186.09 |C(+57.02) | 2382.07 | 2354.06 | 2365.05 | 1191.94 | 19
4 | 499.28 | 48122 | 482.26 | 250.12 Q 2277.04 | 2204.03 | 2205.02 | 1111.77 | 18
5 | 612,35 | 594.41 | 595.41 | 306.66 L 2093.98 | 2075.97 | 2076.96 | 1047.91 | 17
& | 709.46 | 69156 | 692.34 | 355.31 P 1980.91 | 1962.89 | 1963.87 | 991.21 | 16
7 | 796.58 | 778.53 | 779.86 | 398.70 5 1883.89 | 1865.84 | 1866.82 | 942.31 | 15
8 | 893.83 | 875.44 | B76.26 | 447.39 P 1796.82 | 1778.81 | 1779.79 | 593.28 | 14
9 | 1022.51 | 1004.61 | 1005.47 | 511.75 £ 1699.76 | 1681.75 | 1682.74 | 850.38 | 13
10 | 1169,51 | 1151.41 | 1152,54 | 535.28 F 1570.72 | 1552.71 | 1553.69 | 785.71 | 12
11 | 1316.63 | 1298.69 | 1299.00 | 658.48 F 1423.65 | 1405.58 | 1406.20 | 712.33 | 11
12 | 1483.83 | 1465.69 | 1466.61 | 742.32 |S{+79.97) | 1276.62 | 1258.57 | 1259.48 | 638.79 | 10
13 | 166956 | 1651.70 | 1652.69 | 835.36 W 1109,72 | 1091.57 | 1092.74 | 555.39 9
14 | 1768.78 | 1750.77 | 1751.71 | B834.59 W 023,64 | 905.67 | 906.48 | 462.56 a3
15 | 1383.89 | 1865.80 | 18656.78 | 942.31 D 824,56 | B06.79 80741 | 41272 | 7
16 | 1940.83 | 1922.82 | 1923.80 | 970,91 G 709,46 | 691,56 592,38 356,31 =]
17 | 2039.90 | 2021.89 | 2022.87 | 1020.45 W 652,57 | 634.38 635,35 | 326.69 5
18 | 2167.96 | 2149.95 | 2150,93 | 1084.48 Q £53.34 | 535.40 536,11 | 277.25 4
19 | 2281.04 | 2263.03 | 2264.01 | 1140.60 I 425,47 | 407.25 408,38 | 213.13 | 3
20 | 2418,10 | 2400.09 | 2401.07 | 1209.61 H 312,24 | 294,17 | 295,27 | 156.59 2
21 R 175,12 | 157.11 158.09 33.06 1
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T164 (Trypsin digestion, CID, /&core =1000)

Intensity (%) rlafe[t[e[k[e[r[E|R

¥8[2+]
Y8[2+](-98)
504 ¥7[2+4] Y&
Ya-NH3 va
ba(-98 b&(-98 Y9
| e g LT s | e B T | |
100 200 00 400 500 G600 700 a00 a00 1000 1200 1300 1400

£ b b-H20 b-MH3 b(2+) Seq ¥ y-HZO  y-MH3 v (24) #
1 143.08 130,07 | 131.05 74.54 F 10
2 | 219,18 | 201,10 | 202.09 110.08 A 1140.69 | 1122,55 | 1123.53 | 570.78 9
3 316.51 293.18 299.51 158.58 P 1069,.73 | 1051.51 | 1052.61 | 535.51 a3
4 | 497,24 | 479,17 | 480.15 | 249.09 | T(+79.97) | 972.60 | 954.68 955.44 | 486.99 7
5 594,23 575. 76 577.30 | 297.62 P 71,57 | 773.66 774,43 396,50 ]
o 722,42 | 704.03 705,54 | 36le6 K 694,59 | 676.39 677,38 | 347.70 5
7 | 819,55 | 80137 | 802.35 | 410.19 P Lo, 37 | 548.43 549,23 | 283.65 4
8 | 9%6.70 | 948.44 | 949.42 | 433.72 F 469,18 | 451.25 452,04 | 235.13 3
9 | 1113.43 | 1095.51 | 1096.06 | 557.26 F 322,54 | 304.18 305.28 161.59 2
10 R 175,12 | 157.11 158.09 33.00 1
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S201 (Trypsin digestion, CID,-&core =32.97)

Infansity (%) s[ulu[r[p[e[efu[z]r[a[e[r[a]a]r

Y11[2+4]
2 Y11
bﬁt[)i’fl(-%) Y5-NH3 y7
Bélgﬂ P e | .\‘1.81‘ i yf Ho hz i
260 I 400 I 560 I 860 . I 1UIUU I 12‘00 I 14‘00 15‘00 I 18‘00
£ b b-H20 bMH3 b2+ Seq ¥ y-HZO  y-NH3 v (24) £
1 | 168.01 150.00 150.93 84,50 |5(+72.97 16
2 | 299,20 23104 | 282.45 150,02 M 1623.82 | 1605.81 | 1606.79 | 312,71 | 15
3 | 412,31 | 394,12 | 395.10 206,57 L 1492.78 | 1474.81 | 1475.75 | 747.14 | 14
4 | 513.18 495,38 | 495,23 | 257.09 T 1379.79 | 1361.96 | 1362.66 | ©90.57 | 13
5 | 628,32 | 610.33 | 511.35 314.32 D 1278.70 | 1260.63 | 1261.62 | ©40.24 | 12
o | 725.26 J07.30 703.49 363.13 P 1163.69 | 1145.87 | 1146.59 | 532,52 | 11
7| 822,31 | 804.30 | 805.28 411.66 P 1066.67 | 1048,55 | 1049.54 | 533.78 | 10
8 | 953,52 | 941.62 | 942.34 | 430.18 H 959,62 | 951.50 052,14 | 485.26 9
9 | 107260 | 1054,37 | 1055.59 | 536.38 I 332.62 | B14.44 315.81 | 417.22 3
10 [ 1173.79 | 1155.39 | 1156.47 | 537.36 T 719,43 | 701.55 702,34 | 3e0.18 7
11 | 1244.55 | 1226.64 | 1227.41 | 622.35 A 613,42 | 600.31 601,29 | 309.66 [
12 | 1373.62 | 1355.85 | 1356.47 | 87.29 E L4741 529.27 530,18 | 274.14 5
13 | 1474.81 | 1456.73 | 1457.60 | 733.30 T 418.32 | 400.23 401,44 | 20962 | 4
14 | 1545.86 | 1527.66 | 1523.71 | 773.50 A 317.19 | 299.20 300,17 | 159.10 3
15 | 1615.49 | 1599.00 | 1599,.73 | 203.61 A 246,16 | 228.15 229,13 | 123.58 2
15 R 175.12 | 157.11 153.09 33.06 1
=] . 0.5
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=] - » = m n
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-0.5 = — — . 0.5
E00 1000 1500 m/z
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T204 (Trypsin Digestion, HCDA-Score =19.05)

Tty 25 su[L[t[D[e[efH[I[T[a[E[T|AA[R

Y11
V4.
50 14é1%8)
y ¥13(-98)
pre[3+] . 10
b2 Y5-NH3 ¥8 7
bzl || v e B ] e
200 40 B0 8OO {000 1200 1400 1800 180D
£ b b-H2O bMH3 b2+ Seq ¥ y-HZO  y-NH3 v (24) i3
1 38.04 F0.03 7101 44,52 g 16
2 | 219,08 201,07 | 202.05 110,07 M 1703.78 | 1685.77 | 1686.76 | 852,39 | 15
3 | 332,17 | 314.15 | 315.14 166,58 L 1572.74 | 1554.73 | 1555.71 | 736.87 | 14
4 | 513.18 495,17 | 496,15 257.09 | T(+79.97) | 1459.66 | 1441.65 | 1442.63 | 730.33 | 13
5 | 628,21 | 610,19 | &11.18 314.60 D 1275864 | 1260.63 | 1261.62 | 639.82 | 12
6 | 725,26 J07.25 | J08.23 | 383.13 P 1163.62 | 1145.61 | 1146.59 | 582.31 | 11
7| 822,31 | 803,94 | 805.28 411.66 P 1066.57 | 1048,55 | 1049.54 | 533.78 | 10
8 | 952,37 | 941.36 | 942.34 | 430.18 H 069,51 | 951.50 952,48 | 485.26 9
9 | 1072.45 | 1054.44 | 1055.43 | 5358.73 I 332.45 | 814.44 315.43 | 416,73 | 8
10 [ 1173.50 | 1155.49 | 1156.47 | 587.25 T 719,37 | 701.36 J02.34 | 380.18 7
11 | 1244.54 | 1226.53 | 1227.51 | 622,77 A 618,32 | 600.31 601.29 | 309.66 &
12 | 1373.58 | 1355.57 | 1356.55 | 887.29 E 547,29 529,27 530,23 | 274.14 5
13 | 1474.76 | 1456.80 | 1457.60 | 737.81 T 418.24 | 400.23 401,21 | 20962 | 4
14 | 1545.67 | 1527.66 | 1528.64 | 773.33 A 317.19 | 299.18 300,17 | 159.10 3
15 | 1616.70 | 1598.69 | 1599.68 | 803.85 A 25,16 | 228.15 229,13 | 123.58 2
16 R 175,12 157.11 158.09 33.06 1
_E;“‘EI.S . 0.5
E My = B B B = = =
L r
-0.5 ———T— 0.5
500 1000 1500 m/z
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T204 (GluC Digestion, HCD, digestion, A Score = 28.22)

Infensity (%) p[v[u[r[sm[r[t[p[e[e[H[1]T|a

¥13
50
Y11[2+](-98)
y ¥ Yizj24] D14[24]
B[2+](-98
ot s 0l |
200 400 BO0 800 1000 1200 1400 1600 180
£ b b-H20 bMH3 b2+ Seq ¥ y-HZO  y-NH3 v (24) £
1 | 116.03 93.02 99.01 58.52 D 15
2 | 215.20 197.18 193,25 108.05 W 1630.80 | 161279 | 1613.78 | 815.56c | 14
3 | 328.34 | 310,22 | 31116 164.59 L 1531.82 | 1513.72 | 1514.71 | 766.37 | 13
4 | 484,43 | 966.45 | 967.20 242,29 R 1418.65 | 1400.04 | 1401.62 | 709.73 | 12
5 571.32 | 552.99 554,19 286.25 5 1262.55 | 1244.54 | 1245.52 | 632.11 | 11
o 0244 | 08401 | o35.50 352,16 M 1175.52 | 1157.51 | 1158.49 | 588.33 | 10
7 | 815,50 797,23 | 798.42 | 408.43 L 1044.40 | 1026.47 | 1027.45 | 522,54 | 9
8 | 995,46 | 978.52 | 979.43 | 498.73 |T(+79.97) | 931,49 | 913.15 914,37 | 466.45 a3
9 | 1111.52 | 1093.50 | 1094.55 | 556.16 D 750,49 | 73237 | 733.35 375.96 7
10 | 1208.65 | 1190.53 | 1191.51 | o04.83 P 635,35 | 617.57 | 618,32 | 318.36 ]
11 | 1305.59 | 1287.58 | 1288.56 | ©53.52 P 538.23 520.27 521.27 | 269.23 5
12 | 1442.65 | 1424.64 | 1425.62 | 722.18 H 162 | 423.36 424,30 | 221.15 4
13 | 1555.73 | 1537.72 | 1538.71 | 778,71 I 304,50 | 286.25 287.21 152,59 3
14 | 1656.73 | 1638.77 | 1639.76 | 829.15 T 191.08 173.09 174.08 95.05 2
15 A 90.05 72.04 73.03 45.53 1
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T210 (AspN, CID, AScore =13.22)

ey ) D[ [eH[I[ta|ETAAR [R|L[A|RGS [PRSEAS [sS |V s QL

b2g-HzO
b7
a0
b8
b26-NH3(-38) b29 o
V3 NH'% Jy b15[2+](-98) Prel2+] g0 gg) v
" ||. | e AT : ?12 . | | . 25 98)| | |‘
5EIEI 1000 1500 2000 25E|El 3DDD
£ b b-H2ZO bMH3 b(24+4) Seg v y-H2O  y-MH3 v (2+) #
1 | 115.03 98.02 95.01 58.52 D 30
2 | 213.09 195.08 | 195.06 | 107.04 P 3053.52 | 3035.51 | 3036.49 | 1527.26 | 29
3 | 310,14 | 292,13 | 293.11 | 155.57 P 295648 | 2938.45 | 2939.44 | 1478.73 | 28
4 | M720 | 429,19 | 430,17 | 224.10 H 2859.41 | 2841.40 | 2842.38 | 1430.21 | 27
5 560.28 542,27 | 543.26 | 280.64 I 2722,35 | 2704.34 | 2705.28 | 1361.68 | 25
6 | 74130 | 723.29 | 724.27 | 37115 |T(+79.97) | 2609.27 | 2591.26 | 2592.24 | 1305.14 | 25
7| 812,33 | 793.99 | 795.31 | 406.67 A 2428.25 | 2410.24 | 2411.23 | 1214.63 | 24
8 | 94138 | 923.37 | 924.35 | 471.19 E 2357.22 | 2339.21 | 2340.19 | 1179.11 | 23
9 | 1042.42 | 1024.41 | 1025.40 | 521.71 T 2228.17 | 2210.16 | 2211.15 | 1114.59 | 22
10 | 1113.46 | 1095.45 | 1096.43 | 557.23 A 212713 | 2109.12 | 2110,10 | 1084.06 | 21
11 | 1184.50 | 1166.49 | 1167.47 | 592.75 A 2056.09 | 2038.08 | 2035.06 | 1028.54 | 20
12 | 1340.65 | 1322.59 | 1323.57 | 670.80 R 19585.05 | 1967.04 | 19658.03 | 993.03 | 19
13 | 1496.70 | 1475.69 | 1479.67 | 748.85 R 1828.95 | 1310.94 | 15311.92 | 914.98 | 18
14 | 1609.79 | 1591.77 | 1592,75 | 805.39 L 167285 | 1654.84 | 1655.82 | 836.92 | 17
15 | 1680.82 | 1662.81 | 1663.80 | 341.09 A 1559.77 | 154176 | 154274 | 779.90 | 15
15 | 1836.92 | 1815.91 | 1819,90 | 913.95 R 14588.73 | 1470.72 | 147170 | 744.86 | 15
17 | 1893.94 | 1875.93 | 1875.92 | 947.47 G 1332.63 | 1314.62 | 1315.60 | 606.81 | 14
18 | 1980.98 | 1962.97 | 1963.95 | 990.99 5 1275.61 | 1257.60 | 1258.58 | 638.30 | 13
19 | 2073.03 | 2060.02 | 2061.00 | 1039.51 P 1183.61 | 1170.56 | 1171.55 | 594.79 | 12
20 | 2175.08 | 2157.07 | 2158.06 | 105838.04 P 1091.52 | 1073.51 | 1074.49 | 546.26 | 11
21 | 2262.11 | 2244,10 | 2245.09 | 1131.56 5 994.47 | 976,46 | 97749 | 49773 | 10
22 | 2381.16 | 2373.15 | 2374.13 | 1196.08 E 90744 | 839,45 | 890.41 | 454.22 | 9
23 | 2962.19 | 2944.18 | 2445.17 | 1231.60 A 778,39 | M0.38 | /BL37 | 389.70 | B
24 | 2549.23 | 2531.22 | 2532.21 | 1275.11 5 J07.36 | 689,35 | 690.33 | 35418 | 7
25 | 2636.26 | 2618.25 | 2619.23 | 1318.63 5 620,32 | 80231 | 603.30 | 31066 | 6
26 | 2723.30 | 2705.28 | 2706.31 | 1362.25 5 533.29 | 515.28 516.27 | 267.15 5
27 | 2822.36 | 2804.34 | 2805.33 | 1411.68 v 445,20 | 428,25 | 429.23 | 22363 | 4
28 | 2909.38 | 25891.38 | 2892.36 | 1455.20 5 347.19 | 329.18 330,17 | 174,10 | 3
29 | 3037.45 | 3019.44 | 3020.42 | 1519.22 Q 260,16 | 242,15 | 243.14 | 130.58 | 2
30 L 132,10 | 114.09 115.07 66,55 1
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S213 (Trypsin Digestion, HCD,-8core =0)

ey 0 [P |27 2 2w 8 [a e s e [s[e a5 5 [2[v[5 [ a5 [a e [sue

Y6
¥a
125 ba[2+)(-98)
vy ¥a
Y8
5 ¥13
i w_!\lH?l ; gl L IMIL Ll ..\.h]‘.l yl“‘ Lk J:bﬁ[\][zwﬂ | — i I i iz
200 400 600 200 1000 1200 1400 1600 1800 2000 2200 2400
# b b-H2O b-MH3 b{2+) Seq ¥ y-H20 y-MNH3 v (2+) #
1 | 118.03 | 98.02 99.01 58.52 D 38
2 | 213.09 | 195.08 | 196.06 | 107.04 P 3664.86 | 3646.84 | 3647.83 | 1832.93 | 35
3 | 310.14 | 292,20 | 293.11 | 155.57 P 3567.80 | 3549.79 | 3550.78 | 1784.40 | 34
4 | 447.35 | 429.37 | 430.17 | 224.10 H 3470.75 | 3452.74 | 3453.72 | 1735.87 | 33
5 | 560,32 | 542,36 | 543.33 | 280.64 I 3333.69 | 3315.68 | 3316.66 | 1667.35 | 32
6 | 661.33 | 643.32 | 4430 | 331.17 T 3220.61 | 3202.60 | 3203.58 | 1510.80 | 31
7 | 732.37 | 71436 | 715.34 | 366.68 A 3119.56 | 3101.55 | 3102.53 | 1580.28 | 30
8 | B61.17 | 843.40 | 844.38 | 43121 E 3048.52 | 3030.51 | 3031.50 | 1524.76 | 29
9 | 1042.34 | 1024.41 | 1025.40 | 52171 |T{+79.97) | 2919.48 | 2901.47 | 2902.45 | 1460.24 | 28
10 | 1113.46 | 1095.26 | 1096.43 | 557.23 A 2738.47 | 2720.46 | 2721.44 | 1369.73 | 27
11 | 1184.50 | 1166.49 | 1167.47 | 592.75 A 2667.43 | 2649.42 | 2650.40 | 1334.21 | 26
12 | 1340.16 | 1322.59 | 1323.57 | 670.80 R 2596.39 | 2578.38 | 2579.36 | 1298.70 | 25
13 | 1496.70 | 1478.69 | 1479.67 | 748.85 R 2440.29 | 2422.28 | 2423.26 | 1220.65 | 24
14 | 1609.85 | 1591.77 | 1592.97 | 805.67 L 2284.19 | 2266.18 | 2267.16 | 1142.68 | 23
15 | 1680.82 | 1662.81 | 1663.80 | 841.15 A 2171.10 | 2153.09 | 2154.08 | 1086.26 | 22
16 | 1836.92 | 1818.91 | 1819.90 | 913,70 R 2100.07 | 2082.06 | 2083.04 | 1050.53 | 21
17 | 1893.94 | 1875.93 | 1876.92 | 947.47 G 1943.97 | 1925.96 | 1926.94 | 972.69 | 20
18 | 1980.98 | 1962.97 | 1963.95 | 990.97 5 1886.95 | 1868.93 | 1869.92 | 943.97 | 19
19 | 2078.03 | 2060.02 | 2061.00 | 1039.55 P 1799.91 | 1781.90 | 1782.89 | 200,55 | 18
20 | 2175.08 | 2157.07 | 2158.06 | 1088.04 P 1702.86 | 1684.85 | 1685.83 | 851.47 | 17
21 | 2262.11 | 2244.10 | 2245.09 | 1131.56 5 1605.81 | 1587.80 | 1588.78 | 803.55 | 18
22 | 2391.16 | 2373.15 | 2374.13 | 1195.75 E 1518.78 | 1500.77 | 150175 | 759.84 | 15
23 [ 2962.19 | 2444.18 | 2445.17 | 1231.74 A 1389.80 | 1371.72 | 1372.71 | 695.37 | 14
24 | 2549.23 | 2531.22 | 2532.20 | 1275.11 5 1319.18 | 1300.64 | 1301.67 | 659.85 | 13
25 [ 2636.26 | 2618.25 | 2619.23 | 1318.63 5 1231.74 | 1213.59 | 1214.64 | 616.33 | 12
26 | 2723.29 | 2705.28 | 2706.26 | 13562.61 5 1144.73 | 1126.62 | 1127.61 | 573.11 | 11
27 | 2822.36 | 2B04.35 | 2805.33 | 1412.10 v 1057.88 | 1039.55 | 1040.67 | 529.30 | 10
28 | 2909.39 | 2891.38 | 2892.356 | 1454.95 5 958.72 | 240.76 | 941.50 | 480,08 | 9
29 | 3037.45 | 3019.44 | 3020.42 | 1519.22 Q §71.38 | B853.60 | B54.47 | 436.25 | 8
30 | 3150.53 | 3132.52 | 3133.51 | 1575.24 L 743.60 | 725.43 | 725.93 | 37222 | 7
31 | 3237.57 | 3219.55 | 3220.54 | 1619.28 5 630.44 | 612.45 | 613.55 | 31568 | &
32 | 3308.60 | 3290.59 | 3291.58 | 1654.80 A 543.33 | 525.31 | 525.84 | 272,16 | 5
33 | 3405.66 | 3387.64 | 3388.03 | 1703.33 P 472,30 | 454,28 | 45546 | 236.64 | 4
34 | 3492.69 | 3474.68 | 3475.06 | 1746.84 5 375.45 | 357.22 | 358.21 | 188.12 | 3
35 | 3605.77 | 3587.76 | 3588.74 | 1803.39 L 288.20 | 270.19 | 271.18 | 14460 | 2
36 R 175.12 | 157.11 | 158.09 88.06 1
ERR] ] w = 0.5
= [ " [
§ 0.0 n - nf - LI |
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S00 1000 1500 2000 mjz

The presence of theibns at b8, b9 and b12 supports phosphorylation at S13 (Serine 9 in

this peptide).
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S222 (Trypsin Digestion, HCD,-Score =28.36)

ntensity ) G [B [B [s [E[a[s[s[s [v[s[q[n[s[a[e[s[L]r

¥y
501 Vg b15(-38)
VB
g ¥y b11(-98 Y13
Y4-H20 ‘ba(—ss) MU vz bis V7
B IO B T R Y YT L
200 400 600 800 1000 1200 1400 1600 1600 2000
£ b b-H2O bMH3 b2+ Seq ¥ y-HZO  y-NH3 v (24) i3
1 58.03 40,02 41.00 29.51 G 20
2 | 225.03 | 207.02 | 208.00 113.01 | 5(+79.97) | 1966.91 | 1948.90 | 1949.85 | 983.956 | 19
3 | 322.08 | 304.07 | 305.05 161.54 P 1799,91 | 1781.90 | 1782.89 | 200.78 | 18
4 | 419,13 | 401,12 | 402,11 | 210.07 P 1702.90 | 1684.85 | 1685.41 | 851.57 | 17
5 506.17 | 488.15 | 489.43 | 253.58 5 1606.05 | 1587.80 | 1588.78 | 803.47 | 16
6 | 635,21 | 617.20 | 618,18 | 318.10 E 1518.81 | 1500,97 | 1501.75 | 759.89 | 15
7| 706,24 | 688.23 | 689,51 | 353.39 A 1389.84 | 1371.97 | 137271 | 695.96 | 14
8 Fa3.26 | F7S.2Y | FPe.25 | 397.14 5 1318.76 | 1300.,93 | 1301.67 | 660.24 | 13
9 | 880.31 | 862,30 | 863.63 | 440.65 5 123176 | 1213.65 | 1214.64 | 616.33 | 12
10 | 967.34 | 949.33 | 950.54 | 434.38 5 1144.73 | 1126.48 | 1128.00 | 572.32 | 11
11 | 10668.66 | 1048.46 | 1049,.38 | 533.42 W 1057.86 | 1039,59 | 1040.57 | 529.30 | 10
12 | 1153.,90 | 1135.60 | 1136.89 | 57722 5 958,66 | 940.03 941,50 | 47.77 | 9
13 | 1281.40 | 1263.61 | 1269.47 | 64125 Q 87167 | 853.99 354,51 | 436.25 a3
14 | 13894.73 | 1376.75 | 1377.56 | 697.79 L 743,60 | 725,68 FX6.41 | 37222 | 7
15 | 1481.79 | 1463.66 | 1464.59 | 741.31 5 630,52 | 612.40 613,33 | 315.68 =]
16 | 1552.83 | 1534.67 | 1535.63 | 77/6.83 A 543.39 525.45 526.30 | 272.16 5
17 | 1649.71 | 1632.02 | 1632.68 | 825.35 P 472,36 | 454.53 455,43 | 236.64 | 4
18 | 1738.71 | 1718.73 | 1719.71 | 868.87 5 375.40 | 357.22 358.43 188.12 | 3
19 | 1850.00 | 1832.04 | 1832.80 | 925.78 L 288,28 | 270,19 271,18 144.80 2
20 R 175,12 | 157.11 158.09 33.08 1
_E;“EI.S = o 0.5
_— n | |
e " - ='..-' s :.. . L .- J l-.' > '_."_ . - -
n m g n =
-0.5 T T T - T T -0,
con 1000 1500 2000 m/z
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S225 (Trypsin Digestion, CID, &core =32.28)

ntensiy ) G [S[B [B[s [E[a[s[s[s[v]s]o[z[s[ale[s s n

501 Vi ¥9(-98
. . )
Ve b16-H20{-38)
b16-H20(-98)
57 b13(-98)
Y4-NH3 l g L b17 b19(-98
: kv A .l . ‘|.' | - .ul|l.] .|.|.| -l '."( '.) . :
200 400 600 800 1000 1200 1400 1600 1800 2000 230
£ b b-H20 bMH3 b2+ Seq ¥ y-HZO  y-NH3 v (24) £
1| 5803 | 40.02 | 4100 | 29.51 G 20
2 | 145.06 | 127.05 | 128.03 | 73.03 3 2046.88 | 2028.87 | 2029.85 | 1023.85 | 19
3 | 24211 | 224.10 | 225.09 | 121.56 P 1959.85 | 1941.84 | 1942.82 | 230,71 | 18
4 | 339.26 | 321.16 | 322.14 | 170.08 P 1862.79 | 1844.78 | 1845.77 | 932.20 | 17
5 | 506,17 | 488.15 | 489.14 | 253.58 |S5(+79.97) | 1765.74 | 1747.73 | 1748.71 | 863.33 | 16
o | 635,21 | 617,20 | 5618.18 318,17 E 1598.83 | 1580.87 | 1581.72 | 799.87 | 15
7| 624 | 688,23 | 689,22 | 353.62 A 1469.58 | 1451.69 | 1452.61 | 735.35 | 14
8 | 793.28 775,70 | FAe.25 | 397.14 5 1398.81 | 1380.72 | 1381.64 | £99.83 | 13
9 | 880,31 | 862,30 | 863.28 | 440.65 5 1311.72 | 1293.83 | 1294.60 | 656.32 | 12
10 | 967.53 | 948,88 | 950.62 | 484.17 5 1224.75 | 1206.59 | 1207.51 | 612,80 | 11
11 | 1066.29 | 1048.40 | 1049.33 | 533.70 W 1137.67 | 1119.56 | 1120.54 | 569.28 | 10
12 | 123375 | 1215.40 | 1216.38 | 617.20 |[S{+72.97) | 1038.51 | 1020.66 | 1021.47 | 519.75 9
13 | 1361.47 | 1343.96 | 13449.44 | 681.23 Q 871,58 | 853.99 354,87 | 436.25 a3
14 | 1474,73 | 1456.54 | 1457.52 | 737.64 L 743,55 | 725,44 | TXo.41 | 3722 | 7
15 | 1561.01 | 1543.601 | 1544.86 | 73129 5 630,41 | 612.35 613,33 | 315.68 ]
16 | 1632.73 | 1615.06 | 1615.59 | 816.81 A 543.38 525.25 L26.34 | 272.16 5
17 | 1729.97 | 1711.66 | 1712.65 | 865.34 P 472,29 | 454.47 | 455.44 | 236694 | 4
18 | 1816.70 | 1798.69 | 1799.08 | 908.585 5 375,70 | 357.22 358.30 188,12 | 3
19 | 1929.,98 | 1911.78 | 1913.25 | 965.39 L 238,20 | 270.19 271.18 144,60 2
20 R 175,12 | 157.11 158.09 33.00 1
_E:“ 0= 5 0.5
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00 - e . :' — LS ; IGE
- [ "L n n n
0.5 — = . " ~— 0.5
=] 100a 1500 2000 m/z
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S228 (Trypsin Digestion, CID, &core = 0)

nersiy ) G [5 [[B[S[E[as[s 5[V s[e[uls [a[e[s[u|n

V4 . Y13(-98)
¥13-H20(-98)
y13—NH3(-98
a0 b14[2+](-98)
¥s
D1B[2+4]
e e ..u.ulf’i‘ff ol ey
100 200 300 400 a00 500 oo aon 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
£ | b b-H2O  b-MH3 b2+  Seg v y-H20  y-MNH3 v (24) #
1 58.03 40,02 41.00 29,51 G 20
2 | 145.06 12705 | 123.03 73.03 5 1966.91 | 1948.90 | 1949.88 | 983.55 | 19
3 | 242.18 224,14 | 225.07 | 121.56 P 1879.88 | 1861.87 | 1862.55 | 940.52 | 18
4 | 339.17 | 321,31 | 322.07 | 170.08 P 1762.91 | 1764.82 | 1765.80 | 891.91 | 17
5 | 426,20 | 408,12 | 409.00 | 213.60 5 1685.77 | 1667.76 | 1668.75 | 843.59 | 16
6 | 555.35 53705 | 538.21 | 278,12 E 1598.74 | 1580.73 | 158172 | 799.60 | 15
7 | 825,98 | 008,19 | 609.25 314.04 A 1469.70 | 1451.69 | 1452.67 | 735.853 | 14
8 | /3,33 | M98 | /.25 397.38 | S(+72.97) | 1398.66 | 1380.65 | 13831.64 | 699.83 | 13
9 | 8380.56 | 86264 | 863.28 | #40.65 5 1231.66 | 1213.65 | 1214.64 | 616,52 | 12
10 | 966.89 | 999,43 | 950.31 | 4684.17 5 1144,21 | 1126.62 | 112761 | 57282 | 11
11 | 1066.29 | 1048.42 | 1049.38 | 533.70 W 1057.32 | 1039,59 | 1040.52 | 529.39 | 10
12 | 1153.46 | 1135.44 | 1136.41 | 577.22 5 958.41 | 940.52 941.54 | 479.93 9
13 | 1281.24 | 1263.48 | 1264.47 | 641.38 ] 871.50 | 853.35 354,20 | 436.25 ]
14 | 1394.58 | 1376.57 | 1377.34 | 697.95 L 743.54 | 724.99 726,41 | 372.19 ¥
15 | 1481.70 | 1463.41 | 1464.59 | 741.62 5 630,36 | 612.35 613.24 | 315.68 5]
16 | 1552.56 | 1534.64 | 1535.63 | 776.96 A 543.24 | 525.41 526,37 | 27216 5
17 | 1649.71 | 1631.70 | 1632.52 | 825.15 P 472,24 | 454.28 455.26 | 236.61 4
18 | 1736.74 | 1718.60 | 1719.71 | 869.24 5 375,22 | 357.22 | 358,21 | 188.12 | 3
19 | 1849.82 | 1831.81 | 1832.80 | 925.66 L 288,21 | 270.19 271,18 | 144.60 2
20 R 175.12 | 157.11 158.09 88,06 1
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5 - L L T
0.0 = N TR e . =
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-0.5 T - T T T -0.5
500 1000 1500 2000 mfz

The presence of theibn run from b6 to b13 strongly suggests phosphorylation at S228

(Serine 8 in this peptide). Note that y11 is present limiting the phosphorylation event to

the first nine amino acids in the peptide.
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S229 (Trypsin DigestiorCID, A-Score = 0)

niensiy o9 G [5 [B[2 [ [E[a[s [s[s [v]s[q[n[s[a[e[s[u]

Ve ¥13(-98)
Y13-NH3(-98)
bi14[2+](-98
o V5 o b34[2+]
b15[2+]
b7-H20 ‘ ‘
]|| | “\ H” i‘| \.| V \?’1|5|[|2+]nl ml IIM Ju ‘Ji n \\’f‘g J\b'H(TES) L b“” T |y1|'1 L \5"137’—(\20(798) Al H r T
BO0 SDD QUU 1000 1100 1200 1300 1400 1500
£ b bH20 bH3 b(2+) Seq i y-H20 yH3 v (24) #
1 58.03 40,02 41,00 29,51 G 20
2 | 145.06 | 127.05 | 123.03 73.03 5 1966,91 | 1948.90 | 1949.88 | 933,55 | 19
3 | 242,18 | 224,14 | 22507 | 121.56 P 1879.88 | 1861.87 | 1862.55 | 940,52 | 18
4 | 339.17 | 321.31 | 32207 | 170.08 P 1752.91 | 1764.82 | 1765.80 | 89191 | 17
5 | 426.20 | 408.12 | 409.00 | 213.60 5 1685.77 | 1667.76 | 1668.75 | 843.59 | 16
6 | 555.35 | 537.05 | 538.21 | 278.12 E 1598.74 | 1580.73 | 158172 | 799,60 | 15
7 | 82598 | 608.19 | 609.25 | 314.04 A 1469,70 | 1451.69 | 1452.67 | 735,85 | 14
& | 793.33 | 77496 | F76.25 | 397.38 |S(+79.97) | 1393.66 | 1380.65 | 1381.64 | £699.83 | 13
9 | B30.56 | B852.64 | 863.28 | #40.65 5 1231.66 | 1213.65 | 121464 | 616.52 | 12
10 | 966.89 | 949943 | 950.31 | 484.17 5 114421 | 1126.62 | 1127.61 | 572.82 | 11
11 | 1066.29 | 1043.42 | 1049.38 | 533.70 v 1057,32 | 1038,59 | 1040.52 | 529,39 | 10
12 | 1153.46 | 1135.44 | 1136.41 | 577.22 5 958.41 | 940.52 | 941.54 | 479.93 | 9
13 [ 12581.24 | 1263.48 | 1264.47 | 541.38 Q 871.50 | 853.35 | B854.20 | 436.25 | 8
14 | 1394.58 | 1376.57 | 1377.34 | 697.95 L 743,54 | 72493 | FB.41 | 37219 | 7
15 | 1481.70 | 1463.41 | 1464.55 | 741.62 5 630,36 | 612,35 | 613.24 | 315.68 | 6
16 | 1552.56 | 1534.64 | 1535.63 | 775.96 A 543.24 | 525.41 526.37 | 27216 5
17 | 1649.71 | 1631.70 | 1632.52 | 825.15 P 472.24 | 45428 | 455.26 | 236.61 | 4
18 | 1736.74 | 1718.60 | 1719.71 | 869.29 5 375,22 | 357.22 | 358.21 | 188.12 | 3
19 | 1849.82 | 1831.81 | 1832.80 | 925.66 L 288,21 | 270,19 | 27118 | 14460 | 2
20 R 175.12 | 157.11 158.09 358.05 1
EDIS . = .. (™ ] = ] . 0.5
5 I : n .l [ "= L " " " [ " L]
soo i . I " . =
. [ ] - '- ]
-0.5 - T -0.5
san 1000 1500 ZDDD mjz

The presence of theibn run from b6 to b10 strongly suggests phosphorylation at S229

(Serine 8 in this peptide). Note that y11 is present limiting the phosphorylation event to

the first nine amino acids in the peptide.
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S230 (Typsin Digestion, CID, AScore =

20.41)

niensiy ) G [S[B [e [s [E[a[s[s [s [v[s[Q[u]s [ale[s [u]r

T miz

18[2+]
Ya-Hz0
509 Y18[2+](-38)
Y17[24]
¥4 Ve
o b17-H20(-38)
s |V AR
Y4-H2O ‘ b7 bs‘ bo V8 Y12-H20(-98) Y13 ‘ | vi7 b13
. yd_ll\lH:T Ll IL|.. JI 1||J: L ‘. .I|y1ID| ] | I ILJJ ILIIl”uH | .b:HE 1|T i Iw?_H?O
200 400 GO0 a0no 1000 1200 14DD 1EDD 1800 2000 2200
£ b b-H20 bMH3 b2+ Seq ¥ y-HZO  y-NH3 v (24) #
1| 5303 | 40,02 | 41.00 29.51 G 20
2 | 14508 | 127.05 | 128.03 | 73.03 5 1966.91 | 1943.71 | 1949.88 | 983.58 | 19
3 | 242,11 | 22410 | 225.09 | 121.56 F 1879.85 | 1861.87 | 1862.85 | 940.73 | 18
4 | 339.17 | 321.28 | 322,14 | 170.08 F 1752.84 | 1754.82 | 1765.88 | 891.85 | 17
5 | 426,22 | 408,39 | 409.17 | 213.60 5 1685.77 | 1667.76 | 1668.75 | 843.39 | 15
6 | 555.26 | 537.24 | 533.40 | 278.12 E 159,71 | 1580.86 | 1581.72 | 799.87 | 15
7 | 826,51 | 608,47 | 609.25 | 313.64 A 1469,72 | 145171 | 1452.85 | 735.35 | 14
8 | 713.37 | 695,48 | 696,41 | 357.16 5 139,75 | 1380.80 | 1381.64 | 699.83 | 13
9 | 800,43 | 782,54 | 783.32 | 400.67 5 1311,73 | 1293.73 | 1294.60 | 656,40 | 12
10 | 967.66 | 949.10 | 950.54 | 433.82 |S(+79.97) | 1224.69 | 1206.84 | 1208.01 | 612,50 | 11
11 | 1066.66 | 1048.52 | 1049,38 | 533.70 v 1057.76 | 1039.59 | 1040.57 | 529.29 | 10
12 | 115370 | 1135.02 | 1136,59 | 577.22 5 953,60 | 940,73 | 941,57 | 479.77 | 9
13 | 1281.45 | 1263.58 | 1264.61 | 641.50 Q §71.69 | 853,72 | 854.47 | 436.60 | &
14 | 1394.64 | 1378.72 | 1377.56 | 697.79 L 743,60 | 725.68 | 726.41 | 37236 | 7
15 | 1481.80 | 1453.64 | 1464.59 | 741.31 5 630,42 | 612,50 | 613.81 | 315.68 | &
16 | 1552.67 | 1534.64 | 1535.63 | 777.31 A 543,43 | 525.52 | 526,30 | 27216 | §
17 | 1649.71 | 1631.57 | 1632.68 | 825,55 F 472,36 | 454.43 | 455.39 | 236.64 | 4
18 | 1736.69 | 1718.77 | 1719.97 | 868.87 5 375.3% | 357.22 | 357.77 | 188.12 | 3
19 | 1850.06 | 1831.97 | 1832.86 | 925.69 L 288,12 | 270,19 | 27118 | 1#460 | 2
20 R 175,12 | 157.11 | 158.09 | 8806 | 1
g0s . . . 0.5
L L u
g |:| |:| n - - - L] | | - - . -l B
T " ‘l.-. -. ;.I-. ..ll. 5.. ‘- .I I.l- .‘ ue " -. =l
-0.5 — o . o — 0.5
S00 1000 1500 2000 mfz

The presence of theibn run from b6 to b16 andy ion runs from y2 to y15 strongly

suggests phosphorylation at S230 (Serine 10 in this peptide).
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S232 (Trypsin Digestion, HCD,-Score =42.61)

ntersiy %) G5 [B[B [s[E[a[s [s[s[v[s [Q[n[s[a[e s [L r

6

¥4

b4
b\}qu . -
16[24](-38)  b11-H20 3
i ‘ ol b;S]Hzllo.Lu Jhmml | | Ijbff;.%)\ n.‘1| ‘ ‘ . | I . ‘ wISI . iz
100 200 300 400 500 600 700 aon 900 1000 1100 1200 1300 1400 1400 1600 1700 1800 1800 2000
£ | b b-H2O  b-MNH3 b(24) Seq v y-H20  y-NH3 v (24) #
1 58.03 40.02 41.00 29.51 G 20
2 | 145.06 | 127.05 | 123.03 73.03 5 1966.91 | 1948.90 | 1949.88 | 983.96 | 19
3 | 24197 | 224,10 | 225.04 | 121.56 P 1580.02 | 1861.87 | 1862.85 | 940.41 | 18
4 | 339.33 | 321.23 | 322.32 | 170.08 P 1732.83 | 1704.82 | 1755.80 | 891.9% | 17
5 | 426.20 | 408.38 | 409.17 | 213.58 5 1685.77 | 1667.76 | 1668.75 | 543.36 | 16
& | 555.12 | 537.20 | 538.21 | 275.12 E 1598.74 | 1580.73 | 1581.72 | 300.03 | 15
7 | 626,37 | 608.30 | ©609.51 | 313.34 A 1469.70 | 1451.69 | 1452.67 | 735.74 | 14
8 | 713.58 | 695.38 | 696.16 | 357.16 5 1398.66 | 1350.56 | 1381.64 | 700.20 | 13
9 | 800.03 | 732.52 | 783.33 | 400.67 5 1311.63 | 1293.62 | 1294.70 | 656.61 | 12
10 | 887.59 | 869.65 | 870.35 | #4422 5 122460 | 1206.61 | 1207.57 | 612,80 | 11
11 | 986.53 | 968.57 | 969.42 | 493.72 W 1137.41 | 1119.56 | 1120.,51 | 569.18 | 10
12 | 1153.61 | 1135.53 | 1136.41 | 577.52 |S(479.97) [ 1033.50 | 1020.49 | 1021.47 | 519.36 | 9
13 | 1251.55 | 12563.558 | 1264.38 | 641.69 Q 871.65 | 853.49 | 85447 | 436,47 | 8
14 | 1394.59 | 1376.57 | 1377.56 | 897.79 L 743.61 | 725,53 | 72641 | 3724 | 7
15 | 1431.53 | 1463.61 | 1484.59 | 741.60 5 630,34 | 812,35 | 613.67 | 315.35 | &
16 | 1552.72 | 1534.62 | 1535.63 | 777.02 A 543,40 | 525.31 | 526,54 | 27216 | 5
17 | 1649.71 | 1631.70 | 1632.68 | §25.62 P 472,33 | 454.43 | 455.26 | 236.75 | 4
18 | 1736.74 | 1718.73 | 1719.71 | 868.87 5 375,35 | 357.22 | 358.22 | 188.12 | 3
19 | 1849.82 | 1831.81 | 1832.80 | 925.35 L 258,43 | 270,19 | 27109 | 14460 | 2
20 R 175,12 | 157.11 | 158.09 88.06 1
oS . 0.5
= B "
§ -, R . . L B
Foo ..:_...:.- .-.:.. e, :: - =, ®h = .
n
-0.5 T Sl B T T y y y y T y y y y T -0.5
S00 1000 1500 2000z

The presence of theibn run from b6 to b16 strongly suggests phosphorylation at S232
(Serine 12 in this peptide). Note that y8 and y10 ions constrain the phosphorylation event

to S212 (Serine 12 in this peptide).

322



S235 (Trypsin Digestion, HCD,-8core=42.61)

niensiy ) G [S[B [e[s [E[A[s[s[s [v[s[q[z[s [afe[s |u|r

40

¥9(-98)
¥18[2+]

Y9

Y4 = . ¥14-NH3
(-98) b16(-98
: ". ‘ " I.tn)? |L| '.y'?" |'. ;LLH.J.L .J.Iy.1|D..t.)II1|:T |bilﬂ4 ,JJI Iily?)‘l.. ; ‘,f1?$.lgg.2 bjgﬁigs?
200 400 00 anon 1000 1200 1400 1600 1800 2000
£ b b-H2O bMH3 b2+ Seq ¥ y-HZO  y-NH3 v (24) i3
1 58.03 40,02 41.00 29.51 G 20
2 | 145.08 127.05 128.03 73.03 5 1966.91 | 1948.90 | 1949.88 | 983.84 | 19
3 | 242,11 | 224.10 | 225.09 121.56 P 1879.88 | 1861.87 | 1862.85 | 940.73 | 18
4 | 339,51 | 32116 | 322.14 | 170.08 P 1782.91 | 1784.64 | 1766.10 | 891.83 | 17
5 | 426,51 | 408.19 | 409.17 | 213.60 5 1685.77 | 1667.76 | 1668.75 | 843.39 | 16
=] 555.41 | 537.34 | 538.21 | 278.12 E 1599.01 | 1581.17 | 1581.72 | 799.43 | 15
7| 826,51 | 608,43 | 609.25 | 313.64 A 1469.83 | 1451.61 | 1452.90 | 735.35 | 14
8 F13.37 | 99554 | 696.28 357.29 5 1398.74 | 1380.68 | 1381.72 | 699.83 | 13
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S238 (Trypsin Digestion, CID, &core =48.45)
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