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Abstract

Hepatitis C virus (HCV) is a growing health concern in Canada and around the world, as it
currently infects 3% of the global population. While there is no vaccine available against this
virus, novel and effective treatment regimens have improved prospects for the cure of HCV.
Complications caused by HCV can lead to severe liver disease and even death. The limited viral
proteome forces HCV to rely heavily on various host factors for its replication. Additionally
HCV modulates the host physiology to facilitate its pathogenesis; consequently, the in dept study
of essential host-virus interactions expands our understandingof how the virus and related
species commandere host cell machinery. This understanding can help create new therapeutic

strategies, which may have applications towards HCV and other related RNA viruses.

While numerous studies have demonstrated that HCV modulates the abundance of various host
proteins, the systematic study of the virus’s effect on the enzymatic activity has been relatively
unexplored. For this reason, activity-based protein profiling (ABPP) was applied to study the
changes in the activity of host enzymes during HCV replication. ABPP is a functional
proteomics technique that employs active site-directed probe (ABP) to report on the activity of
enzymes within complex proteomes, such as living cells. Herein, directed and non-directed
ABPs were employed for specific as well as global profiling of the alterations in the activity of
cellular enzymes during HCV replication. As a result, essential host enzymes that are
differentially active during HCV infection were identified. Furthermore, I have developed a
quantitative ABPP method for relative quantification of the cellular enzymes activity during
HCYV infection. These results contribute to the discovery of disease-associated biomarkers, with
diagnostic significance, and aid in the identification of potential targets for therapeutic

interventions.
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In addition to developing protein-based tools to study host-virus interactions, I employed a novel
technique to investigate the interactions of micro-RNA 122 (miR-122), an essential HCV host
factor, with the viral RNA genome. This in vitro screening approach, interrogates the folding of
HCV RNA using viral RNA-coated magnetic bead (VRB) to determine target site accessibility
for RNA silencing. This method predicts the relative affinity of small RNAs towards HCV
genomic RNA that are not easily predicted by informatic means, and led to discovery of potent
miR-122 interaction site within the large, highly-structured HCV RNA genome. For that reason,
VRB assay may represent an attractive tool for the examination of target site accessibility for

RNA silencing.
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Chapter 1: Introduction

1.1 Hepatitis C Virus (HCV)

1.1.1 HCV Infection

Hepatitis C infection is a global concern that affects approximately 3% of the world population
(213). Acute infection with hepatitis C is usually asymptomatic, but sometimes it can be
manifested with typical symptoms of acute viral hepatitis, such as malaise, fatigue, anorexia,
nausea, abdominal pain, jaundice, and dark wurine (250). Acute viremia can resolve
spontaneously, however, seventy to ninety percent of the infected individuals will develop
chronic infection, which can lead to fibrosis, steatosis, and hepatocellular carcinoma
(HCC)(128). Hepatitis C virus (HCV) can be transmitted by exposure to contaminated blood,
and by sexual intercourse (230). Importantly, upon liver transplantation, HCV infection of the

graft is inevitable without treatment (180).

Unfortunately, there is no vaccine available against HCV that is approved for clinical use as a
preventive strategy (153). Former regimens for treating HCV infection include pegylated type I
interferon, plus ribavirin for a period of 24-48 weeks (292, 455), which was not fully effective in
most patients, and hard to tolerate due to significant side effects (292, 455). However, the rapid
progress in the development of direct acting antivirals (DAAs), is improving the prospect of anti-
HCV therapy and achievement of sustained virological response (SVR) (31). Current interferon-
free treatment regimens combine two or three DAAs against HCV NS3, NS5A and NS5B (31).
Despite the recent breakthrough in HCV treatment, there are still some challenges left to be
addressed; such as the high pricing of DAAs, possible emergence of drug resistance or naturally
occurring polymorphism in HCV sequences which can influence the efficacy of HCV treatment
response (123, 201, 210, 287). Consequently, although exciting new therapies exist against HCV,
it still remains to be a major global health concern and it is essential to understand the
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Chapter 1: Introduction

fundamental aspects of its life cycle to develop novel treatment options and antivirals to combat

this and related infections.

1.1.2 HCV Genome and Encoded Proteins

HCV is a member of the genus Hepacivirus within the Flavivirdae family (230). Its genome is
comprised of an approximately 9.6 kb long, single-stranded RNA with positive polarity that
carries a long open reading frame flanked by the 5’- and 3'- untranslated regions (5'UTRs) (230).
The HCV genome encodes an approximately 3,000 amino acid polyprotein that is cleaved by
viral and cellular proteases into three structural proteins (core, E1 and E2), which form the
mature virion, as well as seven non-structural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and

NS5B) that are involved in viral replication (17).

Genetic diversity is a major feature of the HCV genome that renders the virus the ability to evade
the host immune response and therefore complicates the process of vaccine and therapeutic
development. Based on the sequence variance in the 5'UTR and in the regions encoding the core,
E1 and NS5B proteins, HCV is classified into 7 phylogenetically and geographically distinct
genotypes (369, 370, 376). Within genotypes, distinct clusters may be found that are called
subtypes. In terms of virulence, HCV genotypes and subtypes are similar; however, they vary in
susceptibility to direct-acting antiviral agents (DDAs) and interferons (genotypes 1 and 4 are less
responsive) (192, 365). Also, it is worth mentioning that even within each infected individual,

HCV exists as a spectrum of quasispecies (103).

1.1.3 HCYV Lifecycle

Serum-derived HCV particles associate with lipoprotein components, therefore it has been

suggested that HCV forms lipoviral particles (LVPs) (16, 289), which can facilitate virus entry
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into hepatocytes and protect the virus from antibody neutralization. HCV exclusively replicates
in hepatocytes and this tissue tropism is determined by many host factors that are involved with
different aspects of the HCV life cycle. HCV entry occurs through initial interaction of the viral
envelope proteins (E1 and E2) or virion-associated lipoproteins with low-density lipoprotein
receptor (LDL-R), which leads to the binding of the envelope proteins with several cell-surface
molecules including CD81, scavenger receptor BI (SR-BI), as well as tight junction proteins
claudin-1 (CLDN-1) and occludin (OCLN) (231). HCV particles are internalized via clathrin-
dependent endocytosis (143). pH-dependent fusion of the viral envelope with endosomes
releases the genome, which is subsequently translated through its internal ribosome entry site
(IRES) into a long polyprotein (232). The host signalase and signal peptide peptidase enzymes
cleave the HCV polyprotein within the structural proteins (312). Next the NS2-NS3 junction is
autocleaved by NS2-NS3 cysteine protease, and the remaining protein junctions are separated by
the NS3-NS4A serine protease (146, 147). Following their synthesis, all the HCV non-structural
proteins are recruited to the endoplastic reticulum (ER) membrane (90). NS4B that has a
hydrophobic structure, rearranges the ER membranes to form the membranous web (MW) (67)
consisting of double membrane vesicles (93, 94). Membranous web is the primary site of the
viral replication (94, 124), where the viral RNA-dependent RNA polymerase (RdRp), NS5B,
synthesizes the anti-genomic minus-strand and the subsequent genomic plus-strand RNA (164).
Next, the Core protein which becomes associated with lipid droplets (LDs) following translation
and processing (150, 260), is recruited to the replication complex through the interaction with
NSS5A and NS2 to encapsidate the genomic RNA and form the premature viral particle (69, 231,
400). The emerging virion is then recruited to the Golgi network by interactions with several

essential host factors residing at the trans-Golgi network (13, 14), where it is coated with
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glycosylated E1 and E2 proteins (417). Virion maturation and release occur through association
with VLDL via the Golgi secretory pathway (106), and eventually the mature viral particles
egress by budding from the plasma membrane (229, 231). The details of molecular mechanisms

involved in the HCV particle assembly and secretion are still under investigation.

1.1.4 HCV Study Models

1.1.4.1 Model Systems In Vitro

For nearly a decade after the discovery of HCV in 1989, there was no in vitro model to study
viral replication and protein function (238). In 1999, Lohman and co-workers established the
first non-infectious subgenomic replicons of HCV from genotype 1b. In this replicon system, the
open reading frame (ORF) encoding for Core to NS2 was replaced with a reporter gene (firefly
luciferase) or a selection marker (neomycin phosphotransferase, which provides resistance to
G418). Expression of the HCV replicase proteins (NS3-NS5B) is driven by the
ephalomyocarditis virus (EMCV) IRES element, while the HCV IRES serves for the synthesis of
the reporter or the selection marker (Figure 1-1A, B) (204, 239, 240). Consequently, after
transfection into the permissive human hepatoma cell line (Huh7), only the cells supporting
efficient HCV replication express sufficient amounts of the reporter or the selection marker and
thus can be selected to establish cell lines that stably express HCV replicon RNA. Later on, bi-
and tri-cistronic replicon systems have been developed that contain the entire HCV genome and

are called full-genomic replicons (Figure 1-1C) (131, 160, 318).

In 2005, Wakita and co-workers reported the first, and so far the only infectious isolate of HCV
derived from genotype 2a, designated JFH-1, and was cloned from the serum of a Japanese

patient with fulminant hepatitis (424). Since then, various chimeras between JFH-1 and other
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genotypes, as well as JFH-1 isolates with adaptive mutations that allow for more efficient
replication in cell culture, have been developed (80, 280, 317, 345). This infectious model has
provided an excellent system for the study of the HCV life cycle, virus-host interactions and

evaluation of antiviral agents.

1.1.4.2 Model Systems In Vivo

For many years the only available in vivo model for HCV was chimpanzees. This model was
instrumental to the understanding of the clinical course of HCV infection, transmission, immune
response, and tissue tropism (211). However due to the limited availability, the cost for acquiring
and maintaining chimpanzees, along with ethical considerations, the use of this animal model is

now banned in Europe and by the NIH, and very restricted in other countries (135, 251).

Therefore the development of a small animal model that allows for robust HCV infection was

crucial for the HCV studies.

Since rodent hepatocytes do not support the HCV entry and replication (321), a chimeric mouse
model was developed by Dr. Kneteman and colleagues that allows for the HCV infection to
physiologically relevant titers. In this model, primary human hepatocytes are transplanted into
immunodeficient (SCID) mice carrying a plasminogen activator transgene driven by the albumin
promoter (Alb-uPA). Since the expression of Alb-uPA transgene is lethal to hepatocytes, only
mice with livers that are nearly completely repopulated by the transplanted human hepatocytes
can survive (399). Such human liver chimeric mice then become susceptible to HCV infection
and can support HCV infection in the absence of adaptive immune response (266). In this
chimeric mouse-model, not only HCV replication occurs at biologically relevant levels, but also

infectious viral particles are produced and released (266, 425). The uPA-SCID mouse model has
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A

Tricistronic Subgenomic replicon
B

Bicistronic Subgenomic replicon
C

Full-length genomic replicon

Figure 1-1. Schematic representations of the HCV replicon systems. Expression of the HCV proteins is driven by the
ephalomyocarditis virus (EMCV) IRES element, and the HCV IRES serves for the synthesis of the Luciferase (Luc)
or Neomycin. (A) and (B) Subgenomic HCV replicons. (C) full-length genomic HCV replicon. All replicon systems
demonstrated are derived from genotype 1b.
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been efficiently used to study the host-virus interactions, as well as to assess the efficacy of anti-

HCV agents (251).

In spite of its usefulness, the uPA-SCID mouse model has several limitations, including the
absence of the adaptive immune response. For this reason, genetically humanized mice were
generated that carry some of the known human restriction factors for the HCV entry such as
CD81, SR-BI, CLDN-1, and OCLN (89). This immune-competent ‘“humanized” murine model
supports HCV entry but not the replication (422), therefore recently a novel transgenic mouse
has been developed that allows for the complete HCV life cycle. In addition to expressing the
human entry factors for HCV, these mice are STAT1 or IFNaf receptor deficient and thus are
drastically impaired in type I and III IFN signaling (involved in innate immune response) (88).
The humanized mouse model can be specifically employed to examine the efficacy of the HCV

entry inhibitors, and vaccine candidates.

1.1.5 Host Factors Essential for HCV Replication

The limited viral proteome forces HCV to rely heavily on cellular factors for every step of its life
cycle: For example, HCV entry occurs through the interaction of the viral envelope proteins with
the host receptors (89, 231). Viral polypeptide is synthesized by the host cell protein synthesis
machinery and its subsequent processing into ten viral proteins depends on cellular proteases.
Host-mediated post-translational modifications of the viral proteins, such as glycosylation of E1
and E2 (122), and phosphorylation of NS5A (333), as well as direct interactions with cellular
factors such as F-box and leucine rich repeat protein2 (FBL2) (426) and liver-specific
microRNA miR-122 (177, 178, 426), are also deemed essential viral protein maturation and

replication. Furthermore, viral particle assembly and release require the cellular pathways for
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lipid metabolism as well as very low density lipoprotein (VLDL)/low density lipoprotein (LDL)

assembly and secretion (267, 416).

Because the major problem with direct-acting antivirals is the emergence of resistant mutants,
targeting the essential host factors for the HCV life cycle represents a strategy for antiviral

design, as escape mutations are less likely to occur (190).

1.1.5.1 HCV & microRNA-122

MicroRNAs (miRNAs) are a class of endogenous non-coding small RNAs that regulate virtually
every biological process including cell cycle, differentiation, metabolism, and apoptosis (30,
105). miRNAs originate from the nucleus as pri-miRNAs and undergo subsequent cleavages by
cellular ribonucleases (RNases), to create approximately 22-nucleotide (nt) mature miRNAs
(195, 439). Mature miRNAs function as a component of miRNA-induced silencing complex
(miRISC) and exert their regulatory effects by Watson-Crick base pairing between 7-8
consecutive bases in the 5’ end of miRNAs (referred to as the ‘seed’ sequence) and the 3’UTR of
the target mRNA (59). As part of the RNA silencing pathway, miRISC binding generally

induces either mRNA destabilization or translational repression (59).

MicroRNA-122 (miR-122) is a highly abundant, liver-specific miRNA that is involved in
cholesterol metabolism and suppression of hepatocellular carcinoma (218). Aldolase A (AldoA)
and N-myc downstream regulated gene 3 (Ndrg3) are two known cellular targets of miR-122,
which regulate cell metabolism and growth, respectively (97, 100). miR-122 is also involved in
maintaining iron homeostasis by repressing hemochromatosis (Hfe) and hemojuvelin (Hjv)
mRNAs, which function as activators of hepcidin that regulates iron availability (176).

Moreover, several proto-oncogens such as cyclin G1 and the insulin-like growth factor 1 (IGF-1)
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receptor are among the direct targets of miR-122, implicating the regulatory role of miR-122 in

tumorgenesis (22, 108).

Interestingly, miR-122 also positively modulates HCV transcription, translation, and genome
stabilization (144, 169, 177, 178). Within the UTRs of the HCV genomic RNA, three highly
conserved miR-122 recognition elements (MREs) exist: two in the 5’UTR and one in the 3’UTR
(144, 177, 178). The interaction of miR-122 with the seeds sites in the 5’UTR of the HCV

genome is vital for the viral life cycle (437).

Due to the crucial role of miR-122 in HCV replication cycle, locked nucleic acid (LNA)-
modified phosphorothioate oligonucleotide that binds to and sequesters microRNA-122
(miravirsen) is in phase II clinical trial and has demonstrated promising results (119, 170). It is
noteworthy that miR-122 is also a tumor suppressor; therefore it has been recommended that
treatment with miR-122 antagonists should be carried out with caution and in short duration

(437).

1.1.5.2 HCV & Host Lipid Metabolism

HCV depends on the host cell lipid biosynthesis and secretion as well as altered membrane
structures in order to replicate (183, 271, 316, 348). For this reason, HCV hijacks elements of the
cellular lipid metabolism and VLDL/LDL assembly pathways. Numerous genome-wide RNAi
screens have also revealed that host genes involved in lipid metabolism, membrane biogenesis,
and trafficking are crucial for HCV replication (40, 41, 209, 222, 394). HCV components,
including those responsible for viral particle assembly, closely associate with lipid droplets (LD)
(50, 245). Consequently, HCV employs various mechanisms to increase the cellular lipid

content, including induction of lipid biosynthesis, impeding PB-oxidation of fatty acids, and

10



Chapter 1: Introduction

hindering secretion of VLDL/LDL (32, 270, 315, 363, 391). This disturbance of lipid
homeostasis leads to the development of liver disease and steatosis in HCV infected patients
(414). In fact, steatosis is the main feature of chronic HCV infection, with a reported prevalence

of 40%-80% (5).

There are several known molecular mechanisms that contribute to HCV-induced steatosis, such
as activation of the steroid responsive element binding proteins (SREBP 1c and 2), which control
the expression of enzymes involved in fatty acid and cholesterol metabolism, along with
inducing de novo lipogenesis (388). Moreover, HCV inhibits the transcription of peroxisome
proliferator activated receptors (PPAR o and vy) that control the transcription of enzymes
responsible for fatty acid oxidation (77), such as the carnitine palmitoyltransferase-1 (CPT-1),
the rate-limiting enzyme of mitochondrial B-oxidation (66). Finally, it has been shown that HCV
core protein interferes with VLDL assembly by reducing the activity of microsomal triglyceride
transfer protein (MTTP) and thus impairs the process of lipid secretion (270). All these processes

contribute to the development of steatosis by HCV.

Several studies have reported that hepatic steatosis is negatively correlated with achievement of
sustained virological response (SVR) after peg-interferon and ribavirin treatment (338, 343, 361,
445). Moreover, it has been demonstrated that steatosis is a risk factor for the development of
HCC (209, 297, 310). Therefore, a better understanding of the molecular basis of the HCV-
induced steatosis, will likely result in a more successful handling of the disease as well as

improved antiviral success rates.

11
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1.1.5.3 Induction of Internal Membrane Biogenesis during HCV Replication

Hepatitis C virus, like other plus-strand RNA viruses, promotes the rearrangement of
intracellular membranes to form viral replication complexes. It also induces the enrichment of
phosphatidylinositol 4-phosphate (PI4P) pools near its replication and assembly sites, by
activating phosphoinositide 4 kinases (PI4Ks) in endoplastic reticulum (ER) and the Golgi (34,
40, 334, 364). Moreover, genome wide siRNA screens have identified the PI4P pathway to be

critical for HCV replication (34, 40, 334, 364).

Phosphatidylinositol (PI) is an essential phospholipid component of the eukaryotic cell
membrane that can be phosphorylated at positions 3, 4, and 5 of the inositol ring to generate
phosphoinositdes (PIPs). There are seven known PIPs in eukaryotic cells, which have distinct
biological role. A number of phosphoinositide kinases and phosphatases control the production
and conversion of phosphoinositide species. Thus far, 19 phosphoinositide kinases (PIKs) and 28
phosphoinositide phosphatases have been identified in mammalian cells (354). The localization
of PIPs provides codes that define the identity of different cellular membranes and associated
organelles. PI4P, the most abundant cellular PIP, is mainly produced by the
monophosphorylation of PI at the D-4 position of the inositol ring by one of the four
different phosphoinositide 4 kinases (PI4Ks). PI4Ks have been categorized into two types; type
IT are sensitive to adenosine while type III demonstrate sensitivity to Wortmannin (23). Based on
the domain structure, there are two isoforms of each type of PI4Ks; PI4KlIla and PI4KII;

PI4KIIIa and PI4KIIIP (also known as PI4K}).

Due to the recruitment and activation of PI4KIIlo, HCV-induced membranous web is enriched
with PI4P (34, 335). However, the significance of the Golgi-localized PI4KIIIB (126) in the life

cycle of HCV remains controversial. siRNA knockdown studies have revealed that PI4KIIIf

12
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silencing has a stronger effect on reducing the replication of HCV genotype 1b compared to
genotype 2a (35, 154, 335, 395). Also, there is growing evidence that PI4P and its binding
proteins at the Golgi play a key role in viral secretion. Therefore, it has been suggested that

PI4KIIIB is involved in the HCV secretion (40, 68).

Another significant PIK in HCV infection is PI3K. Several studies have indicated the activation
of the PI3K/Akt pathway during HCV infection. PI3K is the kinase responsible for the
production of PI(3,4)P2 as well as PI(3,4,5) P3, which in turn act as secondary messengers for
several signalling pathways. HCV NS4B and NS5A have been shown to increase PI3K activity
(306, 386, 387). Moreover, the PI3K/Akt pathway is also implicated in promoting de novo
lipogenesis by activating SREBPs in response to insulin (223). These findings suggest multiple

roles of PI3K in HCV replication cycle.

Since the above mentioned lipid kinases play important roles in the life cycle of many viruses
from various viral families, such as Rous sarcoma virus (an alpharetrovirus), Epstein—Barr virus
(a DNA Herpesvirus), HIV-1 (a Retrovirus), SARS (a Coronavirus), multiple Picornaviruses and
Coxackivirus (27, 79, 303, 356, 447), they can be excellent targets for developing panviral
therapeutics. For example AL-9, a member of the 4-anilino quinazoline class of compounds,
which inhibits PI4KIIla and prevents membranous web formation, has been shown to have anti-

HCV effect (38).

1.2 RNA Silencing

RNA silencing or RNA interference (RNAi), is the major regulator of gene expression in
eukaryotes (262). RNA silencing is mediated by double-stranded RNA (dsRNA), which is

cleaved into small RNA duplexes of 21-30 nucleotides (nt) by cellular ribonucleases. These
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small RNA duplexes mediate gene suppression by targeting complementary RNAs and lead to a
combination of translational repression, transcript destabilization and degradation, as well as
transcriptional suppression (130, 134, 461). There are two major classes of small noncoding
RNAs; the short interfering RNAs (siRNAs) associated with RNA silencing and endogenous
micro-RNAs (miRNAs) implicated in the regulation of gene expression. Due to its efficiency,
RNAI is being considered as an important tool not only for functional genomics, but also for
specific therapeutic strategies that directly target the viral RNAs or mRNAs of disease-related

genes (7).

1.2.1 Antiviral Effect of RNA Silencing

Besides developmental regulation of gene expression in eukaryotes, RNA interference is
involved in adaptive protection against viruses, and defense against transposable elements (134,
320, 429). Viral dsSRNA molecules are produced in cells that are infected with diverse types of
viruses (76, 185). Also, ample studies have demonstrated that viral replication triggers antiviral
RNA silencing immunity in plants and invertebrates, through processing of viral dsSRNA into
siRNAs, and therefore conferring the antiviral state in these organisms (76, 185, 326, 392). In
mammals, while viral dsSRNAs are the activator of the innate immune response that limit viral
spread by impacting on cellular translation and cytokine production, as well as promoting cell
death (115), viral genomes have complex interactions with the host miRNA pathway (374, 401).
Several mammalian viruses, including members of the Herpesvirus family and human
immunodeficiency virus 1 (HIV-1), have been demonstrated to encode viral miRNAs that
regulate host or viral gene expression (367, 390, 397). Importantly, endogenous cellular miRNAs
have also been shown to specifically interact with mammalian viruses to limit their replication

(214, 309, 349, 401). In contrast, a highly abundant, liver-specific, miR-122 facilitates the
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replication of HCV (discussed in more detail in Chapter 3). These findings implicate small
RNAs and the RNA silencing pathway as important regulators of viral infection, invasion and

persistence in mammalian cells.

1.2.2 RNA Silencing Pathway

Precursor miRNAs are transcribed by the RNA polymerase II or III and processed by the cellular
ribonucleases such as Dicer and Drosha into mature miRNAs (30, 130, 446). siRNAs and
miRNAs guide a multi-subunit ribonuclease, containing an Argonaute (AGO) protein, referred to
as RNA-induced silencing complex (RISC) (95). Once the small dsRNAs are assembled into
RISC, the AGO protein unwinds the duplex and one strand of the small RNA is used as a guide
(the guide strand) to target homologous RNA, and the other strand (the passenger strand) is
degraded immediately by the cellular exonucleases (Figure 1-2) (258, 330). The thermodynamic
stability at the ends of the small RNA duplex determines which strand is incorporated into RISC;
in fact the 5’ end of the guide strand is less stable than the 5’ end of the passenger strand (157,
329). Upon hybridization of the guide strand with its target RNA, the AGO protein mediates
cleavage of a single phosphodiester bond in the target RNA, between nt 10 and 11(95). The
cleavage products are subsequently degraded by the cellular 3’ and 5° exonucleases, as the
resultant RNA cleavage products do not have the 5’ cap and poly(A) tail (298). The RISC
complex can then be recycled to mediate multiple rounds of cleavage in an ATP-dependent
manner (158). Therefore, this process leads to a highly efficient and sequence-specific

knockdown of a particular gene.

1.2.3 Factors Affecting the Efficiency of RNA Silencing

Many factors contribute to the overall efficiency of RNA silencing. Numerous studies have led
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to the establishment of parameters that, when incorporated into a rational siRNA design
algorithm, increase the probability of selecting an effective siRNA (i.e. one capable of silencing
gene expression by >50%) (96, 148, 339). Firstly, siRNAs should have a G+C content between
30-52% (96, 148, 339). High G+C content can inhibit duplex unwinding, whereas low G+C
content is associated with decreased functionality, likely due to a lower target affinity and
specificity (39, 339). The G+C content also typically correlates with accessibility (96, 191, 339);
however, relying on G+C content alone may result in a large number of predicted false negatives
(139). Designed siRNAs should have a low internal stability at the 3’ terminus of the sense
(passenger) strand since this will determine which strand of the duplex will be incorporated into
RISC (191, 339, 357). In addition, siRNAs should lack inverted repeat sequences since
palindromes can cause internal secondary structures that result in poor RISC loading (339).
Lastly, several sense (passenger) strand base preferences have been described which correlate
with increased siRNA efficacy, including an A base at position 3, a U base at position 10, the
absence of a G base at position 13 and the presence of an A/U base at position 19 (339). The
preference for a U at position 10 likely reflects the RISC endonuclease’ preference to cleave the
3’ end of U>A,G>C (96, 339) and the A/U at position 19 is likely a reflection of strand selection

(191, 339, 357).

Despite a rational approach to siRNA design, only a fraction of siRNAs are effective at reducing
the expression of their RNA targets, also the efficiency of different siRNAs directed against the
same target often varies significantly (148, 293, 347). Additional parameters must therefore
algorithms, despite the fact that target site accessibility is known to hamper efficient knockdown

(46, 54, 203, 415, 444).
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Figure 1-2. The RNA silencing pathway. The basic mechanism for RNA silencing is the cleavage of dsRNAs in the
cytoplasm into small RNA duplexes (siRNAs and miRNAs). The cleavage of dsRNAs, which can have endogenous
or exogenous origins, occurs by Dicer and the resultant 21-23nt dsSRNA duplexes with symmetric 2-3nt 3'
overhangs and 5'-phosphate and 3'-hydroxyl groups, are then incorporated into the RISC that unwinds the small
RNA duplex and uses the guide strand to target the complementary RNAs for degradation, translational inhibition,
or accelerated deadenylation. (Adapted from Sagan, SM. 2009. Development of Protein- and RNA-based Tools for
Studying Small RNAs Using Tombusvirus p19 and Native Target RNA Microarrays. Ph.D. thesis, University of
Ottawa. Canada)
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affect the efficiency of siRNAs, such as target site accessibility or the presence of RNA binding

proteins. These parameters are not taken into account by many currently available siRNA design

Applications of RNA Silencing

Through conserved pathways in eukaryotes from yeast to humans, small noncoding RNAs direct
molecular machinery to silence gene expression (162). More recently, RNA interference has
become a standard tool in molecular biology for understanding gene function and is being
pursued extensively for therapeutic purposes. Since RNA silencing causes effective down-
regulation of gene expression, it provides a simple alternative to creating knock-out cell lines or
transgenic animals for gene investigations (26). Moreover, RNAi has been successfully used
against many infectious agents such as viruses (118, 173, 331), although viruses are often able to
escape RNAi-mediated silencing by accumulating point mutations within their genomes (149,
421, 436). Nevertheless, RNAi has been widely used as an experimental tool that has recently

become the focus of drug development efforts to treat a variety of diseases and disorders.

The endogenous mammalian RNAi system, miRNAs, regulate almost every cellular process,
thus their aberrant expressions have been associated with a wide variety of pathological
conditions, such as those associated with cancer, autoimmune diseases, viral infections, and stem
cell development (15, 28, 81, 159, 308, 313, 419). This revelation makes them attractive targets
for molecular-based therapies. The premise is that the improvement of a disease symptoms or
even cure is possible if we can employ reliable techniques to alter miRNA levels in specific cells
and tissues. There are two main strategies that can be employed to achieve this goal: The first is
the use of synthetic miRNA mimics to restore the expression level of a particular miRNA back to
normal levels (242), and the second strategy is the use of miRNA “sponges” to block the action
of over-expressed miRNAs (242). However, these strategies present with serious challenges as
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most miRNAs are pleiotropic thus altering levels of any given miRNA may result in unintended
consequences (308). Nevertheless, miRNAs have a promising future to be used as diagnostic and
prognostic markers for many diseases as well as becoming therapeutic targets. Consequently
RNAI technology is being perused as a novel therapeutic strategy to modulate gene expression,

combat infections, as well as metabolic and developmental diseases.

1.3 Proteomics

It has been estimated that the human genome encodes for about 20,300 proteins (136). In a single
cell, approximately 10,000 proteins are expressed (33, 340). However, non-synonymous single
nucleotide polymorphisms (nsSNPs), alternative splicing, and post-translational modifications
(PTMs), have made the human proteome extensively complex (1, 2, 466). Moreover, while the
mRNA levels can highly correlate with the protein levels; transcriptomics does not take into
account protein degradation rates, PTMs, protein localizations and concentrations inside the
cellular compartments (340, 466). Therefore, proteomics data correlate better with the biological

phenotypes than mRNA data (340, 466).

It has been more than three decades that liquid chromatography-tandem mass spectrometry (LC-
MS/MS) has become the main method for protein analysis. In this method, which is also called
shotgun or bottom-up proteomics, proteins are extracted, denatured, enzymatically digested, and
chromatographically separated prior to mass spectrometry (MS) analysis. Tandem MS first
measures the mass-to-charge ratio of the eluting ionized peptide, and then selects the peptide

ions individually to obtain sequence information (441).

In order to comprehensively analyze the human proteome, the shotgun method has been

improved at each and every step. For example, digestion with multiple enzymes, extensive
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protein and peptide fractionation, as well as long operation and processing MS times, allowed for
deep coverage of proteome in several cell lines and tissues (120, 195, 273, 281, 433).
Furthermore, the technological advances in high throughput and high-resolution MS methods
have generated the scale of data comparable to genomic and transcriptomic technologies (340).
This poses a computational challenge that requires robust informatics tools that allow for

comparative and quantitative analyses.

The advances in proteomics have led to a shift in the focus of the research community to
functional mapping of physiologically and pathologically relevant proteomes (48). Today,
extensive research is dedicated to map the spatiotemporal fluctuations of proteomes responsible
for various cellular activities in response to stimuli or perturbations, to better understand the
molecular basis for human diseases and develop potential therapeutic interventions. Moreover,
proteomics holds great potential to characterize clinically useful biomarkers for diagnostic and
prognostic purposes (48, 340). As such, proteomics, together with other “omics”, will greatly

advance the developing field of molecular medicine (65, 278).

1.4 Functional Proteomics

Recent advances in genomic and proteomic technologies have created a wealth of knowledge
regarding the proteins encoded by the eukaryotic and prokaryotic genomes, as well as alterations
in their expressions during various physiological states. However, determining the function of
these proteins and relevance of these expression changes in complex biochemical pathways
remained challenging. Moreover, protein activities are affected by complex molecular
interactions and post-translational modifications. Therefore, effective methods were required to

decipher the myriad functions of proteome and their modes of regulation.
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1.4.1 Activity-Based Protein Profiling (ABPP)

Activity-based protein profiling (ABPP) is a groundbreaking functional proteomic strategy that
allows examining the catalytic states of enzyme classes in native biological systems, assigns
function to proteins with unknown functions, and provides insight into enzymes mechanisms (28,
70). In this strategy, small molecule inhibitors, which are conjugated to reporter or affinity tags,
are exploited to target the catalytic active sites of different enzyme classes (28, 70, 257) (Figure
1-3). Labeled proteins are then purified and subsequently identified by mass spectrometry. These
active-site directed probes, which are also referred to as activity-based probes (ABPs) are
designed with the intention of exploiting conserved mechanistic features of their targeted enzyme
family (70, 101, 172, 381). The reaction between the ABP and its active protein targets usually
results in an irreversible covalent bond, which facilitates subsequent analysis through the
reporter or affinity tag. As such, ABPP enables us to identify differentially active proteins in
complex cellular micro-environments; this is particularly important as enzyme activity does not
necessarily correlate with its abundance (70, 364). ABPP thus has the potential to make
important contributions to understanding human physiology and pathology, by advancing the

fields of biomarker discovery, in vivo imaging, and drug target discovery.
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Figure 1-3. Activity based protein profiling. Activity-based probes consist of small molecules that are able to make
covalent bond to the active site of a specific enzyme or an enzyme family. These probes are conjugated to either a
fluorescent (A), or biotin (B) tag, so that their targets can be identified by in-gel fluorescence, or mass spectrometry

respectively.
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ABPP studies have been applied in virology to identify the alterations in the host enzymatic
functions, assign catalytic functions to previously uncharacterized viral proteins, visualize altered
cellular proteome, develop new antiviral therapeutics and viral diagnostics (41, 42, 301, 344,
372). Thereby ABPP can be employed to interrogate the catalytic state of the host enzymes
involved in HCV infection, leading to the identification of novel host factors with clinical
importance in HCV pathogenesis and persistence. Moreover, ABPP allows for the screening of

small molecules with inhibitory potential that can subsequently be used as drugs (290).

1.4.1.1 Activity-Based Probes (ABPs)

Based on the nature of the reactive warhead, ABPs can be categorized into at least three different
classes: directed or mechanism-based ABPs, substrate-based ABPs and non-directed ABPs (42,
70). Directed ABPs have an electrophile inhibitor as the reactive group that binds to the catalytic
amino acid residue of the target enzyme via a nucleophilic attack (Figure 1-2). Examples of
class-wide mechanism-based ABPP probes include electrophilic phosphonate esters, modified
fluoroglycosides, and natural products like wortmannin and microcystin that target serine
hydrolase, glycosidase, kinase and threonine phosphatase families, respectively (235, 236, 368,

418, 454).

Although mechanism-based ABPs are effective in targeting enzyme families with known
covalent inhibitors, many enzyme classes do not use conserved active-site nucleophiles or
electrophiles to catalyze their enzymatic reactions and thus cannot form covalent adducts with
mechanism-based suicide inhibitors. To expand the number of enzyme classes addressable by
ABPP, non-directed ABPs that contain mild reactive electrophiles were developed (3, 4). For
example, non-directed sulfonate ester (3, 372), a-chloroacetamide (29), and spiroepoxide (36)

probes successfully labeled different enzyme families with various cellular roles.
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1.4.1.1.1 In Situ/In Vivo Activity-Based Probes

Initially ABPs were applied with bulky reporter groups (i.e. fluorophore or biotin), which limited
their uptake and distribution in cells and tissues. Consequently, early ABPP experiments were
only carried out in vitro, on homogenized cells or tissues. Since physical disruption of cellular
membranes and organelles may alter the concentrations of endogenous protein
activators/inhibitors, in vitro labeling can only approximate the functional state of the targeted
enzymes (380, 381). In response to these limitations, and in order to provide a more
physiologically relevant enzymatic profile, a “tag-free” version of ABPP was developed. In this
approach, ABPs that bear a small bio-orthogonal functional group, such as a terminal alkyne (=)
or azide (N3), were designed , so that can react via Huisgen's 1,3-dipolar cycloaddition (click
chemistry) to form a stable triazole products (202). Therefore to visualize or isolate the enzymes
bound to the in situ ABPs, the labeling is followed by a “click” reaction between the probed
proteins and the “clickable” fluorescent or affinity tags (Figure 1-4C) (381). The small size of
these bio-orthogonal groups greatly improved the ABP cell permeability for in situ and in vivo

proteome labeling (42, 291).

1.4.1.2 Comparative ABPP

Comparative ABPP is the most common application of ABPP in biology that could lead to target
discovery. In this approach, two or more different proteomes are comparatively analyzed in
parallel to identify distinct biological properties (e.g. healthy versus disease, or normal versus
abnormal) (Figure 1-4A). Then the altered enzyme activities identified by ABPP can be
hypothesized to regulate a certain phenotype (291, 381). Further experiments are then required to

test such hypotheses.
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Figure 1-4. Applications of ABPP to study viral replication and infection. (a) Comparative ABPP has been
extensively used to screen for differentially active enzymes during viral propagation with the potential to become
therapeutic and diagnostic candidates. (b) Competitive ABPP is being used to screen inhibitor libraries and
determine the specificity and sensitivity of potential therapeutics against both host and viral enzymes involved in the
viral life cycle. (¢) Comparative and imaging ABP probes have been used in situ by using the bioorthogonal click
chemistry to monitor the variability of subcellular enzymatic activity induced by viral pathogenesis and the general
experimental flow is depicted (adapted from (42)).
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Comparative ABPP has been applied in virology to compare the differential activity between
healthy and virus infected host proteomes (Figure 1-4A). Viral proteins and their altered host
proteomes are good candidates for comparative ABPP analyses, since viruses usually have a
manageable number of proteins, and coordinated host-virus interactions are indispensible for
every step of the viral replication. Essential host enzymes that show differential activity during

viral infection have the potential to be considered as antiviral targets (41, 42, 301, 372).

1.4.1.3 Competitive ABPP

Another important application of ABPP is the discovery of enzyme inhibitors. In this approach,
inhibitors are screened and identified by their ability to compete with ABPs for the enzyme
active sites, therefore potent inhibitors are able to outcompete and thus block probe labeling of
their specific targets (Figure 1-4B) (28, 70). Since ABPP allows for performing inhibitor assays
on enzymes in their native conformation, there is no need to for recombinant expression and
purification of enzymes. Moreover, high throughput screening for inhibitor potency and
selectivity is possible with competitive ABPP, as a library of compounds can be tested against

many enzymes in parallel (21).

While conventional antiviral drugs focus on targeting viral proteins to minimize side effects, the
limited number of viral targets and the rapid emergence of drug-resistant viral mutations urged
the exploring the host cell targets as alternatives for antiviral therapeutics. For that reason,
competitive ABPP has recently been applied for screening and testing antiviral drugs against
SARS Coronavirus and the Ebola pseudotype virus (12, 42, 360). Modern virology and antiviral
drug discovery are thus expected to be benefited by ABPP. The high-throughput characterization
of newly identified antiviral targets, as well as inhibitor discovery, may lead to the development
of novel viral diagnostics and antiviral therapeutics.
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In conclusion, ABPP is a valuable technique for providing unique information on the
enzymatically-active proteome, which complements other large-scale profiling methods, such as
abundance-based proteomics, SILAC, microarray, and systems biology approaches. The future
challenges for the application of ABPP in virology will be to determine which of the myriad of
host enzymes are essential for virus infection. These newly identified ABPP candidates will

represent novel targets for the development of viral diagnostics and antiviral therapeutics.

In this thesis, I report the application of several known and novel, directed as well as non-
directed ABPs, in investigation of alterations in the host enzymatic activities during HCV
replication. Herein, the results of these specific and global profiling assays, which led to the

discovery of a number of novel host factors for HCV, are presented and discussed.
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2.1 Introduction

The methodology described in this chapter is designed to investigate the interactions of HCV
with the essential host factors during its replication, with an intention to provide insight into the
unexplored aspects of the HCV life cycle. For this purpose, I have employed RNA-based, as well
as protein-based techniques to analyze the effect of several different host factors on HCV
replication cycle. As such, this chapter provides details of the two complementary approaches

used: miRNA seed-site accessibility assays and activity-based protein profiling assays.
2.2 HCV Replicons and Viruses

HCV subgenomic replicons (genotype 1b, Conl, Genbank Accession Number: AJ242654),
pFKI389ne0/NS3-3°/5.1 and pFKI3891uc/NS3-3°/5.1 plasmids, were kindly provided by Ralf
Bartenschlager (Institute of Hygiene, University of Heidelberg, Heidelberg, Germany). The
replicons harbour either neomycin resistance (neoR; pFK-1389neo/NS3-3°/5.1) or the firefly
luciferase (luc; pFKI389luc/NS3-3°/5.1) gene at the 5’ end, driven by the HCV IRES, but
otherwise are identical and express the HCV non-structural proteins (NS3 to NS5B) from the
encephalomyocarditis virus (EMCV) IRES and are described previously (240). Insertion of SL V
and VI of the core ORF into the pFK-13891luc/NS3-3°/5.1 replicon was done using SL-Nrul/Ascl
oligonucleotide (Table 2-1) (Sigma-Aldrich, Oakville, ON). The fragment was excised with Nrul
and Ascl and inserted into pFK-I389luc/NS3-3°/5.1 replicon. Mutagenesis of the pFK-
13891uc/NS3-3°/5.1 replicon was performed using QuikChange Lighting kit (Stratagene, La
Jolla, CA), and primers are listed in Table 2-1 according to the manufacturer’s protocol. JFH1t
harbors 3 amino acid changes that enhance infectious virus production and was derived from the

cell culture-adapted JFH1 strain JFH-AMI, as previously described (345).
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Table 2-1. Sequence of oligonucleotides.

T

Oligo name Position Sequence

Mutagenic Primers

MRE 1 Forward 9-45 5'-ccgattgggggcgacacagcaccatagatcactceee-3'
MRE 1 Reverse 9-45 5'-ggggagtgatctatggtgctgtgtcgcecccaategg-3'
MRE 2 Forward 21-62 5'-gacactccaccatagatcacagccctgtgaggaactactgte-3'
MRE 2 Reverse 21-62 5'-gacagtagttcctcacagggctgtgatctatggtggagtgtc-3'
MRE 3 Forward 9373-9409 5'-gaacggggagctaaacacagcaggccaataggecate-3'
MRE 3 Reverse 9373-9409 5'-gatggcectattggectgetgtgtttagetceecgtte-3'

MRE 4 Forward 8789-8826 5'-ggagacagctagacacacagcagtcaattcctggetag-3'
MRE 4 Reverse 8789-8826 5'-ctagccaggaattgactgctgtgtgtctagetgtctee-3'

MRE 4nc Forward 8781-8819 5'-getgegtgggagacagcetagacatacgecagtcaattce-3'
MRE 4nc Reverse 8781-8819 5'-ggaattgactggcgtatgtctagetgtctcecacgeage-3'

Stem Loop Sequence Insert

5'-gcgaaaggccttgtggtactgectgatagggtgcttgegatgc
ccecgggaggtetcgtagaccgtgeaccatgageacgaatcctaaacctcaaag
SL-Nrul/Ascl 272-549 aaaaaccaaacgtaacaccaaccgccgeccacaggacgtcaagttccegggc
ggtggtcagatcgttggtggagtttacetgttgecgegeaggggceccaggttg
ggtgtgcgcgegactaggaagacttccgageggte ggecgegee-3'

f- positions in reference to full length HCV genotype 1b isolate Conl genome (Genbank accession #: AJ238799.1)
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2.3 Cell Culture

All cells were maintained at 37°C, 5% CO; in a humidified incubator. Huh7 and Huh7.5 cells
were grown at 37 °C, with 5 % CO» in Dulbecco’s Modified Eagle Medium, 10 % fetal bovine
serum (FBS) (NorthBio), 50 units/mL penicillin and 50 pg/mL streptomycin. Hela cells were
maintained in Minimum Essential Medium (MEM; Invitrogen, Burlington, ON, Canada)
containing 10% FBS, 50 U/mL penicillin, 50 mg/mL streptomycin and sodium pyruvate.
Additionally, Huh-7 media was supplemented with 1X minimal essential medium (MEM) non-
essential amino acids. Huh7.5 cells stably expressing the HCV subgenomic and full-length
replicons (genotype 1b, Conl Genbank Accession Number: AJ238799)(318) were kind gifts
from Dr. Charles Rice (Rockefeller University, USA), and were cultured in Huh7 media

supplemented with 250 pg/ml G418 Geneticin (GIBCO-BRL, Burlington, ON).

2.4 Statistical Analyses

Individual experiments in this thesis were performed no less than triplicates in order to confirm
the reproducibility of the results. Statistical differences were assessed using different methods
including standard error, standard deviation, and the student t-test in GraphPad Prism v4.01
software package (GraphPad Software Inc., La Jolla, CA). The specific details of statistical

analyses are described further in each chapter.
2.5 Methods for Examining Target-Site Accessibility (TSA) Using Viral RNA-
Coated Magnetic Beads (VRB)

2.5.1 In Vitro Transcription (IVT)

In vitro transcripts were generated using the MEGAscript™ T7 kit (Ambion, Austin, TX)
according to the manufacturer’s protocol. Briefly, the template DNA was linearized with the
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restriction enzyme Scal (New England Biolabs, Pickering, ON), precipitated for less than 30
min, and resuspended in RNase-free water to a final concentration of 0.5 pg/pl. The IVT
reaction was set up in a final volume of 20 pL and incubated at 37 °C for 4 h. In order to degrade
the template DNA, 1 pL of DNase I was added and the reaction was incubated for an additional
15 min at 37 °C. The in vitro transcripts were then cleaned up using the MEGAclear™ kit
(Ambion, Austin, TX) according to the manufacturer’s protocol. A 20 pL reaction typically
produced ~100 pg of RNA. The concentration was determined by measurement of the
absorbance at 260 nm with an ND-1000 spectrophotometer (NanoDrop Technologies, Rockland,

DE), and RNA integrity was verified by electrophoresis on a 0.8% agarose gel in TBE.
2.5.2 5’ and 3’ End Biotinylation of the HCV Transcripts

For the VRB TSA assay, HCV subgenomic replicon RNA transcripts were biotinylated at the 3’-
end using the 3’-EndTag Nucleic Acid Labeling system (Vector Laboratories, Burlingame, CA)
according to the manufacturer’s protocol. Also 5’-end biotinylation was performed using the 5’-
EndTag Nucleic Acid Labeling system (Vector Laboratories, Burlingame, CA) according to the
manufacturer’s protocol. The EZ-Link Maleimide-PEGI11-Biotin label (Thermo Fisher
Scientific, Ottawa, ON, 20 mM) was dissolved in RNase-free DMSO (Sigma-Aldrich, Saint
Louis, MO) and the final reaction volume was 20 pL. Labeled HCV subgenomic replicon RNA
was then purified using the MEGAclear kit (Ambion, Austin, TX) and the RNA integrity was
verified by agarose gel electrophoresis and quantified by measurement of the absorbance at 260

nm with an ND-1000 spectrophotometer (NanoDrop Technologies, Rockland, DE).
2.5.3 In Vitro Hybridization

One microgram of biotinylated HCV subgenomic replicon RNA was diluted in 1X Hybridization
buffer (20 mM HEPES, pH 7.8, 50 mM KCl, 10 mM MgClz,1 mM DTT) supplemented with 0.2
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U/l SUPER-In RNase Inhibitor (Ambion, Austin, TX) in a total volume of 20 pL. The Cy3-
labeled miR-122 was diluted to final concentrations ranging from 10nM to 500nM.

Hybridizations were then carried out at 37°C for 30 min.
2.5.4 Magnetic Microbead Preparation and Immobilization of RNA

Approximately 5X10° streptavidin-coated Dynabeads M-280 (Invitrogen, Burlington, ON) were
used per sample. After resuspension, beads were washed 1X with 1X B&W buffer (2X B&W
buffer: 10 mM Tris-HCI, pH 7.5 + 2M NaCl) and then washed 2X with solution A (0.1M NaOH
+ 0.05M NaCl) at room temperature in order to make them RNase free. Finally, the beads were
washed 2X with Hybridization buffer at room temperature prior to incubation with the
hybridization reactions. The in vitro hybridization reactions in solution were then added to the
streptavidin-coated Dynabeads and they were then incubated at 37°C for 30 min to capture the
biotinylated HCV subgenomic replicon RNAs. After immobilization, the VRBs were washed 4X
with the hybridization buffer and resuspended in 12 pL of RNase free PBS. The beads were
visualized by fluorescence using Olympus 1x81 inverted confocal microscope (Olympus Optical

Co LTD, Japan).
2.5.5 VRB Image and Data analyses

The quantification of signal intensities from the VRBs was performed using Image-Pro® Plus
4.5 software (Media Cybernetics, Inc, Silver Spring, MD) by calculating the integrated optical
density (IOD) from individual beads. Net signal intensities were obtained by local-ring
background subtraction (net = raw — background). The net signal intensity for each bead was
then normalized to the area of the bead (net IOD/area) and averaged for approximately 100 beads

per image.
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For normalization purposes, the net IODs from the control hybridization reactions were carried
out in the absence of HCV subgenomic replicon RNA and the results were subtracted from the
net IODs. Hybridizations were carried out at final miR-122 concentrations ranging from 10nM to
500 nM. From these hybridizations, standard curves for native HCV RNA were generated from
linear least squares fitting of the net IODs vs. miR-122 concentrations. Target site accessibility

was assessed by the the slope of the miR-122 hybridization to native HCV RNA.

2.5.6 RNA Isolation and Quantitative RT-PCR

For quantitative RT-PCR (q RT-PCR) analyses total RNA was isolated from HCV subgenomic
replicon-transfected Huh7.5 cells at 72 and 120 h post-transfection using the RNeasy extraction
kit (Qiagen, Mississauga, ON). RNA extracts were then subjected to DNase I (Ambion, Austin,
TX) digestion. Total RNA was then purified with the DNA-free kit (Ambion, Austin, TX). The
concentration was determined by measurement of the absorbance at 260 nm with an ND-1000
spectrophotometer (NanoDrop Technologies, Rockland, DE). Approximately 0.5 pg/well of total
RNA was loaded onto a 0.8% agarose gel to determine the integrity. One microgram of total
RNA was used for cDNA synthesis using the Superscript II kit (Invitrogen, Burlington, ON)
according to the manufacturer’s protocol. Quantitative PCR (qPCR) was performed on an
iCycler (Bio-Rad, Hercules, CA) using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA), and
primers directed against the HCV IRES region (Forward 5’-GTC TGC GGA ACC GGT GAG
TA-3’ and Reverse 5’-GCC CAA ATC TCC AGG CAT T-3’), and the 18S rRNA (Forward 5’-
GCG ATG CGG CGG CGT TAT TC-3’ and Reverse 5’-CAA TCT GTC AAT CCT GTC CGT
GTC C-3’). A 20 pL reaction was assembled according to the manufacturer’s protocol. For data

2-AACt

analysis, the method was used (237) and mean fold changes relative to unmutated HCV
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subgenomic replicon-transfected cells were calculated. Each qPCR experiment was carried out in

triplicates and repeated three times.

2.5.7 Northern Blot analysis

Approximately 2 pg/well of total RNA was loaded onto a 1% agarose gel. Biotinylated negative-
sense probes complementary to the HCV genome NS5B region nts 6648-7770 (Genbank
accession #AJ242654) and the B-actin gene (Genbank accession #X00351) were synthesized
using the MEGAscript™ T7 kit (Ambion, Austin, TX). In vitro transcriptions were performed as
described above with the inclusion of biotin-11-UTP and biotin-11-CTP (Perkin Elmer, Boston,
MA) at molar ratio of 1:3 with unlabeled UTP and unlabeled CTP, respectively. The biotinylated
negative-sense probes were used at a final concentration of 2.2 ng/ulL and 0.133 ng/uL for the
HCYV and B-actin probes, respectively. Northern blotting and hybridization were carried out using
the NorthernMAX kit (Ambion, Austin, TX) and Hybond XL nylon membranes (GE Healthcare,
Piscataway, NJ). The bound riboprobes were detected using the Chemiluminescent Nucleic Acid

Detection Module (Pierce, Rockford, IL) according to the manufacturer’s protocol.

2.5.8 Luciferase Assays

Cells transfected with unmutated or MRE-mutated HCV RNA replicon were harvested 24 or 72
h post-infection and the luciferase activity was determined by using the luciferase reporter assay
(Promega, Madison, WI). Luminescence was measured with an Lmax luminometer (Molecular
Devices Corporation, Sunnyvale, CA). Values were normalized against total protein content
using the Bio-Rad DC Protein Assay (Bio-Rad, Mississauga, ON) according to the

manufacturer’s protocol.
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2.5.9 Alignment of HCV sequences

miR-122 seed match conservation for MRE4 was performed using the Quickalign tool provided

by the Los Alamos HCV database (http://hcv.lanl.gov/cgi-bin/QUICK AILIGN/QuickAlign.cgi)

(208). The location of MRE 4 was found in the H77 reference sequence and used for alignment
against the 465 HCV sequences in the database. Sequences were assigned to a specific genotype

and subtype and only those classified are shown in Table 3-2.

2.6 Methods for Activity-Based Protein Profiling
2.6.1 Activity Based Protein Profiling Using Orlistat-Based Probe

2.6.1.1 Expression of the HCV Proteins

For the expression of the individual HCV proteins, Huh7 cells were seeded at a confluency of
60-70% and then transfected with E1/E2, Core, NS2, NS4B, NS5A and NS5B expression
plasmids suspended in transfection media comprised of DMEM without FBS, along with
lipofectamine 2000 (Invitrogen Canada Inc., Burlington, ON). After 4 h, DMEM in 20% FBS

was added in equal volume to the transfection media.
2.6.1.2 Inhibitor Treatments

Huh7 cells that stably expressing HCV replicon were seeded in a 6-well plate. After 24h, at a
confluency of 80%, cells were treated with Orlistat, Cerulenin, C75, and TOFA all purchased
from Cayman Chemicals (Michigan, USA) at 10 uM final concentration for 48 h at 37°C. At this
time point, cells were washed once with PBS and lysed with cell culture lysis buffer (Promega,
Madison, WI). Luciferase Assay substrate was added and the luminescence was measured with

an Lmax luminometer (Molecular Devices Corporation, Sunnyvale, CA). Values were
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normalized against total protein content using the Bio-Rad DC Protein Assay (Bio-Rad,

Mississauga, ON) according to the manufacturer’s protocol.

2.6.1.3 Active Proteome Extraction for Labeling

Subconfluent cells were washed with ice-cold PBS pH 7. The chimeric liver tissues were
subjected to Dounce homogenization at 50% power (T8 Ika-Werke Homogenizer, GMBH
(Staufen, Germany). The lysates were then sonicated (10 pulses, 50% duty cycle; Sonifier 250,
Branson Ultrasonic (Danbury, CT) in ice-cold PBS supplemented with 1% Triton X-100. The
protein extract was quantified with the DC protein assay (BioRad), and diluted with PBS to a

final protein concentration of 1 mg/ml.

2.6.1.4 In Vitro and In Situ Proteome Labeling and Analysis

For in vitro proteome labeling, probes were added to cell lysates (50 pg) in 50 pL. of PBS at a
final concentration of 10 M in the presence or absence of excess Orlistat, C75, or Cerulenin
competitor (a final concentration of 100 pM). Unless indicated otherwise, samples were
incubated for 1 h at room temperature. For heat-denatured samples, the proteome was heated for
10 minutes at 95 °C, prior to adding the probes. After incubation, 100 pL of the freshly premixed
click chemistry reaction cocktail in PBS [rhodamine-azide (200 uM, 100 mM stock solution in
DMSO), tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (2 mM, 50 mM freshly prepared
stock solution in deionized water), tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl] amine (TBTA)
(200 pM, 50 mM stock solution in DMSO) and CuSO4 (2 mM, 50 mM freshly prepared stock
solution in deionized water)] was added and vortexed, then incubated for 2 h at room
temperature with gentle mixing. The reactions were terminated by the addition of prechilled
acetone (1 mL), placed at —80 °C for 15 min and centrifuged at 14000 rpm for 15 min at 4 °C to

precipitate proteins. The protein pellets were allowed to air-dry for 10 min, resuspended in 25 pL
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1 x standard reducing SDS-loading buffer, heated for 10 min at 95 °C; and separated by 10%
SDS-PAGE, then visualized by in-gel fluorescence scanning using the FMBIO Fluorescence

Scanner (Hitachi).

For in situ labeling, Huh7 cells were grown to 80-90% confluence in 6-well plates under the
conditions described above. The medium was removed, and then cells were treated with 0.5 mL
of medium-containing probe (20 uM), with or without Orlistat, C75, TOFA, or Cerulenin (200
uM). Probes were applied from DMSO stocks, while DMSO never exceeded 1% in the final
solution. The same volume of DMSO was used as a negative control. After 2 h of incubation at
37 °C/5% CO, the medium was aspirated, and cells were washed with PBS to remove the
excessive probe, and lysed with 200ul of ice-cold PBS containing 1% Triton. The lysate was
then homogenized by sonication, and diluted to 1 mg/mL with PBS. Probe targets were detected
by click chemistry with rhodamine-azide, SDS-PAGE analysis, followed by in-gel fluorescence

scanning.

2.6.1.5 Western Immunobloting

Subsequent to in-gel fluorescence scanning, the proteome is transferred onto Hybond-P PVDF
membrane (Amersham Biosciences). Thereafter, the membrane was blocked for 1 h in 3% dried
skim milk in Tris-buffered saline (TBS) with 0.05% Tween-20. Human FASN and protein
tyrosine phosphatase 1D (PTP-1D, as the loading control), HCV core, E1/E2, NS2, NS4B, and
NS5A, were targeted with: a mouse monoclonal anti-FASN (2000-fold dilution; Santa Cruz
Biotechnology), a mouse monoclonal anti-PTP-1D (10,000-fold dilution; BD Laboratories), a
mouse monoclonal anti-HCV core (2000-fold dilutions Abcam), a goat monoclonal anti-HCV E1
(1:2000, Virostat), a mouse monoclonal anti-FLAG (2000-fold dilutions, SIGMA), a mouse

monoclonal anti-HCV NS4B (2000-fold dilutions, Abcam), and a mouse monoclonal anti-NS5A
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(2000-fold dilution; ViroStat), respectively. Bound primary antibody was detected with HRP-
conjugated anti-mouse antibody, and the blots were developed using chemoluminescent

detection system (ECL prime, Amersham).
2.6.1.6 Measurement of Cellular Triglyceride Levels

At 48h post-transfection, lipids were extracted from 10° trypsinized cells. Triglyceride levels
were analyzed directly by spectrophotometric analyses, using the triglyceride quantification kit
(BioVision, Mountain View, CA), according to the manufacturer’s instructions. Total protein
levels were quantified with DC protein assay (BioRad). Triglyceride levels were expressed per

mg of protein.
2.6.1.7 Fluorescence Microscopy

Huh7 cells at 60-70% confluency were fixed for 15 min with 4% paraformaldehyde and 4%
sucrose in PBS. After two PBS washes, cells were permeabilized with 0.25% Triton X-100
(Sigma) in PBS for 5 min and blocked with 10% bovine serum albumin (BSA) in PBS for 30
min at 37°C. Immunofluorescence staining was performed by incubation with the following
primary antibodies in 3% BSA/PBS: mouse monoclonal anti-NS5A (1:1000; Chemicon
International, Billerica, MA), rabbit monoclonal anti-FASN (1:50, Santa Cruz Biotechnology),
mouse monoclonal anti-dsRNA (1:3000; Scicons, cat.no. 10010200). Consequently, the samples
were washed 3x with PBS for 5 min and incubated for 1 hour at 37°C in 3% BSA/PBS
containing the respective secondary antibody: Rhodamine Red-X donkey anti-rabbit (1:1000); or
Cy2 donkey anti-mouse (1:1000) (Jackson ImmunoResearch). The samples were then washed by
1 % Tween-20 and 0.5 mM of EDTA in PBS (3x5 min). Fluorescence images were collected

using an Axiovert 200M inverted microscope (Carl Zeiss, Thornwood, NY) equipped with the
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Axiovision 3.1 software. The cells were then photographed with an AxioCam connected to the

inverted microscope.

For ABPP imaging, the cells were incubated with Orlistat probe (30 uM) for 4 h in growth
medium at 37°C and 5 % CO.. Medium containing 1 % DMSO was used as a negative control.
The cells were then washed twice with PBS, and fixed with 4 % paraformaldehyde in PBS for 15
min at room temperature, washed with PBS (2x5 min with gentle agitation), and permeabilized
with 0.1 % Triton-X 100 in PBS for 15 min at room temperature, and washed with PBS (2x5 min
with gentle agitation). The cells were blocked with 3% BSA in PBS for 30 min at room
temperature, and washed with PBS (2x5 min with gentle agitation). The cells were then treated
with a freshly pre-mixed click chemistry reaction solution of rhodamine—azide (10 uM final
concentration from a 10 mM stock solution in DMSO), TCEP (1 mM final concentration from a
50 mM freshly prepared stock solution in deionized water), TBTA (100 uM final concentration
from a 10 mM stock solution in DMSQO), and CuSO4 (1 mM final concentration from a 100 mM
freshly prepared stock solution in deionized water), in PBS for 1 h at room temperature. The
cells were washed with PBS (1x5 min with gentle agitation), and cold methanol (1x5 min with
gentle agitation), followed by 1 % Tween-20 and 0.5 mM of EDTA in PBS (3x2 min with gentle
agitation), and with PBS (2x5 min with gentle agitation). For co-localization of FASN and HCV
replication complex, indirect immunofluorescent cytochemical staining was carried out with

either anti-NS5A or anti-dsRNA as described above.

Colocalization analyses were performed using colocalization analysis plug-in of Imagel
(National Institude of Health, NIH) and the Mander’s and Pearson’s coefficient were calculated
by Mander’s calculator, and the results are shown as the mean of 5 different image sets per

sample, subsequent to background correction and exclusion of zero-zero pixels.
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2.6.2 Activity Based Protein Profiling Using p-Lactam Probes
2.6.2.1 In Vitro and In Situ Proteome Labeling

For in vitro proteome labeling, probes were added to cell lysates (50 pg) in 50 pL. of PBS at a
final concentration of 10 uM. For heat-denatured samples, the proteome was heated for 10
minutes at 95 °C, prior to adding the probes. Samples were incubated for 1 h at room
temperature, followed by adding 100 pL of the freshly premixed click chemistry reaction
cocktail in PBS [rhodamine-azide (200 uM, 100 mM stock solution in DMSO), tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) (2 mM, 50 mM freshly prepared stock solution in
deionized water), tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl] amine (TBTA) (200 uM, 50 mM
stock solution in DMSO) and CuSO4 (2 mM, 50 mM freshly prepared stock solution in deionized
water)] and incubation for 2 h at room temperature with gentle mixing. The reactions were
terminated by the addition of prechilled acetone (1 mL), placed at —80 °C for 15 min and
centrifuged at 14000 rpm for 15 min at 4 °C to precipitate proteins. The protein pellets were
allowed to air-dry for 5 min, resuspended in 30 pL 1 x standard reducing SDS-loading buffer,
heated for 10 min at 95 °C; and separated by 10% SDS-PAGE, then visualized by in-gel

fluorescence scanning using the FMBIO fluorescence scanner (Hitachi).

For in situ labeling subconfluent cells were treated with media containing /0 uM of the probes
for 4h at 37°C. The media was then aspirated and the cells were washed 2x with PBS and lysed
in ice-cold PBS supplemented with 1% Triton X-100. Subsequent to quantification, the proteome

was prepared for click chemistry as described above.
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2.6.2.2 Two-Dimensional Analysis of Labeled Proteomes

Precipitated protein pellets (250 pg) were resuspended in 125 pl of isoelectric focusing (IEF)
buffer (7 M Urea, 2 M thiourea, 4% CHAPS, 1% DTT) containing 0.2% Ampholytes pH 3-10
(biolytes, Bio-Rad, Hercules, CA). IPG strips pH 3-10 NL, 7 cm, or pH 4-7NL, 7cm (Bio-Rad)
were passively rehydrated with the resuspended proteomes for 16 h. The rehydrated protein IPG
strips were then submitted to isoelectric focusing using the Protean IEF Cell (Bio-Rad) with the
following conditions: 200 V rapid ramp for 30 min, 500 V rapid ramp for 30 min, 2 h linear
ramp to 6,500 V, and 2 h focusing (rapid ramp) at 6,500 V. The accumulated voltage-hour (VH)

fell between a ranges of 14,000 - 17,500 VH.

Prior to SDS-PAGE separation, proteins immobilized on the IPG strips were reduced (1% DTT)
and alkylated (4% iodoacetamide) in SDS equilibration buffer (6 M urea, 30% glycerol, 2%
SDS, 50 mM tris-HCI, pH 8.8). The SDS-PAGE separation was performed on a 10% gel (1.5
mm thickness) at constant 150 V per gel. The gels were then scanned for fluorescence and were
subsequently incubated overnight in fixing solution (50% v/v Ethanol, 5% v/v acetic acid).
Finally, gels were stained with silver nitrate and scanned using the Fluor-S imager (Bio-Rad) in

order to visualize the entire cellular proteome.

2.6.2.3 Identification of Labeled Protein Candidates

The fluorescent gel images were aligned with the silver stained gel images to locate the labeled
protein spots. Protein candidates displaying heat-sensitive activity were selected as specific
targets, while candidates showing heat-insensitive reactivity were considered as non-specific
targets. The selected spots were manually excised under a laminar flow hood. Gel spots were
destained with potassium ferricyanide solution (15 mM potassium ferricyanide, 50 mM sodium

thiosulfate), rinsed three times with water, and then shrunk with acetonitrile. The gel pieces were
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reswelled with 20 pl of trypsin solution (0.01 pg/pul in 50 mM ammonium bicarbonate) and

incubated overnight at 37°C.

2.6.2.4 Enrichment and Mass Spectrometry

Biotin-azide click chemistry and streptavidin-enrichment of probe-labeled proteomes was
performed as previously described (380), with an additional acetone precipitation step included
after the click reaction to maximize protein recovery. After enrichment, streptavidin-agarose
beads (Peirce) were washed as described, and bound proteins were processed as follows for mass
spectroscopy. For on-bead trypsin digestion, the streptavidin beads were washed 5 more times
with 50 mM ammonium bicarbonate (ABC), reduced with 10 mM DTT in 50 mM ABC (65 °C
for 15 min) and alkylated by addition of 25 mM iodoacetamide (room temperature for 30 min).
The beads were washed twice in 50 mM ABC then bound proteins were digested with 10 ng/uL
sequencing grade modified trypsin (Promega) overnight at 37°C. As the negative control, a no
probe experiment was carried out, in which the naive proteome was clicked with biotin azide,
followed by streptavidin enrichment and on-bead digestion. Few hits that were obtained from
this negative control are considered to be from the non-specific interactions of some abundant
proteins with streptavidin and were excluded from the list of the hits obtained from the labeled

samples.

Ten microliter of each digest was analyzed by nano LC-MS/MS using an LTQ XL linear ion
trap MS (Thermo Fisher Scientific, Ottawa, ON, Canada) coupled to a nanoAcuity ultrahigh-
pressure liquid chromatography system (Waters, Milford, MA). With a flow rate of 0.4 ul./min,
peptides were eluted from a 100 mm i.d. 6100 mm nanoAcquity UPLC 1.7 mm C18 column
(Waters, Mississauga, Ontario) with the following gradient: 1% B for 1 minute, 1%—45% B over

18 minutes, 45%—-85% B over 3 minutes, 85%—-1% B over 1 minute. The column was
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reequilibrated with 1% B for an additional 8 minutes. Solvent A is 0.1% formic acid in Optima
LCMS water (Fisher Scientific Canada, Whitby, Ontario). Solvent B is 0.1% formic acid in
acetonitrile. MS/MS spectra were acquired automatically on doubly, triply, and quadruply
charged ions. The peaklist files of MS2 spectra of the excised protein spots were searched
against I[Pl Human database or the NCBI using MASCOT™ (Matrix Science, London, UK) for
protein identification. The following parameters for mass spectral identification were used:
peptide tolerance of 1.5 Da, MS/MS tolerance of 1.5 Da, and possible 1 missed cleavage site.

The cut-off ions score was 30, above which ion scores indicate identity.

2.6.3 Activity Based Protein Profiling Using PIK-BPyne Probes

2.6.3.1 Viral Infection

JFHIt infection of Huh7.5 was performed in 100 mm dishes. For this purpose, 24 hours after
seeding, cells were either infected with JFH1t (MOI = 0.1) or mock infected. 24h post-infection
(or mock infection), medium was removed and replaced with fresh medium (the normal DMEM
+ 10 % FBS). Infected and mock infected cells were subjected to in sifu labeling with PIK-

BPyne probe 96h post-infection.

2.6.3.2 In Situ Active Proteome Labeling For Streptavidin Enrichment

For in situ probe labeling, confluent cells were incubated with the indicated concentration of
probe in complete media for 1h to allow the probe to enter the cell. Cells were washed with PBS,
followed by exposure to UV light (365 nm) in PBS at 37°C for 30mins. Cells were lysed by

sonication in 1% Triton-X 100 in PBS.

Whole proteome diluted in lysis buffer (1 mg/ml) was pre-incubated with 100 uM PIK-BPyne

probe for 30 min in the presence or absence of competitive inhibitor (200 uM), followed by
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exposure to UV light (365 nm) for 45mins in a 96-well plate on ice. For in sifu probe labeling,
confluent cells were incubated with 50 uM of probe in complete media for 1h to allow the probe
to enter the cell. Cells were washed with PBS, followed by exposure to UV light (365 nm) in

PBS at 37°C for 30mins. Cells were then lysed by sonication in 1% Triton-X 100 in PBS.

Biotin-azide click chemistry and streptavidin-enrichment of probe-labeled proteomes was
performed as previously described (381), with an additional acetone precipitation step included
after the click reaction to maximize protein recovery. Twenty microgram of each proteome
sample was isolated prior to enrichment for relative abundance (“Input”) and activity
(“Streptavidin-enriched”). After enrichment, streptavidin-agarose beads (Peirce) were washed as
described (380), and bound proteins were either removed by boiling in Laemmli buffer for

western blot analysis, or processed for mass spectroscopy as described above.

2.6.3.3 Western Immunoblotting

Protein samples were separated by 8% SDS PAGE followed by transfer to PVDF membrane
(Amersham Biosciences). Membranes were incubated overnight at 4°C with polyclonal anti-
PI3Ka (1 in 500), anti-PI4KIIIB (1in1000) (Millipore), or anti-PI4KIIa (1in1000) (Santa Cruz
Biotechnology Inc) diluted in 2.5% BSA in TBST or anti-PI4KIIla (1 in 500) (Cell signalling)
diluted in 5% BSA in TBST. Donkey anti-rabbit conjugated HRP, or goat anti-mouse conjugated
HRP secondary antibody were diluted in 3% milk in TBST and incubated with membranes for
1h at room temperature (Jackson ImmunoResearch Labs). Proteins were visualized by film using

ECL prime substrate (Amersham).
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Chapter 3: Investigation of Target-Site
Accessibility of HCV RNA Genome to
MicroRNA-122
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Statement of Contributions

The content of this chapter has been published in the journal of Virology (285) and

permissions have been obtained for reusing the materials and figures in this thesis.

I have helped to design all of the experimental approaches. 1 also performed the majority
of experiments with contributions fron the other authors being mainly related to the
preparations of materials and technical support. 1 analyzed the data along with my

supervisor, and wrote the drafts of the manuscript.

3.1 Introduction

MicroRNA-122 (miR-122) is a highly abundant, liver-specific miRNA that positively
modulates HCV replication, translation, and virion production (144, 168, 169, 177, 178,
438). Three miR-122 recognition elements (MREs) have already been characterized in
the HCV genome with two in the 5’UTR and one in the 3’UTR (144, 177, 178). The
HCV 3’UTR site is located in the variable region (VR) stem loop of the HCV 3’UTR
(MRE 3) while the two HCV 5’UTR sites are closely spaced between stem loops (SL) I
and II (MREs 1 and 2) (Figure 3-1B). Although the 3’UTR site appears to have no role
in the stimulation of viral replication or translation (144), the relative contribution of the
two 5’UTR binding sites for miR-122 to these processes is still a subject of debate (434).
A study by Jangra et al. suggests that efficient HCV replication is more dependent on
miR-122 binding to the 5’ site in proximity to SL I (MRE 1) while translation is equally
stimulated by miR-122 binding to both MREs 1 and 2 (169, 438). Many of these works,
however, have been limited to analysis of the outcome of exogenous addition or

sequestration of miR-122 and of mutation analyses of these three MREs (144, 169, 177,
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178). Importantly, it was recently shown that miR-122 binding to MREs]l and 2
stabilizes the HCV genome and protects it from degradation by cellular RNA

exonucleases (225, 226, 277, 366).

Even though miR-122 antagonists exhibit great anti-HCV promise by effectively
reducing HCV titers in both chimpanzees and humans (170, 212), several studies
demonstrate that miR-122 is not essential for HCV replication, and low levels of
replication have been observed in the absence of miR-122 (9, 74, 186). Moreover, low
doses of the miR-122 sequestration treatment in previously mentioned studies still
allowed for viral replication, suggesting even low levels of miR-122 are still able to
facilitate HCV replication (212). Thus, in the presence of limiting miR-122, such as
during miR-122 sequestration-based treatment, it is important to know which of the HCV

MREs maintain their roles as bona fide miRNA binding sites.

Notably, there is evidence that miR-122 binding modifies the secondary structure of the
HCV genomic RNA (84, 277, 437); however, the kinetics of miR-122 interactions with
these MREs have yet to be examined in depth. Therefore, in this chapter, the importance
of target site accessibility in miR-122 binding to HCV MREs and the physiological
relevance of these interactions will be addressed. Herein, HCV RNA coated magnetic
beads (VRB) assay was employed to characterize the hybridization kinetics of miR-122
to its MREs on the HCV genome under native conditions. Importantly, the methodology
described here could be extended to other systems, including the examination of small

RNA interactions with highly structured genomes of other RNA viruses.
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3.1.1 HCV RNA Genome Structure and Organization

The positive-sense HCV RNA genome serves as a template for translation, negative-
strand synthesis, and for packaging into virions. A number of well-defined cis-acting
RNA elements have been identified that mediate these processes during the HCV life
cycle. For example, the 5° UTR of HCV contains the IRES element that is responsible
for cap-independent translation of the HCV polyprotein (299). Also there is a stem-loop
upstream of the IRES (SL1) that has been suggested to play a role in viral replication
(110, 196). Furthermore, the 3> UTR of the genome contains three distinct structural
domains important for viral replication: a variable region, a poly (U/UC) tract, and a
highly conserved 98-nt sequence known as the 3° X tail (109, 456, 459). Additionally,
there are a number of well-defined conserved stemloop structures throughout the coding
regions, as well as extensive uncharacterized long-range RNA-RNA interactions that

seem to be essential for viral replication (75, 87, 216, 261, 371, 408).

Davis et al. utilized highly advanced RNA structure prediction algorithms to show that
evolutionarily conserved, genome-scale ordered RNA structures (GORS) are quite
prevalent in HCV (75). In fact, examination of aligned viral genome indicated the
existence of extensive RNA structures throughout the HCV genome, while, there was no
evidence of GORS upon examination of closely related Pestivirus and Flavivirus genera
(75, 371). Interestingly, it has been hypothesized that GORS may play a role in protecting
RNA viruses from Dicer-mediated small RNA regulation, and thus allow the virus to
persist in its natural hosts (75, 371). This suggests that target site accessibility may be an

important factor when designing therapeutics that directly target these highly-structured
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Figure 3-1. Secondary structure and miR-122 binding sites of interest in the 5" and the 3’ ends of the HCV
genome. (a) Binding of miR-122 guide strand as part of RNA induced silencing complex (miRISC) to
MREs with seed sequence (nucleotides 2—8 at the 5’ end) highlighted. (b) The secondary structure is shown
for the 5S'UTR and domains V and VI in the core coding sequence along with the 3'UTR and a portion of
the NS5B coding sequence. Numbers refer to the nucleotide positions of the full-length HCV genotype 1b
isolate Conl. Highlighted are the four microRNA response elements (MREs) of interest and the respective
mutations used in this study. For all four sites, a double mutation was performed at seed positions 3 and 4
(p3-4) while for only MRE 4, an additional non-coding (nc) double mutation was performed at seed
positions 4 and 7 (p4,7).
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viral genomes, including small RNA species such as short-interfering RNAs (siRNAs).
HCV is a particularly attractive target for siRNA-based antiviral therapy, as its entire
replication cycle occurs in the cytoplasm, and its single-stranded RNA genome functions

as both an mRNA and the template for viral replication.

3.1.2 Importance of Target-site Accessibility in Efficiency of RNA Silencing

The impact of target site accessibility on the efficiency of RNA silencing has been
extensively studied and it was found that the folded state of the target RNA can
considerably hamper the effectiveness of siRNAs (45, 46, 54, 148, 294, 347, 393, 415).
Moreover, the effect of secondary structure of target RNA on miRNA potency has also
been well-established (187, 188, 241, 294, 342). Generally, areas of higher structure are
less susceptible to miRNA modification, due to limited accessibility. In comparison to
mRNAs, RNA-based viral genomes, such as HCV, tend to be longer and adopt a greater
degree of secondary and higher-ordered RNA structures, which will have further impact

on miRNA seed site accessibility.

An innovative method called RNAxs was developed in an attempt to address the issue of
target site accessibility in mRNAs (393); however, this method cannot account for GORS
in RNAs as long as the genome of RNA viruses. Another novel method employing high-
throughput selective 2’-hydroxyl acylation analysed by primer extension (SHAPE) was
applied to characterize secondary structure elements within the entire genome of HIV-
1(431). SHAPE allowed for identification of the evolutionarily conserved structural
elements within HIV-1 genome and it was demonstrated that the folding of the genomic
RNA assists with the viral protein folding during translation (431). This approach, while
highly innovative, is not designed for the interrogation of target site accessibility of small
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RNAs. Furthermore, the HCV genomic RNA contains a larger amount of structured RNA
or GORS than HIV-1 (75, 371). As such, this approach cannot be used for the

interrogation of target site accessibility of miR-122 MREs on the HCV genome.

3.2 Rationale
Existing computational methods fail to assess target site accessibility of complex large
RNA targets such as HCV genomic RNA. Therefore a novel assay is required for

interrogation of target site accessibility of miR-122 MREs on the HCV genomic RNA.

3.3 Hypothesis

Viral RNA coated magnetic bead (VRB) assay may represent an effective method to

examine miR-122 interactions with the HCV genome.

3.4 Results

3.4.1 VRB-Based Comparison of miR-122 Target Sites' Hybridization

Our group has previously reported a novel method of utilizing HCV RNA coated
magnetic beads (VRBs) to measure siRNA target site accessibility in various regions of
the HCV genome (347). This technique allowed us to observe that under native
conditions in aqueous solution, HCV RNA genome retains a complex, highly ordered
RNA structure representative of its in vivo conformation (347). Herein, I have extended
the VRB assay to measure the hybridization kinetics of miR-122 with the folded state of
the HCV genomic RNA. Specifically, I sought to determine the relative target site
accessibility of the three well known MREs of miR-122 in the HCV genome (Figure 3-

1B). All VRB target site accessibility analyses were performed on the HCV genotype 1b
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subgenomic replicon containing stem loops (SL) V and VI of the core coding sequence
(Figures 3-1B and 3-4A), since these domains have been implicated in interactions with
the IRES (SL II-IV) (197). The inclusion of these domains allows for a more
representative model of the higher order RNA interactions that occur in the HCV

genome.

As in our previous target site accessibility study, the HCV replicon RNA (Figure 1-1B)
was end labeled with maleimide-PEG11-biotin (347). In order to distinguish the relative
accessibility of the MREs, DNA probes were designed covering each of the MREs

independently (Tables 2-1 and 3-1).

Hybridization of the probes to the replicon was performed to block miR-122 from
binding to specific individual MREs; then the replicon RNA was hybridized to
fluorophore-conjugated miR-122 guide strand under native conditions. Subsequently, the
miRNA-hybridized HCV replicon RNA was captured on streptavidin-coated magnetic
microbeads and visualized using fluorescence microscopy to assess seed site accessibility
(Figures 3-2 and 3-4B). To account for non-specific interactions of the miRNAs to the
beads, control reactions were performed in the absence of HCV replicon RNA.
Background levels of fluorescence produced by these images were used for normalization
of net integrated optical density (IOD) values. The observed fluorescence in the presence
of miR-122 and HCV RNA is representative of the hybridization kinetics of the
unblocked sites. This parameter depends solely on the target site accessibility when
complementarity and thermodynamics (i.e. GC content) are roughly the same for the

different seed sites.
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Figure 3-2. Representative fluorescence images of VRBs after hybridization with 50 nM Cy3-labeled miR-
122 in the presence of probes blocking MRE sites of interest (A-C) and mutated HCV replicon conjugated
to the microbeads (D-F). Also shown are native HCV RNA VRBs in the absence of mutations and probes
(G) along with a representative image of the hybridization reactions carried out in the absence of HCV
replicon RNA to assess non-specific binding of the miR-122 to the beads (H).

54



Chapter 3: Target-site accessibility of HCV RNA to miR-122

3500 -+
.

3000 ~

2500 ~ + None
g =142
E x 3+4
8 2000 + e 1+2+3
° 1+2+4
]
% - 1+3+4
£ 1500 1 - 2+3+4
§ ° 1+42+3+4

1000 -

500 -
0

10nm 50nM 100nM 500nM
miR-122 concentration

Figure 3-3. Sample scatter plot displaying hybridization kinetics by quantification of net IODs from
individual beads (n=100) from images of increasing miR-122 concentrations hybridization to VRBs in the
presence of probes blocking combination of MREs (1 -4). Line of best fits are plotted for data
corresponding to Figure 3-4C.
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Multiple combinations of the probes were used in order to assess the accessibility of each
independent MRE. Representative images of the miR-122 hybridizations on the VRBs
are shown in Figure 3-2A-C. Quantification of signal intensities from individual beads
per image (n = 100) in the presence of increasing concentrations of miR-122 (10nM to
500nM) was used to generate line graphs for miR-122 binding under each set of
conditions (Figure 3-3). Similar to our previous study (347), the slope was used as a
measure of target site accessibility or, in this case, miR-122 seed site accessibility. As a
positive control, a highly potent siRNA, NS5B-7256 siRNA, directed against the NS5B
region was used (435). We have previously shown this siRNA targets a highly accessible
portion of the HCV replicon RNA (347) and, predictably, generates a considerably high
amount of signal in the VRB assay (Figure 3-4C). Moreover, the signal generated by the
NS5B-7256 siRNA was considerably higher than that of any of the miR-122
hybridizations; however, this was expected since the siRNAs exhibit perfect
complementarity with their target sites in the replicon as compared to the restricted
complementarity of miR-122 to its seed sequence region. As a negative control, GL3
siRNA was used since it possesses no sequence complementary to HCV replicon RNA
and produces no difference in signal (Figure 3-4C) when compared to the background, as
previously shown (347). Together, these controls demonstrate the specificity and

sensitivity of the VRB-based technique.

3.4.2 Identification of a High Affinity Fourth miR-122 Binding Site in HCV RNA

In the presence of probes blocking MREs 1, 2 and 3, results from VRB assays showed
that there was still a significantly high signal level compared to the background (Figure

3-4C). This observation suggested that there might be additional miR-122 binding sites in
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the genome. Thus we consulted ViTa, an online database for predicted miRNA binding
sites in viral genomes to look for additional sites in the replicon (155). The additional
predicted sites represented a combination of potential miR-122 binding sites based on
either seed site interactions or marginal sites with partial or no complementarity to the

seed sequence but with compensatory binding to the 3’ end of the miR-122 (Table 3.1).

The in vitro VRB assay allows for a preliminary analysis of relative microRNA affinity
for binding sites; however, it is not entirely representative of RISC-bound miRNAs and
other factors that influence accessibility in vivo. For example, other RNA binding
proteins are known to modulate RNA accessibility for small RNAs (187, 188, 241, 294).
However, this study gives a baseline for binding as RISC-bound RNA would be expected

to have similar or perhaps lower target-site accessibility.

Since seed sites represent the dominant miRNA binding site characteristic (30), our
primary interest was identifying all potential sites displaying maximum complementarity
to the miRNA seed sequence. Interestingly, the HCV replicon RNA sequence displayed
an additional potential 8 nucleotide seed site for miR-122 (MRE 4) found in the coding
region of NS5B, the HCV-encoded RNA dependent polymerase, (nts 8803-8810, Figure
3-1B); miR-122 interactions with this site could potentially explain the remaining signal
observed. We focused on this seed site as it displayed the highest complementarity (with
potential for supplementary binding with HCV at the 3’ end of the miR-122) and the
highest predicted minimum free energy of binding (Table 3-1). While seed pairing is an
important predictor of true microRNA binding sites (52, 53, 219, 220), seed sites are
neither necessary nor sufficient for miRNA-mediated regulation as seed sites have been

shown to be inactive when tested in reporter constructs (85, 269). Thus, the extension of
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Figure 3-4. miR-122 affinity for HCV RNA seed sites. (a) Schematic diagram of HCV subgenomic replicon
RNA. (b) Biotin-labeled replicons were mutated or blocked with probes to prevent miR-122 binding,
incubated under native or denaturing conditions with Cy3-conjugated miR-122. The hybridized miRNAs-
HCV RNA complex is then captured on magnetic streptavidin-conjugated microbeads. The beads were
washed and imaged by fluorescence microscopy. (c,d) Hybridization of increasing concentrations of miR-
122 (10nM-500nM) to the VRBs in the presence or absence of probes (c) blocking miR-122 binding sites
of interest (MREs 1-4). (d) The experiment was repeated using a decreased miR-122 concentration
gradient (5 nm—100 nm) with mutations instead of probes to disrupt binding. All MREs were mutated at
positions 3 and 4 of the seed site as shown in Figure 3-1 b. Slopes from native hybridization of control
siRNAs, NS5B 7256 (positive control directed against highly accessible portion of HCV) and GL3
(negative control with no target site in HCV replicon) are also shown. The data represent the mean of three
images from three independent hybridizations. For each image, net IODs were calculated from individual
beads (n = 100) over the concentration gradients and were used to produce slopes. Error bars represent s.d.
of three independent hybridizations. Student's #-test values for pairwise comparisons of samples with three
MREs blocked or mutated are shown in Table 3-3.
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Table 3-1. ViTa predicted miR-122 binding sites in the HCV genotype 1b isolate Conl used for TSA
analysis.”™

HCV target miRanda Hypothesized hybridization of MRE
location (nts)  score™ nucleotides Annotation’
0372-9394 148 UGUUUGUGGUAACAGUGUGAGGU MRE 3
FrErrrrl
TGAACGGGGAGCUAAACACUCCA
2-29 163 UGUUUGUGG-UAA---CAG-UGUGAGGU MRE 1
(N N L rrrrrrnd
CCAGCCCCCGAUUGGGGGCGACACUCCA
8789-8810 171 UGUUUGUGGUAACAGUGUGAGGU MRE 4

00 00 Trrrrrrrd
GGAGACAGC-TAGACACACUCCA
9013-9035 154 UGUUUGUGGUAACAGUGUGAGGU N/A
CErrer rrsrr rrrtd
UUUCACUCCAUAGUUACUCUCCA
6796-6823 141 UGUUUGUGG--UAA--CAGUGU-GAGGU N/A
Fe Pl 0 00 =00 TR rrrr el
AUCAAUACCUGGUUGGGUCACAGCUCCC

- as referenced in this study

*- shows proposed method of Watson-Crick binding (I) and non-Watson crick pairing of MRE (top
strand) nucleotides (:) with miRNA seed sequence (bottom strand) nucleotides in bold

ok

- ViTa prediction methods described in (155)

*#*%*. Score based on target complementarity and free energy of formation (37)
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Table 3-2. Conservational analysis of miR-122 binding site (MRE 4) in NS5B coding region.

Subtypes Polymorphisms relative to MRE 4 in H77 reference sequence

H77

(nt 8806-
8813)

Gla
(n=142)
Glb
(n=229)
Glc
(n=3)
G2a
(n=14)
G2b
(n=13)
G2c
(n=1)
G2k
(n=1)
G3a
(n=4)
G3b
(n=2)
G3k
(n=1)
G4a
(n=9)
G4d
(n=2)
G5a
(n=3)
G6a
(n=15)
G6b
(n=1)
G6c
(n=1)
G6d
(n=1)
Gbe

6XG

14XT

13XT

1XT

1XT

1XT

3XT

1XT

1XA

2XT

60

14XcC

13XC

1XC

1XC

3XC

1XC

1XY

1IXT

2XT
2XG

4XG
1XC

13XT

1XC

12XT

1XC

1XT

1XT

3XG

1XG

1XT

1XC
1XG
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(n=1)
Go6f
(n=2)
Gog
(n=2)
G6h
(n=1)
G6i
(n=2)
G6j
(n=2)
G6k
(n=3)
Go6l
(n=1)
G6bm
(n=4)
G6n
(n=2)
G6o
(n=1)
Go6p
(n=1)
Go6q
(n=1)

3XT

1XT

1XC

1XT

1XT
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the VRB assay to include the fourth site, serves an additional purpose in validating miR-

122's interaction in vitro with MRE 4.

A fourth probe was designed to cover the newly discovered seed site and, as expected, in
the presence of all four probes against MREs 1-4, the signal was reduced significantly
(Figure 3-2A-C). However, blocking of this fourth site in addition to the three other
MRE:s still resulted in a signal level above the background. This remaining signal is
likely attributed to non-specific miR-122 binding to the HCV RNA, as well as weak
binding to the aforementioned marginal sites. In fact, recently it has been proposed that
HCV RNA acts like a sponge for miR-122 (107). Fluorescence analysis of miR-122
hybridization to the VRBs was extended to include the fourth site (Figure 3-4C). By
analyzing the slopes of hybridization produced by using three probes simultaneously
(thereby leaving one MRE available to miR-122 for binding), it is possible to compare
the accessibility of each individual site). The probe based VRB assay suggests that the
hierarchy of miR-122 affinity to the seed sites is as follows: MRE 4>1>3>2 (Figure 3-
4C). Therefore, it is surprising to find that the site in the coding region appears to be the

most accessible.

3.4.3 Site-Directed Mutagenesis of miR-122 Seed Sites in HCV Replicons

The use of probes may cause changes in the secondary structure of the RNA, so we
repeated our analysis using double substitution mutations in the MREs corresponding to
the sites 3 and 4 in the seed sequence of miR-122 (p3-4) (Figure 3-1A, B) to disrupt miR-
122’s interactions with each individual MRE, as previously done (177, 178).
Furthermore, to better represent limited kinetic conditions, the miR-122 concentration
range was decreased for the analysis of the triple mutants to Snm-100nM. The results of
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the mutation-based VRB target site accessibility analysis under these conditions (Figure

3-4D) mirrored that
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MREblocking probes

Figure 3-5. Slopes from native hybridization of increasing concentrations of miR-122 (5nM-100nM) to the
VRBs, in the presence of probes blocking 3 of 4 miR-122 binding sites of interest (MREs 1-4). The data
represent the average of three images from three independent hybridizations, and net IODs calculated from
individual beads (n=100) from each image analyses over the concentration gradients were used to produce
slopes. Error bars represent SD of three independent hybridizations. Student t-test values are shown in
Table 3-3.
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of the initial probe-based study. Also, the probe-based analysis was repeated using the

decreased concentration range and also followed the same trend (Figure 3-5).

3.4.4 Cooperativity of miR-122 Binding In Vitro in HCV 5°UTR

By far, MRE 2 displayed the lowest accessibility according to the probe-based VRB
target site accessibility results (p<0.004) (Figures 3-5C, D, 3-6 and Table 3-1). It is
interesting to note that while MREs 1, 3, and 4 are predicted by the ViTa, the MRE 2 is
not even predicted by this database (Table 3-1). This is due in part to the reduced level of
complementarity of MRE 2 to the miR-122 seed sequence compared to the other three
MRE:s of interest (6 nts compared to 8nts) (Figure 3-1B). However, Jopling et al. found
that binding to both MRE 1 and 2 sites was required to ensure viral RNA amplification.
Also, another study showed that miR-122 binding to both 5’ sites independently has a
relatively equal positive stimulation on HCV translation (168), suggesting that MRE 2
displays high efficacy and retains some seed site accessibility in vivo. In vitro, however,
this may potentially be attributed to the fact that MRE 2 is a more efficient miR-122
binding site due to its cooperativity with MRE 1 (177). Indeed, since our study was
published, it was found that there is a non-conventional binding mode for miR-122 at

MREs 1 and 2 (107).

Previous studies have suggested that closely spaced miRNA binding sites act
synergistically, perhaps since one bound RISC complex may recruit cofactors for
additional repression (127, 346). Consequently a potential explanation for our
observations is that binding at MRE 1 may decrease secondary structure in the adjacent
area, thereby increasing accessibility to MRE 2. A previous in vitro study, in which miR-
122 binding at MRE 1 induced an opening in the conformation of the IRES by disrupting

64



Chapter 3: Target-site accessibility of HCV RNA to miR-122

a long-range annealing motif (84), supports this hypothesis. A closer examination of the
probe-based VRB target site accessibility assay results sheds some light on this
cooperativity. The signal produced by the HCV RNA with only both 5’UTR MREs
unblocked (probes 3 + 4 in Figure 3-4B) is (1.8 + 0.2) X 10? while the sum of the signals
produced when each individual site is accessible (probes 1+3+4 and 2+3+4 in Figure 3-
4B) is (1.2 + 0.2) X 10°. The increase (p<0.03) over the sum implies that there is
cooperativity exhibited between the two sites (i.e. binding to one of the two sites

increases binding to the other).

3.4.5 Inhibitory Role of Forth miR-122 Binding Site in HCV

The VRB assay results also highlight the binding efficacy of miR-122 to MRE 4 in vitro
(Figure 3-4C, D, and Figure 3-5). However, the functional role of MRE 4 during HCV
replication is not known. Most OREF sites, in fact, have been shown to be generally less
effective (127). In order to assess the biological relevance of MRE 4 and compare it to
that of the three other sites, the HCV subgenomic replicon containing p3—4 mutated
MREs was introduced into Huh-7.5 human hepatoma cells. The combined effects of the
mutations on the rates of translation and replication of the replicon were assessed. A
replicon lacking the stem loops in the core coding sequence was used for this portion of
the study as we found, along with others (197), that they decrease HCV IRES-dependent

translation.

65



Chapter 3: Target-site accessibility of HCV RNA to miR-122

a MRE mutants

Mock WT ANSSB 1 2 1+2 3 4 4nc

HCYV replicon — -“

B-actin T =" - = G — ——

o 24 hours
1.8 - u 72 hours 1.8 n untransfectad
‘f: 6 i % o u mt:lrrajeq pa-4 miR-122
i 1.4 w ‘E 1
8 = 14
12 I 5
3 o
g : 1.2
-E o
goe g 1
= 0.6 .E
] 908
ﬁ 0.4 2
3 Los
o« =
0 - ] 504
Luc 5.1 4 anc £
MRE mutants DL
0
3 4 G+d
Mutated MREs

Figure 3-6. Mutational analysis of miR-122 seed sites' roles in HCV translation and replication. Bicistronic
HCYV subgenomic replicon with HCV IRES-driven luciferase reporter and mutated miR-122 seed sites was
transfected in Huh-7.5 cells. All MREs were mutated at positions 3 and 4 of the seed site; also, MRE 4 was
mutated such that a non-coding mutation (4nc) would occur as shown in Figure 3-1b. (a) Northern blot
analysis of HCV replicon expression in total RNA extracted from Huh-7.5 cells 72 h post-transfection.
Naive HCV replicons (WT) and mock transfections are also shown. Expression of f-actin was used as a
loading control. Representative blot is shown (n = 3). A replicon containing a deletion in the NS5B gene is
also included to discern background levels. (b) Firefly luciferase activity relative to wildtype (Luc 5.1) after
24 (n =3) and 72 (n = 2) hours post transfection for MRE 4 mutant harboring cells. *P < 0.05 relative to
Luc 5.1 expressing cells. **P < 0.008 relative to Luc 5.1 expressing cells. (c) Firefly luciferase activity of
cells expressing mutants relative to wildtype (Luc 5.1) after 24 (n = 3) hours post transfection and cells also
transfected with mutant miR-122 (n=3) bearing compensatory mutations to the mutated MREs (mutated
p3—4 miR-122). Values in (b) and (c) were normalized by protein content, and error bars represent s.d. of
independent experiments.
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Analysis of HCV RNA levels 72 h post-transfection by Northern blot (Figure 3-6A)
revealed that mutations of MREs 1 and 2 resulted in decreased viral titres as previously
reported (144, 168, 177, 178, 212). Meanwhile, disruption of MRE 3 resulted in no
significant changes in viral replication, also in accordance with previous studies (144,
177). Conversely, mutations of the MRE 4 resulted in an overall increase in HCV RNA
levels. These results were similarly reproduced with quantitative RT-PCR at 72 and 120 h
post-transfection (Figure 3-7). Furthermore, HCV IRES-driven expression of the

luciferase reporter was enhanced by mutations to MRE 4 (Figure 3-6B).

With regards to the newly discovered MRE 4, no functional role for this seed site has yet
been established. In an effort to illuminate its role, we had performed the same p3—4
mutations in MRE 4; however, in the instance of MRE 4, this resulted in a substitution
mutation in the NS5B gene. Therefore, we also performed an alternate p4,7 double silent
mutation (4nc) (Figure 3-1B) in order to ensure the results we were observing were not as
a result of changes in the RNA polymerase activity of NS5B, but strictly due to
disruption of miR-122 binding at this site. An increase in both viral RNA titres (Figure 3-
6A and 3-7) along with a stimulation of HCV-IRES driven translation of the luciferase
reporter was seen (Figure 3-6B) upon silent mutation of MRE 4. While it is well
established that miRNA binding sites in the 3'UTR have been known to efficiently
impede translation and induce mRNA destabilization, seed sites in the ORF have
generally been found to be less effective (127). However, our mutational analysis and
VRB assay results suggest that the ORF site (MRE 4) displays the highest affinity for
miR-122 in vitro (p < 0.0003) (Figures 3-4D, 3-5, and Table 3-3) and is quite functional

in an inhibitory role in translation and replication of the virus. Lastly, we have found that
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Figure 3-7. Functional analyses of mutations in the miR-122 seed sites determined by qRT-PCR of HCV
RNA. Bicistronic HCV subgenomic replicon with HCV IRES driven luciferase reporter and mutated miR-
122 seed sites was transfected in Huh-7.5 cells. All MREs were mutated at positions 3 and 4 of the seed
site; also, MRE 4 was mutated such that a non-coding mutation (4nc) would occur as shown in Figure 3-1b.
Quantitative RT-PCR analysis of HCV replicon expression in total RNA extracted from Huh-7.5 cells 72
(n=3) and 120 (n=3) hrs posttransfection. Results are shown as mean fold changes compared to naive HCV
replicons transfected cells. *P<0.003 relative to Luc 5.1 expressing cells. *¥P<0.0003 relative to Luc 5.1
expressing cells.
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Table 3-3. Student t-test values for Figures 3-4C, D, and 3-5.

Figure 3-4C - p values

Sites blocked 1+2+4 1+3+4 2+3+4
1+2+3 0.03 0.001 0.06
1+2+4 N/A 0.005 0.3
2+3+4 0.3 0.002 N/A

Figure 3-4D - p values

Sites mutated 1+2+4 1+3+4 2+3+4
1+2+3 0.03 0.003 0.2
1+2+4 N/A 0.01 0.8
2+3+4 0.8 0.005 N/A

Figure 3-5 — p values

Sites blocked 1+2+4 1+3+4 2+3+4
1+2+3 0.0004 0.0003 0.02
1+2+4 N/A 0.004 0.005
2+3+4 0.005 0.001 N/A
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transfection of miR-122 bearing compensatory mutations to restore the miRNA interaction at
MRE 4 resulted in decreased (p <0.001) HCV-IRES driven translation of luciferase reporter

thereby further validating MRE 4 as an inhibitory miR-122 binding sites in HCV (Figure 3-6C).

3. 5 Discussion

Collectively, this study demonstrates the importance of the newly characterized fourth miR-122
binding site in HCV RNA in its viral lifecycle. The target site affinity analysis reveals that MRE
4 displays the highest in vitro hybridization rate to miR-122 in HCV RNA compared to the
previously characterized sites. While prior studies have proposed that miRNA targets sites in the
coding region are less frequent and effective (30, 127), genome-wide analyses have identified a
significant amount of ORF targeting (30). One study has demonstrated that active translation
impedes miRISC association with mRNAs in the ORF (129). However, we report that MRE 4,
found in the NS5B gene, has a potent inhibitory role on HCV replication. This curious result may
be explained by the decreased local structure in NS5B leading to increased miR-122
accessibility, which compensates for the ability of ribosomes to clear the miRISC association
with MRE 4. Additionally, it has been previously suggested that structural elements within HCV
RNA cause pausing of active translation by the ribosome (444). Then it is possible that the
surrounding local secondary structure (Figure 3-1B) impedes the ribosome, thereby stabilizing

the miRISC association with MRE 4, leading to reduced translation and replication.

It should be noted that the in vitro VRB assay does not take into account the other factors that
influence accessibility in vivo. These factors include the influence of RISC or other RNA binding
proteins, which play a significant role in modulating RNA accessibility for small RNAs (167,

187, 188, 241, 294). 1t is possible that such additional host factors may be responsible for the
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increased efficacy of an ORF site like MRE 4. Alternatively, the increased complementarity
displayed by MRE 4 to miR-122, through its supplementary binding at the 3’ end in addition to
its seed sequence complementarity (Table 3-1), may enable the miRNA to effectively withstand

and block active translation.

Analysis of the degree of conservation of the sequence for the MRE 4 in the HCV RNA OREF,
demonstrates that the site is well-conserved in genotypes 1, 3, 4, and 6, yet poorly conserved
among genotypes 2 and 5 (Table 3-2). Interestingly, this site is conserved in 91.3% of HCV
genotype 1b isolates, which represent a subtype of HCV that is known to be more aggressive and
more likely to proceed from acute to chronic infection (104, 462). I hypothesize that one
potential evolutionary role for miRNA sites in the ORF (MRE 4) is to suppress viral titres as a
means of immune evasion, as previously suggested by Mahajan and others (249). While the miR-
122 mediated positive modulation through interactions in the 5'UTR has been deemed essential,
the MRE 4 site negatively counterbalances the effects of MRE 1 and 2. The existence of both
stimulatory and inhibitory miR-122 recognition elements within HCV RNA may help to

maintain optimal levels of HCV during infection.

In a recent study, Luna and colleagues investigated the miR-122 interactions with HCV genome
in situ using cross-linking and immunoprecipitation of RNA bound to Argonaute protein (Ago-
CLIP) and demonsterated that binding of miR-122 to MRE 4 is very strong, specific, and
sensitive to miR-122 sequestration (243). Therefore this study further validates our findings and
also shows that the interaction of miR-122 to MRE 4 in situ occurs in an ago-dependent manner.
Moreover, the same study confirms the sponge effect of HCV RNA with regards to miR-122

sequestration (243).

71



Chapter 4: Applying ABPP to investigate the activity of fatty acid synthase

While the existence of MREs 1, 2, and 3 was previously established (144, 177, 178), the role of
other OREF sites (e.g. MRE 4) has yet to be explained in the context of the HCV lifecycle.
Despite the recent promise of antisense oligonucleotides targeting miR-122 suggests that these
potentially repressive sites have a limited significance on HCV compared to the positive
modulatory sites in the 5'UTR (MREs 1 and 2), our results herein propose that recruitment of
miR-122 to the ORF site (MRE 4) results in a decrease of HCV levels that is likely resulting
from negative effects on translation, stability, and replication of HCV RNA. Further studies are
required to distinguish at which regulatory level (translational repression or mRNA
destabilization) MRE 4 plays a role. Since a slightly lower increase on luciferase activity (i.e.
decreased regulation by MRE 4) at 72 h is seen compared to 24 h, I am inclined to believe the
effect is mainly on translational repression since the luciferase activity at 24 h will be more
representative of translation. However, 1 cannot exclude the potential role of mRNA
destabilization, which a recent study suggests, is a predominant mechanism by which
mammalian miRNAs mediate their repression (130). For future studies, it will also be of interest
to monitor the relative biological relevance of these types of MREs in other infectious HCV
models and comparing the relative contributions of each site on replication, translation, and

virion production, as previously done for MREs 1 and 2 (144, 168, 177, 178).

Jopling et al. previously demonstrated cooperativity between MRE 1 and MRE 2 in mediating
miR-122's positive modulation of HCV through mutational analysis of a luciferase reporter with
a HCV 5'UTR (177). The VRB-based target site analysis also demonstrates cooperativity in
binding between both sites in the S'UTR. A previous in vitro study, in which miR-122 binding at

MRE 1 induced an opening in the conformation of the IRES by disrupting a long-range
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annealing motif, supports this hypothesis (84). It seems likely that miR-122's binding to MRE 1

is crucial to enable miR-122's access to MRE 2, at least in vitro.

While miRNA binding sites in the ORF are generally weaker, the results herein are the first
characterization of a fourth miR-122 recognition element in the NS5B gene of HCV RNA. This
site plays a significant inhibitory role at both the translational and replication levels. The newly
characterized miR-122 seed site appears to be highly accessible, and its inhibition of HCV may

contribute to the HCV's immune evasion and progression to chronic infection.

Overall, these results highlight the competing roles in HCV replication and translation of the
miR-122 binding sites in the 5'UTR (stimulatory) compared to those in the ORF (inhibitory)
(Figure 3-8). This study highlights the capacity of the VRB assay to validate computationally
predicted miRNA target sites and evaluate the cooperativity of miRNA binding to closely spaced
target sites. The target site accessibility results revealed the increased accessibility of MRE 1
compared to MRE 2 and the cooperativity in binding displayed between these two sites in the

5'UTR.
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Figure 3-8. Competing roles of miR-122 seed sites in HCV RNA. Schematic depicting competing roles of
microRNA binding sites in the 5'UTR (MREs 1 and 2) and those in the ORF and 3'UTR (MREs 2 and 3) in the
HCV RNA genome. MicroRNA-122, upon association to the RNA induced silencing complex (RISC), will use its
guide strand to bind these competing sites. This miRISC complex's association with the 5'UTR sites (b) will lead to
an overall stimulatory effect on translation and replication. Conversely, binding with the ORF site (a) results in
repression of these processes.
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Chapter 4: Applying Activity-Based Protein
Profiling to Investigate the Modulation of
Fatty Acid Synthase Enzyme Activity
during HCV Replication
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Statement of Contributions

The content of this chapter has been published in the journal Chemistry and Biology (283) and

permissions have been obtained for reusing the materials and figures in this thesis.

I helped to design all of the experiments in this chapter. I performed the majority of the
experiments and analyzed the data along with my supervisor. I also wrote the drafts of the
manuscript. Yanouchka Rouleau provided technical support and assistance for this project. The
chimeric mice livers have been provided by Dr. Michael Joyce (University of Alberta), and
Orlistat-based probe has been synthesized in the laboratory of Dr. Shao Yao (University of

Singapore) (448).

4.1 Introduction

High-throughput genomic and proteomic profiling studies, along with other abundance-based
approaches, have identified many host factors essential for HCV replication; however, more
research is required to validate the biological and clinical relevance of these genes. Furthermore,
these methods do not provide any information about the functional state, post-translational
modifications, as well as association with co-factors and regulatory proteins that likely regulate
the activity of host enzymes involved in the viral replication. Therefore, novel experimental
approaches are required to interrogate the catalytic state of the host enzymes involved in viral
infection, and provide an in-depth analysis of the dynamic and transient molecular interactions,

which affect the enzymatic function of the host factors during HCV replication.

As mentioned previously, every step of HCV infection and replication is closely intertwined with
host lipid metabolism (32, 55, 145, 183, 271, 316, 348). In this respect, HCV modulates the

cellular lipid homeostasis in favour of excessive accumulation of triglycerides and other neutral
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lipids (32, 270, 315, 363, 391). One of the key lipogenic enzymes whose expression is
upregulated by HCV is fatty acid synthase (FASN; EC 2.3.1.85) (112, 388, 451). Importantly,
HCV infection has been correlated with increased FASN levels in the serum of chronically
infected patients (18, 181). FASN is a 270-kDa multifunctional enzyme that contains seven
enzymatic domains and harbors the complete pathway required to synthesize palmitic acid de
novo from acetyl and malonyl esters of coenzyme A (CoA) (423). Interestingly, while FASN
activity appears to be essential for HCV replication, it does not seem to be required for adult
tissue maintenance, as long as normal diet is maintained (61, 217, 359). Therefore FASN can be

a target of anti-HCV drug development.

FASN enzyme activity has been shown to be essential in establishing infection of other RNA
viruses through the creation of altered membrane structures. De novo lipid biosynthesis and
incorporation of newly synthesized lipids at sites of viral replication has been shown to be
necessary for the replication of other members of the Flaviviridae family including Dengue virus
(DENV), yellow fever virus (YFV), Usutu virus (USUV), and West Nile virus (WNV).
Inhibition of FASN by small molecule inhibitors such as Cerulenin, Orlistat and C75 leads to a
drastic inhibition in replication of these viruses (140, 183, 256, 271, 314, 348, 388). Intriguingly,
while the levels of FASN expression do not change significantly during DENV and WNV
infection, its sub-cellular localization alters from the cytosol to being proximal to the sites of
viral replication, so that nascent fatty acids can be utilized to establish or expand replication
complexes (140, 256, 314). However, it is not known whether HCV modifies FASN localization
and activity in a similar fashion. Transcriptional activation of lipogenic enzymes, such as FASN

and acetyl-CoA carboxylase (ACC), has been demonstrated during HCV replication (430). To
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date, however, it is not known whether these enzymes are catalytically active or if HCV recruits

these enzymes to the vicinity of HCV replication complexes.

FASN enzyme activity requires post-translational activation, so that in order to be catalytically
competent, the central acyl carrier domain (ACP) of FASN must be post-translationally modified
by an intrinsic phosphopantetheine transferase (PPT) that covalently attaches the
phosphopantetheine moiety of CoA onto a conserved serine residue of the ACP (174, 311, 358).
Also, biotinylation is indispensible for the activity of ACC (302). Since traditional abundance-
based approaches fail to report on the functional state of FASN and other enzymes, I used an
ABP based on orlistat, an FDA approved drug (304), and known inhibitor of FASN (448-450), to
investigate the HCV-induced alterations in the activity of FASN. Furthermore, I was interested
in studying the localization of both total FASN and active FASN in the presence of HCV
replicon using immunefluorescence and ABPP imaging. Lastly, I developed a quantitative ABPP

method for relative quantification of FASN activity during HCV infection.

4.1.1 Lipid Biosynthesis Pathway

One of the major sources of hepatic lipids is de novo fatty acid biosynthesis, which occurs by
transcriptional activation of lipogenic transcription factors such as sterol regulatory element-
binding proteins (SREBPs) (151, 152) . Activation of SREBPs induces the expression of a series
of lipogenic enzymes including FASN, stearoyl CoA desaturase (SCD), and acetyl CoA
carboxylase (ACC). There are three isoforms of SREBP; SREBP-1a, SREBP-1c and SREBP-2.
SREBP-1a activates all SREBP target genes, whereas SREBP-1c and SREBP-2 activate genes
involved in fatty acid and cholesterol metabolism, respectively (151, 152). Activation of
SREBPs in turn is induced by the liver X receptors (LXRs) as well as retinoid X receptor (RXR)

a, which belong to a family of nuclear hormone receptors (336, 458) and are ultimately regulated
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by insulin and glucagon (63, 78, 102, 300). Newly synthesized, inactive, SREBP is inserted into
the ER membrane. When cells are depleted of sterols, SREBP is transferred to the Golgi, where
it goes under proteolytic cleavages to release the nuclear domain (nSREBP) that is capable of
activating the expression of sterol response element genes (SREs), which mediate the synthesis
of cholesterol, fatty acids, and triglycerides (151, 152). Besides ACC and FASN that together
produce palmitic acid (C16:0), fatty acid elongase complex, which converts palmitate to stearate
(C18:0); SCD that converts stearate to oleate (C18:1); and glycerol-3-phosphate acyltransferase,
which is involved in triglyceride and phospholipid synthesis, are among the main targets of

SREBPIc (92, 151, 152, 275).

ACC is the rate-limiting enzyme in fatty acid biosynthesis that catalyzes the production of three-
carbon intermediate, malonyl-coenzyme A (malonyl-CoA), from two two-carbon acetyl-
coenzyme As (aceteyl-CoA) (194). FASN then catalyses the synthesis of palmitate using
malonyl-CoA produced by ACC (377). Palmitate is the precursor of stearate and longer-chain
saturated fatty acids, as well as the monounsaturated acids palmitoleate and oleate. The nascent

fatty acids can then be incorporated into triglycerides and membrane phospholipids (337).
4.1.2 Fatty Acid Synthase (FASN)

Fatty acids are the main components of cellular membranes, energy storage, and signal
transducer compounds, which are synthesized through multiple rounds of reactions by FASN, a
proficient and multifunctional enzyme (423). The de novo synthesis of palmitic acid from
glucose occurs through sequential extension of an alkanoic chain, two carbons at a time, by a

series of decarboxylative condensation reactions that are summarized by this equation (378):

Acetyl-CoA + 7 Malonyl-CoA + 14 NADPH + 14 H* = Palmitic acid + 7 CO2 + 8 CoA + 14

NADP + 6 H2O
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Aside from its role in viral replication, human FASN is also an important diagnostic and
prognostic marker for cancer, as FASN is expressed at abnormally elevated levels in many
varieties of common human cancer (206, 264, 265). Moreover, FASN play a key role in obesity

(47), therefore FASN is an attractive target for therapeutic interventions (62).

4.1.2.1 FASN Structure & Function

FASN is a complex homodimeric 552kDa (each subunit is about 273 kDa) enzyme containing 7
functional domains: malonyl/acetyl transferase (MAT), p-ketoacyl synthase (KS), dehydrase
(DH), enoyl reductase (ER), B-ketoacyl reductase (KR), ACP and thioesterase (TE) (Figure 4-1)

(234).

FASN catalyzes the synthesis of palmitic acid in three major steps: initiation, elongation, and
termination. Initiation step involves the condensation of malonyl-CoA and acetyl-CoA catalyzed
by MAT domain; elongation, which is a repeating cycle of reduction and dehydration to add 2
carbons in each cycle to the elongating fatty acid chain, is catalyzed by KS, KR, DH, and ER,
respectively; and finally, termination step is catalyzed by TE and leads to releasing nascent fatty

acid from ACP (378, 423).

Substrate loading in FASN occurs by MAT domain through translocation of acetyl and malonyl
moieties, from CoA thioester to the phosphopantetheine thiol of the ACP domain. The catalytic
active residue in the MAT domain is a nucleophilic serine (Ser581), plus an indispensible and
highly conserved residue His683, that most likely increases the nucleophilicity of the Ser581
(268, 332). The overall condensation reaction is catalyzed by the KS domain in three steps: (1)
transfer of the acyl moieties from acyl-ACP thioester to the active-site cysteine (Cys161) residue,
(2) binding and decarboxylation of a malonyl-ACP thioester moiety to produce a reactive

carbanion and (3) formation of a new carbon—carbon bond by nucleophilic attack of the
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carbanion on the carbonyl carbon of the acyl moiety (179, 440). Interestingly, the catalytic
activity of KS increases from C2 to C12 and decreases with increasing chain length beyond C12,
reaching 0.05% for C18 (378). The catalytic residues of the B-processing domains i.e. DH, ER,
and KR are His878, Gly1672, and Gly1888 respectively (378). The 16-carbon saturated palmitic
acid is released from the phosphopantetheine thiol of the ACP domain by chain-terminating TE
domain. The FASN TE is a serine active-site enzyme (Ser2308) in which nucleophilicity of the
serine residue is supported by a conserved histidine residue (311). This domain has very limited
activity toward substrates with less than 16 carbon atoms (378). This is particularly important

because any ABP targeting this domain should have a fatty acid chain of 16 to 18 carbons.

Functional animal FASN exists as an antiparallel homodimer, in which the each ACP domain is
involved in substrate loading and condensation reactions catalyzed by the MAT and KS domains
of the opposite subunit. In contrast, the B-carbon processing reactions, together with the release
of palmitate, are catalyzed by the cooperation of the ACP with catalytic domains of the same

subunit (171, 378).

4.1.2.2 FASN Inhibitors

To date, several compounds are known to inhibit FASN. These include cerulenin, C75, orlistat,
C93, and naturally occurring polyphenols (Figures 4-2 and 4-3) (244). Cerulenin, isolated from
Cephalosporium caerulens, contains an epoxy group that react with and inhibit the KS domain
(114). However, cerulenin is chemically unstable and cytotoxic (207); to overcome these
drawbacks, C75 was developed based on the cerulenin mechanism of action (207). Nevertheless
C75 is a weak, irreversible inhibitor of FASN and thus more potent analogs of C75 have been

designed recently (428).
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Figure 4-1. FASN forms an X-shaped homodimer and the two subunits are arranged in a fully extended head-to-tail
organization (Figure adapted from (234)). malonyl/acetyl transferase (MAT), B-ketoacyl synthase (KS), dehydrase
(DH), enoyl reductase (ER), B-ketoacyl reductase (KR), ACP and thioesterase (TE).
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Natural products such as epigallocatechin gallate (EGCG), the principal polyphenol component
of green tea, have also been demonstrated to inhibit the KR activity of FASN (221). The MAT

domain of FASN is also extremely susceptible to inhibition by diethyl pyrocarbonate (378).

Lastly, orlistat, also known as tetrahydrolipstatin (THL), is a US FDA-approved FASN inhibitor,
which was originally developed as an anti-obesity drug. The active moiety of orlistat is a [-
lactone ring that undergoes a nucleophilic attack and forms a covalent adduct with the active
serine (Ser2308) of FASN TE domain (311). Moreover, orlistat has been shown to have a modest
anticancer activity in several in vivo models (409). Orlistat-like compounds have successfully

been applied as activity-based probes to examine FASN activity in hepatocytes (448, 449).

4.2 Rationale

Conventional abundance-based proteomics approaches are labor-intensive, do not capture post-
translational modifications, which regulate protein activity, and do not assign protein function. A
general rationale for performing ABPP therefore is that it allows for the reporting of enzyme
activity changes that may be independent of protein expression and to help assign function to
proteins of unkown function. Activity-based probes can be used to investigate the HCV-induced
alterations in the activity of hepatic enzymes in order to identify potential diagnostic and

prognostic markers, and develop therapeutic interventions.

This chapter is concerned with the fact that HCV induces lipid biosynthesis in infected cell for its
replication, and FASN is a key lipogenic enzyme that is likely involved. Orlistat is a specific

inhibitor of the thioesterase domain of FASN, therefore an activity-based probe derived from
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orlistat may represent an exciting tool to study the activity of FASN during HCV replication and

report on any changes in enzyme activity.

4.3 Hypothesis

Orlistat-derived activity-based probe can be used to investigate the HCV-induced alterations in

the activity and localization of FASN during HCV replication.

4.4 Results

4.4.1 Protein Profiling Using Orlistat-Based Probes

As mentioned previously, orlistat makes a covalent bond, through its f-lactone moiety (Figure 4-
2A), to the nucleophilic serine (Ser2308) in the active site of the TE domain of FASN (311).
Since orlistat is cell permeable (200), it makes a promising activity-based probe that can be
applied both in situ and in vitro to report on the activity of its targets in subcellular environment
and in homogenized cells or tissues, respectively. Moreover, minor structural modifications of
orlistat, such as introducing an alkyne handle, can be performed without having a drastic effect
on its biological activity (341, 448). As a result, conservative structural changes have been
performed to the parental THL structure, to convert orlistat into a competent activity-based probe
(341, 448). In addition, an alkyne handle has been introduced to the THL structure, which allows
for conjugation of the protein/probe complex to reporter and affinity tags via bio-orthogonal

click chemistry (Figure 4-3 B) (101, 448).

First, a library of seven orlistat-based probes (Figure 4-3B), which has already been applied to
target FASN in HepG2 cells (448), was screened for its specificity against FASN in Huh7 cells.
For this purpose, in situ (data not shown) and in vitro (Figure 4-3C) labeling was carried out and

the reaction products were separated by SDS-PAGE and visualized in-gel using a flatbed
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fluorescence scanner. As demonstrated, the orlistat analogue probes 1 to 5 all labeled FASN

whereas analogues 6 and 7 did not label FASN appreciably. Probe 2 was chosen for further
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Figure 4-2. The structures of inhibitors of fatty acid synthase. Luteolin and Kaempferol are naturally occurring
polyphenol inhibitors of this enzyme.
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Figure 4-3. The structure and specificity of the orlistat-based probes. (A) The structure of orlistat. (B) Seven orlistat-
derived probes were synthesized and screened in Huh7 cells for their ability to target FASN. (C) Huh7 cells were
treated with orlistat-based probe for 4 hours, lysed and clicked with Rhodamine azide, A representative in-gel
fluorescent scanning is shown. Black arrow points to the band corresponding to FASN. Click mix only (Rhodamine
azide+CuSO4+TBTA+TCEP) produces no signal in the absence of orlistat-based probes (first lane, DMSO
Control). Subsequent to in-gel fluorescent scanning, the gel was transferred to a PVDF membrane and probed with
anti-PTP-1D, as the loading control to ensure equal loading.
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experiments as it shows a strong specific activity-based labeling towards its FASN target.
Overall, these results demonstrate that the orlistat-based probe can function as an activity-based
probe in Huh7 human hepatoma cells to report on the activity of FASN.Next, the specificity of
the orlistat-based probe 2 (Figure 4-4A) towards FASN was further evaluated by performing
competitive ABPP, in which prior to labeling with the corresponding probe, the proteome is
incubated with an excess of different inhibitors, some of which compete for the same active site
that the probe targets (224). Thus, the proteome was preincubated with known FASN inhibitors,
such as cerulenin and C75, which each irreversibly inactivate the P-ketoacyl-ACP synthase
domain, but not the thioesterase domain of FASN (272, 305), as well as 5-(tetradecyloxy)-2-
furoic acid (TOFA), an established inhibitor of ACC (133). As expected, in the presence of
excessive amounts of orlistat inhibitor, the orlistat-based probe is out-competed and cannot label
the thioesterase domain of FASN (Figure 4-4B, lane 3); however, neither C75, nor cerulenin
abolishes the labeling of the orlistat-based probe towards FASN (4-4 B, lanes 4-5), which
indicates that the labeling is both target- and domain-specific. This shows that the probe can also
be used to distinguish between different domains of FASN. The percentage activity remaining
was determined by measuring the integrated optical density (IOD) of the FASN band relative to
a DMSO-only (no inhibitor) control (405), normalized to a loading control (PTP-1D) (Figure 4-
4C). Moreover, the heat-denatured proteome (A; first lane) did not show any labeling with
orlistat ABP, which further validates that the probe only targets the active proteome.
Collectively, these data show that orlistat-based probe has high specificity towards the
thioesterase domain of FASN and the attachment of the small alkyne handle does not change its

preference in enzyme selectivity in Huh7 cells.
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4.4.2 Expression and Activity of FASN Increases during HCV Infection

Previous reports have demonstrated that de novo fatty acid synthesis is required for HCV
replication (183, 388), and HCV infection is associated with accumulation of lipid in hepatocytes
(i.e., steatosis). To further confirm the role of FASN activity in HCV replication, I employed
inhibitors of fatty acid synthesis to Huh7 cells that stably express a tricistronic HCV subgenomic
replicon, with firefly luciferase reporter gene (Figure 1-1A). At 48h post-treatment the luciferase
activity was examined as a measure of HCV replication. As shown in figure 4-5A, in the
presence of orlisat, cerulenin and TOFA, HCV replication decreases by 50%, 70% and 65%,
respectively, compared with DMSO treatment. This is consistent with the integral role of fatty

acid synthesis in HCV replication.

Moreover, in situ studies have demonstrated that FASN expression increases during HCV
replication (388, 451). To examine whether the activity of FASN is also elevated by HCV
replication, I applied comparative ABPP (70), which compares the differential activity between
naive and virus-infected host proteomes. Orlistat-based ABP (Figure 4-4A) was employed to
profile the activity of FASN in Huh7.5 cells harbouring a full-length genotype 1b (Conlb) HCV
genomic replicon (FGR) (Figure 1-1C). The activity was determined by measuring the integrated
optical density (IOD) of the band corresponding to FASN in the fluorescent gel, normalized to
IOD of the band corresponding to a loading control (PTP-1D) in the respective western blot. In
both in vitro and in situ labeling experiments, FASN activity increased by approximately 75% in
the presence of HCV replicon, while FASN expression, determined by IOD of the FASN band in

the western blot normalized to the loading control, increased by 45% (Figure 4-5B and 4-5C).
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Figure 4-4. The orlistat-based probe is specific for the TE domain of FASN. (A) The structures of orlistat and the
orlistat-based probe with alkyne moiety highlighted. (B) Fresh proteome isolated from Huh7 is incubated with 100
uM of inhibitors for 1h followed by labeling with 10uM of orlistat-based probe. A is the heat-denatured sample. (C)
The percentage activity remaining was determined by measuring the integrated optical density (IOD) of the FASN
band relative to a DMSO-only (no inhibitor) control normalized to a loading control (PTP-1D). The data represent
the average of three independent gels. Error bars are standard deviation.
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To further investigate the role of FASN in the HCV life cycle, an established mouse-model for
HCV infection was employed, in which primary human hepatocytes are transplanted into SCID
mice carrying a plasminogen activator transgene (A/b-uPA). This model has been shown to
support HCV infection without inducing an adaptive immune response (266). In this chimeric
mouse-model, HCV replication occurs at biologically relevant levels, and infectious viral
particles are produced and released (266, 425). I conducted ABPP experiments in chimeric
SCID/Alb-uPA mice infected with HCV genotype 1a, which is more common in North America
(274). In these mice, clusters of human hepatocytes are easy to detect, as nodules of human cells
are visible macroscopically (384). Furthermore the success of transplanation was determined by
ELISA, detecting human albumin (hAlb) in serum (384). FASN activity was compared by
applying orlistat-based ABP on liver samples obtained from four different nodules of three mock
infected chimeric mice, as well as infected mice with HCV genotype 1a that maintained the HCV
infection for 10 weeks with serum titers between 2x10° and 4x107 copies/mL (matched donors).
As depicted in Figures 4-6A and 4-6B, HCV induces a 50% increase in the activity of FASN in
the chimeric livers, with a P-value of 0.01calculated by two-tailed student t-test. Moreover, this
increase in the activity of FASN in the liver of infected chimeric mice is in agreement with its
total abundance (Figure 4-6C). These findings provide additional evidence that FASN activity is

beneficial to HCV replication and therefore its expression and activity is increased by the virus.
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Figure 4-5. FASN activity increases during HCV replication. (A) Huh7 cells that stably express a tricistronic HCV
replicon containing the firefly luciferase reporter gene were treated with the inhibitors of fatty acid synthesis at 10
uM for 48 h, and HCV replication was examined as a measure of luciferase activity compared to DMSO treatment.
The results were normalized against total protein levels and are demonstrated as the average of three independent
experiments and the error bars are standard deviation. (B) Huh7 cells expressing or not the Conl full-length replicon
(HCV), were lysed and probed against active FASN (ABPP-FASN), total FASN (anti-FASN), and PTP-1D (anti-
PTP-1D). A representative gel is shown in which the activity and expression of FASN was examined in Huh7 cells
harbouring full-length HCV replicon genotype 1b. (C) Comparison of the activity and expression of FASN in Huh7
cells harbouring the full-length HCV replicon with mock control. The data represent the average of four
independent gels P-value= 0.005 and 0.008 for activity and expression respectively, calculated by two-tailed student
t-test
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Figure 4-6. FASN activity increases during HCV infection. (A) Comparison of the activity and expression of FASN
in chimeric mice infected with genotype la to uninfected control chimeric mice. A representative gel is shown (B)
Quantification of signal intensity for the band corresponding to FASN was followed by background correction. (C)
Quantification of FASN expression in the liver of chimeric mice infected or uninfected with HCV genotype la.
Quantification of signal intensity for the band corresponding to FASN expression was performed by ImageJ and the
results were normalized to PTP-1D expression as the loading control. The results are shown as normalized FASN
activity of infected relative to uninfected chimeric mice. The data represent the average of four independent gels. P-
value=0.01, calculated by two-tailed student t-test.
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4.4.3 Modulation of the Activity and Expression of FASN by HCV-Encoded Proteins

As mentioned, FASN expression is primarily regulated at the transcriptional level by SREBP-1c
(151) and some of the HCV structural and non-structural proteins, including core (165, 193),
NS2 (295), NS4B (306), and NS5A (117, 443), have been demonstrated to activate SREBP-1c
transcriptional pathway. Moreover, studies have shown that the HCV proteins core and NS5A
can activate the phosophoinositide-3 kinase (PI3K)-AKT signalling cascade, which in turn leads
to the activation of SREBP-1 pathway (166, 387). To study whether the activation of SREBP-1c
pathway results in an increase in abundance of active FASN, I examined the alterations in the
activity and expression of FASN in the presence of individual HCV proteins. For this purpose,
the HCV proteins that have been shown to activate the SREBP-1c pathway in Huh7 cells,
including E1/E2, core, NS2, NS4B, and NS5A were cloned and expressed. Forty-eight hours
post-transfection, cell lysates from each transfection was first analyzed by western blotting to
ensure transfection success (data not shown), and subsequently the activity and expression of
FASN was examined as mentioned previously. The activity of FASN was significantly induced
by NS4B, core, and NS5A, with 1.75, 1.5, and 1.4 fold increase compared to mock respectively;
while E1/E2 and NS2 do not seem to have a drastic effect on the activity and expression of
FASN (P-value>0.05) (Figure 4-7A and 4-7B). The increase in the activity of FASN in the
activity of FASN is in accordance with an increase in the abundance of total FASN (Figure 4-

70).
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Figure 4-7. Investigating the effect of individual HCV proteins on FASN expression and activity. (A) Huh7 cells
transfected with individual HCV genes, or expressing Conl full-length replicon (HCV), were lysed and probed
against active FASN (ABPP-FASN), total FASN (anti-FASN), and PTP-1D (anti-PTP-1D). A representative gel is
shown demonstrating the alterations in the activity and expression of FASN in the presence of different HCV
proteins. (B) Densitometry analysis of the bands corresponding to FASN on ABPP gels was performed by ImageJ,
and the data were normalized to the loading control (PTP-1D) on corresponding western blots. (C) Quantification of
FASN expression in the presence of HCV replicon or its individual proteins. Huh7 cells transfected with individual
HCV genes, or expressing Conl full-length replicon, were probed with antibodies against FASN, and PTP-1D.
Densitometry analysis of the bands corresponding to FASN expression was performed and the results were
normalized to the loading control (PTP-1D) on corresponding western blots. The results are demonstrated as fold
changes compared to mock and represent the mean from 4 gels. The error bars represent standard deviation. *p <
0.05, **p < 0.01, calculated by two-tailed Student T-test.

94



Chapter 4: Applying ABPP to investigate the activity of fatty acid synthase

4.4.4 Increased FASN Activity Reflects in the Cellular Triglyceride Levels

The main product of FASN is the 16-carbon saturated fatty acid palmitate, which can be
processed to be incorporated into triglycerides (233). Therefore, to further study the changes in
FASN activity induced by HCV and its proteins, I quantified the amount of cellular triglyceride
(TG) levels as an indirect measurement of FASN activity. For this purpose, I analyzed cellular
TG levels in Huh7 cells that stably express full-length HCV replicon (Huh7-FGR) or those
transiently transfected with individual HCV proteins, or mock transfected Huh7 cells. As shown
in figure 4-8, while NS4B, core, NS5A and the HCV replicon increased the total cellular TG
content significantly, E1/E2 and NS2 did not cause a significant increase in cellular TG levels.
Thus, it was concluded that increased activity of FASN in the presence of HCV replicon, core,

NS5A and NS4B correlate with higher cellular TG levels.

4.4.5 The Localization of FASN Does Not Change during HCV Replication

Two of the HCV encoded proteins, core and NS4B, are palmitoylated at the cysteine residues of
their C-terminal ends, and this palmitoylation is essential for the replication of the virus (252,
460). Palmitic acid produced by FASN, can be subsequently used by palmitoyltransferase (PAT)
for palmitoylation of certain cysteine residues (86). It is possible that HCV requires FASN
activity to palmitoylate core and NS4B. Furthermore, studies have shown that the distribution of
FASN changes to colocalize with replication sites during infections with DENV, USUV, and
WNV, which also belong to the Flaviviridae family, and require fatty acid synthesis for their
replication (140, 314). Therefore I decided to investigate whether the subcellular localization of
FASN similarly changes during HCV replication to the vicinity of replication complexes in

membranous webs or lipid droplets, where NS4B and core also localize (27, 94).
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Figure 4-8. Total amount of cellular triglyceride in the presence of either the HCV replicon, or of individual HCV
proteins. Huh7 cells transfected with individual HCV genes, or expressing Conl full-length HCV replicon, were
lysed and total amount of triglyceride was measured. The results of triglyceride assays were normalized to total
protein content and demonstrated as nanomol per milligram of protein. The data represent the mean of three
independent assays. The error bars are standard deviation.* p < 0.05, **p < 0.01, calculated by two-tailed student t-
test.
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Huh7 cells expressing the HCV subgenomic replicon (SGR) (genotype 1b, Figure 1-1), as well
as naive Huh7 cells were immunostained with antibodies against FASN and HCV NS5A (Figure
4-9A), which associates with HCV replication complex (RC) (124), and dsRNA (Figure 4-9B),
HCV replication intermediate. The negligible fluorescent signal observed for NS5SA and dsRNA
in naive Huh7 cells was set as the background (Figure 4-11B) The cells were subsequently
analyzed by fluorescence microscopy and the image analyses revealed that the distribution and
localization of FASN, which is mainly perinuclear, does not change in the presence or absence of

the HCV replicon (Figure 4-9A and 4-9B).

To investigate the possibility of colocalization between total FASN and NS5A, or dsRNA, I
calculated the degree of colocalization by measuring Mander’s coefficient (R) and Pearson
correlation coefficient (Rr). Mander’s coefficient indicates an actual overlap of the signals, and
provides an estimation of the percentage of overlapped pixels. Its values vary from O to 1
(O=non-overlapping images and l=colocalized images); importantly, it strictly measures co-
occurrence independent of signal proportionality (91, 254). I also calculated the colocalization
using the Pearson correlation coefficient, which measures the pixel-by-pixel covariance in the
signal levels of two images, and describes the correlation of the intensity distribution between
channels. The range for Pearson correlation coefficient is from -1 to 1 (-1 = total negative
correlation, 0 = random correlation, and 1 = total positive correlation) (6, 465). The Mander’s
coefficient for overlapping signals between total FASN and NS5A, or dsRNA is 0.95 £+ 0.03, and
0.93 + 0.03, respectively. However, the Pearson correlation coefficient is only 0.53 +0.11 and

0.42 £0.09 for FASN and NS5A, or dsRNA, respectively. Therefore these data suggest that
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Figure 4-9. FASN does not colocalize with HCV replication complex. Huh7 cells and Huh7 cells harbouring
subgenomic HCV replicon (Huh7-SGR) were fixed and probed against total FASN (a-FASN) and (A) HCV NS5A
(a-NS5A) or (B) dsRNA (a-dsRNA), HCV replication intermediate, followed by DAPI staining. (Scale bar: 10 um).
The images are representative of 4 independent immunostaining experiments.
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although there is some overlap between total FASN and NS5A, or dsRNA, there is a moderate or
low correlation between their signal intensities, which could reflect that there is no direct

molecular interaction between FASN and HCV replication complex

Next I set to examine the distribution of active FASN during HCV replication, by combining
ABPP imaging with immunofluorescence microscopy. For this purpose, I first validated the
specificity of the orlistat-based probe by treating Huh7 cells and Huh7-SGR cells with the
orlisat-based probe, followed by conjugation to Rhodamine azide through click chemistry and
immunostaining against total FASN. As shown in Figure 4-10A, ABPP-labeled FASN evidently
colocalizes with total antibody-labeled FASN and shows a similar perinuclear pattern in both
mock Huh7 cells and Huh7-SGR. The calculated Mander’s and Pearson coefficients for the
colocalization of total FASN and ABPP-FASN, in the presence of the HCV subgenomic
replicon, are 0.97 £+ 0.03, and 0.93 +0.03, respectively, and in naive Huh7 cells are 0.99 + 0.01
and 0.94+ 0.02, which indicate that active FASN highly colocalizes with total FASN in the
presence or absence of the HCV subgenomic replicon. Importantly, minimal fluorescence was
observed in Huh7 cells and Huh7-SGR cells treated with the click mix only in the absence of the
orlistat probe (Figure 4-11A). There is also a considerable increase in the levels of active FASN
detected in the presence of the HCV subgenomic replicon, which is consistent with previously

shown data.

Subsequently, I examined the possible localization of active FASN to the proximity of HCV
replication complexes, by probing against active FASN and NS5A (Figure 4-10B) or dsRNA
(Figure 4-10C). As demonstrated, there is no apparent colocalization between active FASN and

sites of active viral replication. Mander’s and Pearson coefficients for ABPP FASN and NS5A
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Figure 4-10. Active FASN is not recruited to sites of HCV replication. (A) Huh7 cells and Huh7 cells harbouring
subgenomic HCV replicon (Huh7-SGR) were treated with Orlistat-based probe fixed and clicked with Rhodamine
azide (ABPP FASN), followed by immunostaining against total FASN (a-FASN) (B) Huh7 cells harbouring
subgenomic HCV replicon were probed against active FASN (ABPP FASN) and HCV NS5A (a-NS5A) or (C)
dsRNA (a-dsRNA). The images are representative of 4 independent immunostaining experiments.
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Figure 4-11. Fluorescent analyses of the background (A) Huh7 cells Huh7-SGR cells were fixed and treated with
click mix only (no probe, no antibody) followed by washes and DAPI staining. The cells were then imaged by
ABPP FASN channel (Rhodamine), and anti-FASN channel (Cy2). (B) Imaging active FASN, NS5A and dsRNA in
Huh7 cells. (Scale bar: 10 um). The images are representative of 4 independent immunostaining experiments.
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are 0.97 £ 0.01 and 0.61 £ 0.18, respectively and for ABPP FASN and dsRNA are 0.97+ 0.015
and 0.63 + 0.08. These results indicate that the overlap between signals from active FASN and
NS5A or dsRNA do not represent a true colocalization, and can be explained by the drastic
increase in the levels of FASN throughout the cytoplasm during HCV replication, which leads to
a coincidental overlap between HCV replication complexes that are also localize in the
cytoplasm. Based on these results, we propose that the drastic increase in the activity and
abundance of FASN during HCV replication leads to production of substantial amounts of fatty
acids, and therefore HCV does not require the recruitment of FASN to the sites of active viral

replication.

4.4.6 Developing a Quantitative ABPP Method; Combining Dimethyl Labeling with ABPPs

In order to accurately quantify the differential enzyme activity in various samples including
clinical isolates, I developed a novel technique for quantitative ABPP, in which ABPP is
combined with stable isotope dimethyl labeling (DML) that allows for introducing ‘light’,
‘medium’ and ‘heavy’ labels with stable isotope by reductive amination of primary amines at the
N termini of every peptide as well as e-position of lysine residues using formaldehyde (44). In
this technique, the activity-labeled enzymes are captured through affinity purification, digested
by trypsin and go under stable isotope dimethyl labeling, followed by mass spectrometry
analyses. This method is efficient (all peptides are labeled), simple and potentially high-
throughput, as there is no need for protein purification. Moreover, this technique is robust since it
can be applied to virtually all types of protein specimens ranging from clinical samples to cell
culture lysates, and provide insight into differential enzymatic activity during any pathological

state, such as HCV infection.
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In order to investigate HCV's influence on FASN activity in a more physiologically relevant
model, I decided to examine the increase in the activity of FASN in human serum differentiated
Huh7.5 cells (HS-Huh7.5) (385) infected with JFHI1t. It has already been demonstrated that
treatment of Huh7.5 cells with media supplemented with 2% human serum (HS) over a period of
21 days leads to differentiation of Huh7.5 cells and dramatically promotes HCV infection (385).
HS-Huh7.5 cells demonstrate growth arrest, contact inhibition, have a hepatocyte-like
morphology, and express hepatocyte differentiation markers (385). Furthermore, these cells have
increased lipid droplet content and are therefore more similar to primary hepatocytes (373, 385),
without exhibiting the disadvantages of working with primary hepatocytes (25, 322). For this
purpose, the proteome from infected and uninfected HS-Huh7.5 cells were labeled with the
orlistat probe and clicked with biotin azide for subsequent affinity pull-down. To ensure the
accuracy of the quantification, the experiment was performed in reciprocal sets; in one set the
peptides from naive HS-Huh7.5 cells were labeled with light formaldehyde and the JFH-1
infected HS-Huh7.5 peptides were labeled with medium formaldehyde; in the reverse set the
peptides from naive HS-Huh7.5 cells were labeled with medium formaldehyde and the JFH-1
infected HS-Huh7.5 peptides were labeled with light formaldehyde (Figure 4-12). The peptides
were then mixed in 1:1 ratio and analyzed by LC-MS/MS. In this setting, the activity of FASN
showed an increase of 90% in infected HS-Huh7.5 cells and this increase was consistent in both
sets of the experiment. Interestingly, the FASN demonstrated higher activity during JFH-1
infection compared with Conl replication (HCV-FGR) (90% versus 75%). This finding is in
accordance with previous studies that cellular steatosis and FASN expression is higher during
JFH-1 infection compared with Conl replication (271, 451). To date, this is the first application

of quantitative ABPP in virology.
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Figure 4-12. Quantitative ABPP by combining activity-based pull-down and dimethyl labeling. Subsequent to trypsin
digestion, peptides are labeled with light, medium, or heavy formaldehyde. Peptides are then mixed in 1:1 ratio and

analyzed my LC-MS/MS.
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4.5 Discussion

FASN abundance and de novo fatty acid synthesis are frequently deregulated in a wide range of
human cancers, metabolic diseases, and viral infections (264, 265, 288), indicating the
importance of targeting this enzyme for therapeutic purposes. While previous studies have
demonstrated that FASN is indispensible for HCV replication, and also that FASN abundance
increases during HCV replication (113, 295, 388, 451), changes in FASN enzymatic activity and
localization related to HCV propagation is not well understood. Herein I presented the first study
of the changes in enzymatic activity of FASN during HCV replication, using activity-based

protein profiling and activity-based imaging techniques.

Orlistat inhibits the activity of FASN by making an irreversible covalent bond to the active
serine of the carboxy-terminal thioesterase domain of FASN (463). The TE domain is important
because it determines the length of the fatty acyl chain by controlling its release from the enzyme
complex (463). Therefore the TE domain plays a critical role in the terminal end of fatty acid
biosynthesis, and using an ABPP probe to report on its catalytic activity would provide an insight
into the overall activity of FASN. Consequently the orlistat-based probe was utilized to

investigate the alterations in the activity of FASN during HCV replication.

Our results from ABPP studies both in cells expressing HCV proteins and in model systems for
HCV propagation confirm the previous findings that HCV infection upregulates FASN
expression at both transcriptional and proteins levels, and also demonstrate that the increase in
FASN abundance during HCV replication, leads to an increase in the overall FASN catalytic
activity (Figure 4-5B-C). Importantly, the effect of HCV replication on the expression and
activity of FASN was observed in both cell models harboring genotype 1b replicon as well as

chimeric SCID/Alb-uPA mice containing human hepatocytes infected with HCV genotype 1a, in
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addition to JFH-1 (genotype 2a) infected HS-Huh7.5 cells. These observations demonstrate that
the modulation of FASN by HCV occurs in different model systems and appears to occur with
different subtypes of HCV. Moreover, these results show that elevated FASN activity during
HCV replication leads to an increase in cellular TG content, although the FASN activity and
cellular TG levels are more highly correlated in the case of core and NS4B as compared with
NS5A. This inconsistency can be explained by the fact that other than becoming TG and being
incorporated into lipid droplets, the nascent fatty acids synthesized by increased expression and
activity of FASN can have different fates, such as incorporation into membranes and as
substrates for enzymes that post-translationally lipidate (e.g. palmitoylate) protein targets. For
example NS5A expression has been shown to activate phosophatydilinositol 3 kinase (PI3K) and
PI4K (387, 410), which in turn induce the synthesis of phosphoinositide 3 and 4 phosphate,
respectively. These phosphoinositides are essential for the formation and integrity of ER as well

as the HCV-induced membranous web (386, 387, 410).

Previous reports have demonstrated that expression of NS4B alone induces the formation of
membranous webs (125, 228), which are specific alterations in the ER membrane that harbor
HCYV replication complexes. Additionally, it has been shown that NS4B expression activates the
SREBPI1 pathway that can lead to increased transcription of FASN (24). We observed a robust
increase in both FASN activity and TG levels in the presence of NS4B (Figures 4-7 and 4-8),
which may reflect the need for lipid components for HCV to induce membrane rearrangements.
The expression of core protein has also been associated with increased cellular lipid droplets and
activation of the SREBP1 pathway. Consistent with this, these results demonstrated that core
protein induces a significant increase in both FASN activity and TG levels. The involvement of

NS4B and core in the induction of lipid biosynthesis and accumulation of lipid in hepatocytes
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may also contribute to the pathogenesis of liver steatosis in patients with chronic hepatitis C
(391). Importantly, I observed higher levels of activity compared to abundance of FASN in the
presence of HCV. This could possibly be due to an influence of HCV on the post-translational
modifications of FASN that ultimately regulate its conformation and enzymatic activity. Future
works will be directed towards understanding the role of HCV replication, and its encoded

proteins on post-translational modifications of FASN and other lipogenic enzymes in the liver.

Recent reports have shown that FASN activity is required for other members of Flaviviridae,
including DENV, WNV, and USUV (140, 256, 314). Interestingly, during the replication of
these viruses, the level of FASN abundance does not change, however, its distribution alters to
co-localize with replication complexes. In fact, Randall and coworkers demonstrated that NS3
protein of DENV interacts with FASN and recruits it to the replication complexes (140).
Therefore, 1 investigated the possible colocalization of FASN with HCV replication sites by
fluorescence microscopy. The imaging results confirm the marked increase in FASN levels
during HCV replication. However, in contrast to DENV, our imaging experiments show that
FASN is not recruited to HCV replication complex, as its localization remains similar in the
absence or presence of the HCV replicon. More in depth analysis of colocalization using image
analysis methodologies helped us to address the question of HCV recruitment of FASN to

replication sites.

The analysis of colocalization between FASN and NS5A or dsRNA, by calculating Mander’s
coefficient, revealed that there is some overlap between the signals, but since the Pearson
coefficient, which is superior to Mander’s coefficient in quantifying colocalization (6), is
moderate for both sets of studies, it can be concluded that the overlap between FASN and NS5A

or dsRNA is likely to be coincidental (Figures 4-9 and 4-10). Interestingly, a parallel study by
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Huang and coworkers reported that HCV NS5B interacts with FASN, as deduced by
immunoprecipitation, and this interaction appears to increase the RNA-dependent RNA
polymerase (RdRp) activity (156). Herein I detected only a partial colocalization of FASN with
HCYV replication complex, which could still interact with NS5B, and enhance its RdRp activity.
However, our study suggests that any interaction of NS5B (or other HCV proteins) with FASN is

not sufficient to drastically alter FASN localization within the cell.

Next, I analyzed whether HCV alters the distribution of active FASN, using ABPP imaging to
visualize the localization of active FASN during HCV replication. The results demonstrate that
the ABPP-labeled FASN highly colocalizes with the antibody-labeled FASN, which confirms the
specificity of ABPP imaging (Figure 4-10). Colocalization analyses based on Mander’s
coefficients (6) indicate that there is no significant colocalization between active FASN and
either NS5A or dsRNA. Colocalization studies also confirm that active FASN is not recruited to
the sites of HCV replication. However, the level of active FASN is considerably increased in
Huh7-SGR cells and therefore there is some overlap between the signals from active FASN and
NS5A or dsRNA, but these signals are not completely codependent. Consequently, we propose
that the increases in FASN abundance and activity during HCV replication provides ample
amounts of fatty acids and neutral lipids required for proper replication of the virus, and
therefore there is no need for direct interaction and colocalization of FASN with the replication

complex.

Lastly, I developed a quantitative method for examining the activity of FASN during HCV
infection. This method combines activity-based pull-down with dimethyl labeling and because of
its efficiency and simplicity; it can be applied for relative quantification of target enzymes in any

protein sample. Consequently the qABPP platform facilitates quantitative comparison between
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different biological states (e.g. virus infected versus uninfected) or treatments (e.g. various
concentrations of an inhibitor or a drug). Importantly, the result of dimethyl labeling with orlistat
probe is in accordance with former ABPP data that FASN activity increases dramatically during

HCYV infection, and is consistent between the reciprocal sets of the experiment.

In summary, this work demonstrated the application of ABPP to study the HCV-induced changes
in the enzymatic activity of FASN. I showed that FASN expression is not only robustly induced
during HCV replication, but this is commensurate with a significant increase in FASN catalytic
activity. I also demonstrated that individual proteins such as core and NS4B are sufficient to
induce FASN activity on their own and this increase in activity is correlated with increases in
triglyceride neutral lipid products. Finally, fluorescence microscopy analyses show that
colocalization of FASN with the replication complexes is not required for HCV propagation,
unlike other flaviviruses. These results also highlight the potential for activity profiles of

enzymes such as FASN to be considered as prognostic markers of HCV infection.
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Chapter 5: Beta-Lactam-Derived Activity-Based
Probes for Profiling Host Enzymatic Activity
during HCV Replication
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Statement of Contributions

The content of this chapter has been published in the journal Chembiochem (284) and

permissions have been aquired for reusing the materials and figures in this thesis.

I helped to design all of the experiments in this chapter. I performed the majority of the
experiments and analyzed the data along with my supervisor. I also wrote the drafts of the
manuscript. -Lactam probes have been synthesized by Dr. Craig McKay, and masspectrometry

was carried out in the laboratory of Dr. Sue Twine.

5.1 Introduction

Due to both their biological activity and utility as therapeutic interventions, -lactams represent
one of the best known classes of biomolecular substrates.The B-lactam containing compounds,
such as penicillin, are a commonly used class of antibiotics against bacterial infections. It has
been demonstrated that B-lactams inhibit bacterial growth by targeting the penicillin binding
proteins (PBPs), which are required for bacterial cell wall biosynthesis (247). The powerful
antibiotic activities of B-lactams stem from their reaction with a catalytically active serine
residue in bacterial trans-peptidases and carboxy-peptidases via a nucleophilic ring opening
reaction of the B-lactam. B-lactam containing activity-based probes as well as other scaffolds
have been used recently to study bacterial virulence and host responses (327). Elegant work by
Sieber and Staub has shown that B-lactam analogues, both natural and synthetic, can be
converted into activity-based probes and applied for comparative in situ profiling of prokaryotic
proteomes to identify other enzymatic targets as well as determining bacterial sensitivity towards
antibiotics. Interestingly, these studies demonstrated that in addition to PBPs, a broad range of

bacterial enzymes, which contain a nucleophilic residue in their active pockets, can be targeted
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by the electrophilic B-lactam ring (382, 383). Because B-lactam derived activity-based probes

target divergent enzyme classes, they are considered as non-directed probes.

Since the former studies with B-lactam derived probes were only carried out on prokaryotic
proteomes, the eukarotic targets of these reactive compounds remained unknown (71, 382, 383).
This chapter describes the first identification of eukaryotic targets of P-lactam-containing
compounds by activity-based protein profiling. Furthermore, I demonstrated that non-directed [3-
lactam-based activity probes can be applied to identify differentially active enzymes in different

cell lines and during HCV replication.

5.1.1 Application of Non-directed Activity-Based Probes in Examination of Host-Pathogen

Interactions

Non-directed probes have been applied to broaden the activity-based profiling of host enzymes
families that could be involved in viral replication and infection. For example, a non-directed
sulfonate ester probe has been employed to identify several differentially active proteins during
viral replication that encompass many enzyme families (29, 372). These differential activities,
which are likely attributed to post-translational modifications or cofactor/inhibitor association,
would have been undetected by other conventional proteomic techniques. The identification of
these non-directed ABPP targets suggests that both directed and non-directed ABPP methods can
accelerate the discovery of protein activities associated with the pathogenic states of viral

infections.
5.1.2 B-lactam Moiety for ABPP

Aside from potent antibiotic activity, B-lactams have other therapeutic applications, including

inhibition of cholesterol absorption (389), inhibition of important viral proteases such as human
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cytomegalovirus protease, as well as inhibition of bacterial B-lactamases (353), prostate-specific
antigen (375), thrombin, chymases and elastases (8). Therefore, B-lactam activity-based probes
originating from several known antibiotics as well as synthetic analogs have been employed to
provide insight into the target preferences of these versatile scaffolds (382, 383, 464). For
example Staub and Sieber employed a series of alkyne tagged B-lactam probes, including drug
scaffolds as wells as synthetic monocyclic B-lactam probes to target several high and low
molecular weight PBPs. Interestingly, the synthetic monocyclic B-lactam probes also had
preference for other enzymes such as f-ketoacyl acyl carrier protein III (KAS III), B-lactamase,
lipase acylhydrolase, alkyl hydroperoxide reductase, and the virulence-associated protein ClpP

(383).

In a following study, Sieber and colleagues were able to identify five unique resistance
associated enzymes by applying the monocyclic B-lactam probes to perform in situ comparative
profiling of antibiotic-sensitive and multi-resistant Staphylococcus aureus strains (MRSA) (382).
Therefore the synthetic B-lactam probes provided useful tools to not only monitor the activity of
bacterial enzymes, but also to unravel the functions of yet uncharacterized MRSA specific

enzymes with a potential for therapeutic intervention (382).

5.2 Rationale

Although many of the common antibiotics contain a B-lactam moiety, their eukaryotic targets are
not known. It is expected however that they make enzyme adducts by reacting to the active
residues of many enzyme families. Therefore they can be suitable non-directed activity probes to
report on the activity of various enzyme classes and be applied in diverse comparative ABPP

experiments.
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5.3 Hypothesis

B-lactam derived activity-based probes can be utilized to profile the alterations in the activity of

cellular enzymes during a disease state such as HCV infection.

5.4 Results

5.4.1 Design of Novel p-lactam Activity-Based Probes

To expand the scope of enzymes targeted by [-lactams, and to examine the role of
hydrophobicity in directing p-lactam containing probes towards different enzyme classes, I
employed novel monocyclic triaryl B-lactam probes that we call cis- and trans-monocyclic -
lactam alkyne probes (Scheme 5-1, 3a and 3b) and compare their target enzymes with a more
traditional hydrophilic antibiotic, the bicyclic ampicillin-based alkyne probe AmpN, (Scheme 5-
1, 4). It was expected that the novel monocyclic probes can be accessed in hydrophobic

microenvironments, such as intracellular membranes and organelles.

0
N =
H
Ph
N,
0 Ph 3
: : , /=0
cis-monocyclic, 3a trans-monocyclic, 3b AmpN, 4 HO

Scheme 5-1. Structures of monocyclic and bicyclic B-lactam probes.
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5.4.2 Characterizing the Eukaryotic Targets of p-lactam Probes

Since B-lactam antibiotics are eventually taken up and metabolized by hepatocytes (406, 407), 1
decided to investigate their targets in human hepatoma cells (Huh7). For this purpose, freshly
isolated Huh7 proteome was treated with P-lactam probes (3a, 3b, and 4) at various
concentrations to identify the optimal labeling conditions and clicked with rhodamine azide, via
copper(I)-catalyzed azide-alkyne cycloaddition (101). The optimal labeling condition for all the
probes was observed to be 10 uM for 1 h at room temperature. Under these conditions, the heat
denatured proteome revealed minimal non-specific reactivity, while displaying maximal specific
proteome labeling as observed by in-gel fluorescence (Figure 5-1). Interestingly, the monocyclic
and bicyclic B-lactam probes showed unique fluorescence labeling profile, when compared with
each other and two other established activity-based probes, fluorophosphonate, known to target
serine hydrolases (235), and an orlistat-based probe against fatty acid synthase and thioesterases

(448) (Figure 5-1 and Figure 5-2).

To identify the enzymes labeled by the B-lactam probes, we adopted two approaches, which
allowed for detection of maximum number of targets (Figure 5-3); first the combination of
fluorescence 2D-gel electrophoresis (2D-GE) and tandem mass spectrometry was used (372),
then target identification was further complemented by applying a gel-free method, which
involves streptavidin-enrichment of the labeled Huh7 proteome samples, followed by on-bead
trypsin digestion and analysis of the peptides by LC-MS/MS (380). In the first method, the
fluorescently labeled proteins were separated by 2D-GE, scanned, silver stained (Figure 5-3 and

5-4 A, B), the fluorescent gel image was then aligned with the silver stained gel image to locate
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Figure 5-1. Active proteomes isolated from Huh7 cells were treated with the B-lactam probes with or without a
denaturing preheating step (A = 95°C, 10 min), subjected to click chemistry with RhN3, separated by SDS-PAGE
electrophoresis. (A) In-gel fluorescence scanning (fluorescent gel is shown in gray scale). (B) Subsequently the gel
was stained with coomassie blue to ensure equal loading.
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Figure 5-2. Active Huh7 proteome is mock labeled (NP) or labeled with the orlistat-based probes (THL2), B-lactam
probes (monocyclic cis 3a, trans 3b, and bicyclic 4), followed by click chemistry with RhN3, also compared with

labeling with fluorophosphonate (FP) azide which is conjugated to Alexa 488-alkyne through click chemistry.
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the labeled protein spots that were subsequently subjected to in-gel trypsin digestion and protein
identification using nano LC-MS/MS analyses. Proteins identified from heat-sensitive spots,
which had Mascot scores higher than 30, and were reproducible in two independent experiments,
were considered as candidates of the probe targets (Table 5-1). It is noteworthy that a number of
enzymes, such as glutathione S-transferase, proteasome subunit B, and protein disulfide-
isomerase, were targeted by all three probes, while there are several enzymes that were

specifically labeled by only one probe.

Although a considerable fraction of the proteome can be analyzed with 2D-GE MS methods,
many classes of proteins remain unidentified, including very large/small, highly basic/acidic,
hydrophobic, membrane, and low abundance proteins. In an effort to further validate the MS
results, and identify other protein targets of the probes, we performed a gel-free method, which
involves streptavidin-enrichment of the labeled Huh7 proteome samples, followed by on-bead
trypsin digestion (OBD) and analysis of the peptides by LC-MS/MS (Figure 5-3). Besides the
enzymes identified by 2D-GE, many other less abundant target enzymes were detected by the
gel-free method (Table 5-1). Analyses of the active sites of the identified enzymes showed that a
broad range of enzymes, containing different amino acids in their active sites (serine, cysteine,
glutamic acid, and lysine) were targeted by the B-lactam probes (all the 6 enzyme classes were
labeled by these probes) (Table 5-1). This reveals the versatility of the f-lactam reactive group in
labeling a variety of catalytic residues in mechanistically distinct enzymes. For example, protein
disulfide isomerases possesses a catalytic cysteine residue (325) whereas glutathione S-
transferase (GST) contains serine in its active pocket (362). Meanwhile, ATP synthase subunit

beta possesses a catalytically active lysine (51). Importantly, several enzymes with unknown
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Figure 5-3. Schematic diagram of the methods used to identify the targets of B-lactam probes. In the first approach
the proteome is separated by 2D gel and the labeled spots are analyzed by LC-MS/MS. In the gel-free method, the
labeled proteome is caputred by avidin enrichment and analyzed by LC-MS/MS.
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Bicyclic Cis Trans

Figure 5-4. Identification of the eukaryotic targets of B-lactam probes. (A) Probe-labeled proteins were visualized by
click chemistry conjugation to an azide-rhodamine tag, separated by 2D-GE, and in-gel fluorescence scanning
(fluorescent gels are shown in gray scale). (B) Followed by in-gel fluorescent scanning, the 2D-GE gels were silver

stained, and the fluorescent gel image was aligned with the silver stained gel image to locate the labeled protein
spots.
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functions (K1AA) were targeted by these probes, and further ABPP analysis will allow for
assigning function to these enzymes. It is also noteworthy that the majority of the targeted
enzymes belong to the enzyme classes 1, 2 and 3, therefore, it seems that there is a preference
towards targeting, hydrolases, transferases and oxidoreductases, respectively (43). Moreover, as
shown in Table 5-1, the number of enzymes targeted by the bicyclic B-lactam probe was higher
compared with monocyclic probes. This can be explained by lower intrinsic reactivity of the

monocyclic compounds compared with the constrained bicyclic compounds (383).

5.4.3 Application of p-lactam Probes in Comparative ABPP

5.4.3.1 Identification of Differentially Active Enzymes during HCV Replication Using p-

lactam Probes

Due to the broad spectrum of targets, we hypothesized that f-lactam probes can be used as
helpful tools for investigating the alterations in the cellular enzymes during a disease state, such
as viral or bacterial infections and other physiological alterations. The strategy of using non-
directed probes has been employed in a number of examples to study diverse patterns of protein
reactivity, as well as profiling differentially active host enzymes during viral replication (3, 372).
Therefore we decided to examine the applicability of the B-lactam probes in identification of
differentially active enzymes, which can potentially be recognized as disease-associated

biomarkers, during HCV replication.

For this purpose, I performed ABPP on naive Huh7 cells and Huh7 cells harboring hepatitis C

virus full-genomic replicon (HCV-FGR) (Figure 5-5). Moreover, in order to test the membrane
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Table 5-1. Enzymes targeted by the B-lactam probes and identified by either 2D-gel electrophoresis (2D-GE), or on-bead digestion (OBD)

Target enzyme Enzyme class * Probe Method °
Prostaglandin reductase 1 1.3.1.48 3a OBD
Eukaryotic translation initiation factor 6 3.6.5.3 3a 2D-GE, OBD
Acetyl-CoA carboxylase 1 6.4.1.2 3a OBD
Glucosidase II subunit beta 3.2.1.21 3b 2D-GE, OBD
NADH dehydrogenase flavoprotein 2 1.6.5.2 3a-b 2D-GE, OBD
Gamma-glutamylcyclotransferase 2324 3a-b 2D-GE, OBD
Human 8-oxoguanine glycosylase 3.2.2. 3a-b OBD
Cysteine protease ATG4A 3.4.22 3a-b OBD
Inorganic pyrophosphatase 3.6.1.1 3a-b 2D-GE, OBD
ATP synthase subunit beta 3.6.3.14 3a-b 2D-GE, OBD
Inosine triphosphate pyrophosphatase 3.6.1.19 3a-b 2D-GE, OBD
Human glyoxalase I 44.1.5 3a-b 2D-GE, OBD
Methylcrotonoyl-CoA carboxylase subunit alpha, mitochondrial 6.4.1.4 3a-b OBD
L-lactate dehydrogenase 1.1.1.27 3a,4 OBD
Triosephosphate isomerase isoform 2 5.3.1.1 3b,4 OBD
Retinal dehydrogenase 1 1.2.1.36 3a-b, 4 OBD
Thioredoxin-dependent peroxide reductase 1.11.1.15 3a-b, 4 2D-GE, OBD
Hydroxymethylglutaryl-CoA synthase 2.3.3.10 3a-b, 4 2D-GE, OBD
Glutathione S-transferase 2.5.1.18 3a-b, 4 2D-GE, OBD
Proteasome subunit beta type-4 3.4.25.1 3a-b, 4 2D-GE, OBD
Proteasome subunit alpha type-5 3.4.25.1 3a-b, 4 2D-GE, OBD
Ras-related protein Rab-1B 3.6.5.2 3a-b, 4 2D-GE, OBD
Protein disulfide-isomerase 53.4.1 3a-b, 4 2D-GE, OBD
Pyruvate carboxylase, mitochondrial 6.4.1.1 3a-b, 4 OBD
ADP-ribosylation GTPase-activating protein 1 (K1AA) 3a-b, 4 2D-GE, OBD
Isocitrate dehydrogenase [NADP] cytoplasmic 1.1.1.42 4 OBD
Phosphogluconate dehydrogenase, decarboxylating 1.1.1.44 4 OBD
D-3-phosphoglycerate dehydrogenase 1.1.1.95 4 OBD
Glyceraldehyde-3-phosphate dehydrogenase 1.2.1.12 4 OBD
Formyltetrahydrofolate dehydrogenase 1.5.1.6 4 OBD
Prolyl 3-hydroxylase 1 1.14.11.7 4 2D-GE, OBD
Phosphoserine aminotransferase 2.6.1.52 4 OBD
Pyruvate kinase 2.7.1.40 4 OBD
UMP-CMP kinase isoform a 2.74.14 4 2D-GE, OBD
Type I inositol-3,4-bisphosphate 4-phosphatase 3.1.3.66 4 OBD
Phosphodiesterase 1B 3.1.4.17 4 OBD
Ubiquitin carboxyl-terminal hydrolase isoform a 3.4.19.12 4 2D-GE, OBD
Fructose-bisphosphate aldolase A 4.1.2.13 4 OBD
Gamma-enolase 4.2.1.11 4 OBD
Alpha-enolase 4.2.1.11 4 2D-GE, OBD
Peptidyl-prolyl cis-trans isomerase 52.1.8 4 OBD
Ubiquitin-like modifier-activating enzyme 1 6.3.2.19 4 2D-GE, OBD

2 Human proteome organization (HUPO) designation for enzyme class, ® Two independent methods were used for the identification of the targeted enzymes
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permeability of B-lactam probes, as well as identification of their targets in intact cells, in situ
labeling experiments were carried out. For this purpose, the probes were added to the cell media
and incubated for four hours, subsequent to cell lysis and proteome extraction for the click
reaction. The labeled proteins were enriched and identified by OBD method (Figure 5-4). Table
5-2 summarizes the list of enzymes that were uniquely targeted in the absence or presence of
HCV replication. Some enzymes that were only identified in HCV-FGR cells have been
previously shown to play important roles in HCV replication cycle, such as, protein phosphatase
1B (PPM1B) that is capable of binding and dephosphorylating IFNAR1(IFN-a/p receptor chain
1), which leads to a decrease in the stability of this receptor. IFN-a/p signalling is essential for
limiting HCV replication in hepatocytes (116). Therefore, the potential use of PPM1B inhibitors
as antiviral drugs have been suggested (58). Moreover, acetyl-CoA carboxylase 2 (ACACB) was
only targeted in HCV-FGR cells; there are numerous studies that have shown this lipogenic
enzyme plays an essential role in HCV replication, and its expression is increased during HCV
infection (217). Finally, Phosphatidylinositol 4-kinase type 2-alpha (PI4K2A) was detected in
HCV-FGR cells, and several lines of evidence demonstrate the sites of HCV replication are

enriched with phophoinositide 4 phosphate, which is the product of PI4K2A (40).

On the other hand, some enzymes were only identified in naive Huh7 and not in HCV-FGR cells,
interestingly; these enzymes are shown to be down-regulated by the HCV proteins. For example,
cyclin-dependent kinase 2 (CDK2), was only targeted in Huh7 cells. It has been reported that
HCV core protein reduces the activity of CDK2, which leads to a decrease in the percentage of
cells in S-phase along with an accumulation of cells in the G(0)/G(1) phase of the cell cycle
(286). Moreover, fructose-bisphosphate aldolase A (ALDOA), was also identified in Huh7 and

not in HCV-FGR cells, the expression of this enzyme has already been reported to decrease

123



Chapter 5: [-lactam-derived ABPs for profiling host enzymatic activity

during HCV infection (457). Furthermore, tyrosine-protein kinase HCK, which was uniquely
detected in Huh7 cells, has been reported to interact with HCV NS5A, and this interaction leads
to a decrease in its activity (246). Lastly, down-regulation of denosylhomocysteinase (AHCY)
has been associated with liver steatosis, a major complication of HCV infection (60). According
to our results, this enzyme has only been detected in the absence of HCV replication, which leads

to the assumption that HCV replication reduces the expression and activity of AHCY.

Since we obtained good data for the protein entries as evidenced by Mascot scores and the
number of unique peptides matched per protein, we decided to examine the relative
quantification of some of the targets that were detected in the presence and absence of the HCV
replicon, while there are previous studies to show that their activity or abundance changes during
HCYV replication. We hypothesized that although the levels of these enzymes alter between the
two cell lines, they remain within the detection threshold of nano LC-MS/MS. For this purpose,
we applied a label-free approach, based on exponentially modified protein abundance index
(emPAI) (163). In this method, protein abundance is measured from the total number of spectral
evidences contributing to a given protein identification, and allows for semi-quantitative

comparison of the protein abundance.

124



Chapter 5: [-lactam-derived ABPs for profiling host enzymatic activity

In situ labelling N —
N~
Naive Huh7 ,\’,‘" ~%. | Huh7-FGR
Ry
\ ~N
‘l’N3

N, Click with Biotin-Azide /U

0"0 ﬂl:’
ﬂ Qol

Avidin enrichment l

S
€.

'S \

LC-MS/MS analysis

Figure 5-5. Schematic diagram of situ B-lactam labeling for comparative ABPP to identify differentially active
enzymes during HCV replication. Labeled enzymes are identified by OBD method and are compared between naive
Huh7 and Huh7 cells expressing full-genomic replicon (HCV-FGR).
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Table 5-2. Enzymes that are differentially labeled in situ by the -lactam probes in the presence or absence of HCV replicon
and were identified by OBD followed by tandem mass spectrometry

Target enzyme Enzyme class® Probe Cell line®
Allantoicase 3534 3a HCV-FGR
Serine/threonine phosphatase 6 3.1.3.16 3a Huh7
Serine protease 45 34.21 3a Huh7
Tyrosine phosphatase F 3.1.348 3a,4 Huh7
Aspartyl aminopeptidase 34.11.21 3b HCV-FGR
Methionine synthase reductase 2.1.1.13 3b Huh7
Protein phosphatase 1B 3.1.3.16 3b HCV-FGR
Phosphotidylinositol 4-kinase type 2o 2.7.1.67 3a. 3b, 4 HCV-FGR
Acetyl-CoA caboxylase 2 6.4.1.2 4 HCV-FGR
Adenosylhomocysteinase 33.1.1 4 Huh7
Fructose-4phosphate adolase A 4.1.2.13 4 Huh7
Cyclin-dependent kinase 2 2.7.11.22 4 Huh7
Tyrosine-protein Kinase HCK 2.7.10.2 4 Huh7
Phosphomannomutase 2 54.28 4 Huh7
Triosephosphate isomerase 53.1.1 4 Huh7

2 Human proteome organization (HUPO) designation for enzyme class, ® Huh7: Human hepatoma cells, HCV-FGR: Huh7
cells harbouring HCV full length genomic replicon
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Analyses of Mascot and emPAI scores for FASN, alpha-enolase (ENO1) and
hydroxymethylglutaryl-CoA synthase (HMGCS1) three of the well-known HCV host factors that
were targeted by all three probes in both naive Huh7 and HCV-FGR cells, revealed that the
expression and activity of these enzymes is increased in HCV-FGR cells (Table 5-3). The
activity and expression of FASN, the key enzyme in lipogenesis, has been demonstrated to
increase during HCV infection (283). Alpha enolase, which is a crucial enzyme in the glycolytic
pathway, has been shown to over-express during HCV infection and also its expression is
significantly higher in HCV associated hepatocellular carcinoma (396). The expression of
HMGCSI that is involved in both cholesterol synthesis and lipid metabolism pathways is highly
activated by HCV replication (183, 328). Consequently, our spectral counting data are consistent
with previous findings, and demonstrate that B-lactam probes can also be used for relative

quantification of differentially active enzymes during viral replication.

5.3.3.2 Identification of Differentially Active Enzymes in Cells with Different Origins

To further ensure the specificity of the B-lactam probes in targeting the enzymes that are
differentially active in different tissues and cell lines, we also performed in situ labeling on
human embryonic kidney cells (HEK293), which have a completely different origin from Huh?7
cells (Table 5-4). Interestingly, there are a number of enzymes such as alcohol dehydrogenase
7(ADHT7), helicase-like transcription factor (HLTF), methionyl aminopeptidase I(METAP1) and
ST3 beta-galactoside alpha-2,3-sialyltransferase 5 (ST3GALS) that are only targeted in HEK293
cells, and were not detected in Huh7 proteome. According to gene expression profiling
databases, these enzymes are expressed at significantly higher levels in HEK293 cells compared

with Huh7 cells (442). On the other hand, enzymes such as aldehyde dehydrogenase (ALDHIA),

127



Chapter 5: [-lactam-derived ABPs for profiling host enzymatic activity

Table 5-3. Relative quantification of some of the target enzymes that are differentially expressed in the presence of
HCYV replicon

Huh7 HCV-FGR
Target enzyme Enzyme Mascot emPAI Mascot emPAI
class
Fatty acid Synthase 2.3.1.85 56 0.1 75 0.2
Hydroxy methylglutaryl-Coenzyme A synthase 2.3.3.10 32 0 64 0.2
Alpha enolase 4.2.1.11 170 0.2 184 0.3
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FASN, GSTP1, HMGCSI, isocitrate dehydrogenase 1 (IDH1), 8-oxoguanine glycosylase
(OGGLI), and 6-phosphogluconate (PGD), were only identified in Huh7 (Table 5-4). Gene
expression analyses also confirm that these enzymes are expressed at drastically higher levels in
Huh7 cells compared with HEK293 cells (442). The expression levels of other enzymes that
were detected in both Huh7 and HEK293 cells is at comparable levels between the two cell lines

(Table 5-4).

Notably, some of the protein targets were specifically labeled by the novel hydrophobic probes
such as NADH dehydrogenase flavoprotein 2, which is a mitochondrial membrane protein
involved in the transfer of electrons from NADH to the respiratory chain, human 8-oxoguanine
glycosylase that mainly localizes in the nucleus and mitochondria and plays a role in DNA repair
(20), as well as formimidoyltransferase-cyclodeaminase that primarily localizes in the Golgi
(132). These findings suggest that the hydrophobic B-lactam probes are more membrane
permeable compared with the AmpN-based probe, and access the enzymes within cell organelles

more efficiently.

5.4 Discussion

In this chapter, I demonstrated the application of non-directed B-lactam derived probes to
selectively target a broad range of enzyme families that show differential activity in different cell
lines and during HCV replication. Herein, three f-lactam probes were examined that can be used
for global and comparative profiling of the eukaryotic enzyme activity both in vitro and in situ.
This work characterizes the eukaryotic targets of simple B-lactam probes of different structure
and hydrophobicity. These results also demonstrated that while gel-based profiling identified a
number of eukaryotic targets for the probes, the gel-free method allowed for identification of less

abundant enzymes from diverse enzyme families. Differential labeling further confirms the
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utility of these chemotypes in targeting different subsets of the proteome, with active site
specificity and coverage of different enzyme classes. I have also demonstrated that the non-
directed B-lactam probes can be applied to identify the differentially active enzymes in different
cell lines and during HCV replication that can be associated with disease progression, with

potential diagnostic and prognostic significance.

The B-lactam probes were also able to target a number of cysteine, serine, and threonine
hydrolases that have been shown to be targeted by the B-lactone moiety as well. This finding
demonstrates that -lactones and B-lactams share similar preference for the nucleophilic residues

of these enzyme categories.

In conclusion, side-chain-modified B-lactams represent promising structures for the design of
novel activity-based probes, which can be utilized for screening enzyme activity of different
eukaryotic and prokaryotic proteomes. I was able to identify a variety of mechanistically distinct
target enzymes that show sensitive labeling by each of these probe molecules, and demonstrated
that this approach is applicable for the identification of differentially active enzymes during

various biological processes or disease states.
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Table 5-4. Enzymes labeled in situ by the B-lactam probes in Huh7 and HEK293 cells, and were identified by OBD followed by tandem mass spectrometry

Target enzyme Enzyme class® Probe Cell line®
Alcohol dehydrogenase class 4 mu/sigma chain 1.1.1.1 3b HEK293
Plasma membrane calcium-transporting ATPase 1 3.6.3.8 4 HEK293
Helicase-like transcription factor 3.6.4 4 HEK293
E3 u4quitin-protein ligase RNF144B 6.3.2 4 HEK293
Lactosylceramide alpha-2,3-sialyltransferase 2.4.99.9 4 HEK293
Aldehyde oxidase 1.2.3.1 3b HEK293
Beta-1,3-galactosyltransferase 1 24.1 4 HEK293
Formimidoyltransferase-cyclodeaminase 43.14 3a HEK293
Methionine aminopeptidase 1 34.11.18 3b HEK293
Adenosylhomocysteinase 33.1.1 4 Huh7
Retinal dehydrogenase 1 1.2.1.36 3a, 3b, 4 Huh7
Fructose-4sphosphate aldolase A 4.1.2.13 4 Huh7
Fatty acid synthase 2.3.1.85 3a, 3b, 4 Huh7
Glutathione S-transferase P 2.5.1.18 3a, 3b, 4 Huh7
Tyrosine-protein kinase HCK 2.7.10.2 4 Huh7
Hydroxymethylglutaryl-CoA synthase 2.3.3.10 3a, 3b, 4 Huh7
Isocitrate dehydrogenase [NADP] 1.1.1.42 4, 3a Huh7
8-Oxoguanine glycosylase 322 3b Huh7
6-phosphogluconate dehydrogenase, decarboxylating 1.1.1.44 3a, 3b, 4 Huh7
Phosphomannomutase 2 5428 4 Huh7
Serine/threonine-protein phosphatase 6 3.1.3.16 3a Huh7
Serine protease 45 3421 3a Huh7
Receptor-type tyrosine-protein phosphatase F 3.1.3.48 4, 3a Huh7
Transitional endoplasmic reticulum ATPase 3.6.4.6 3a, 3b, 4 Huh7
Cyclin-dependent kinase 2 2.7.11.22 4 Huh7
Chymotrypsin-like elastase family member 1 3.4.21.36 3b Huh7
Alpha-enolase 4.2.1.11 3a, 3b, 4 Huh7
Glyceraldehyde-3-phosphate dehydrogenase 1.21.12 3a, 3b, 4 Huh7
Methionine synthase 2.1.1.13 3b Huh7
Protein disulfide-isomerase A6 53.4.1 4 Huh7
1-phosphatidylinositol-3-phosphate 5-kinase 2.7.1.150 4 Huh7
Pyruvate kinase isozymes M1/M2 2.7.1.40 3a, 3b, 4 Huh7
Triosephosphate isomerase 5.3.1.1 4 Huh7
Caspase 3 3.4.22.56 3a, 3b Huh7, HEK293
L-lactate dehydrogenase A chain 1.1.1.27 3a, 3b, 4 Huh7, HEK293
Methylcrotonoyl-CoA carboxylase subunit alpha 6.4.14 3a, 3b, 4 Huh7, HEK293
Pyruvate carboxylase 6.4.1.1 3a, 3b, 4 Huh7, HEK293
Propionyl-CoA carboxylase alpha 6.4.1.3 3a, 3b, 4 Huh7, HEK293
Proteasome subunit alpha type-4 3.4.25.1 4,3b Huh7, HEK293

* Human proteome organization (HUPO) designation for enzyme class, ® HEK293: Human embryonic Kidney cells (HEK 293)
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Chapter 6: Activity-Based Profiling of Lipid
Kinases during HCV Replication
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Statement of Contributions

The content of this chapter has been published in the journal Chembiochem (284) and

permissions have been aquired for reusing the materials and figures in this thesis.

I helped to design all of the experiments in this chapter, except for the chemical synthesis, which
were designed by Dr. Craig McKay. I performed the majority of the experiments and analyzed
the data along with my supervisor. I also wrote the drafts of the manuscript. PIK-BPyne has been
synthesized by Dr. Craig McKay, and its specificity has been characterized by Dr. Allison

Sherratt. Mass spectrometry was carried out in the laboratory of Dr. Daniel Figeys.

6.1 Introduction

RNA viruses that replicate in the cytoplasm have been shown to induce reorganization of the
host intracellular membranes to establish sites of replication and assembly (23, 410). The
resulting structures provide scaffolds for anchorage of the viral replicase complex, increase local
concentration of essential host factors, and shield the virus from the cellular innate immune
response (23, 334, 335, 410). Therefore, besides modulation of the host lipid metabolism, HCV
causes cellular membrane remodeling to form its replication complexes, and organize its

secretion process (140, 141).

Although HCV NS4B protein clearly contributes to the creation of the membrane structures
where the replication occurs, there is increasing evidence for the roles of host factors, involved in
lipid signaling, in formation of the viral replication complex (RC) (23, 34, 35, 49, 334, 335, 394,
410). These reports have led to a model in which the modulation of these lipid signaling
molecules directs cellular membrane trafficking to generate the HCV RC, and coordinates viral

secretion (141, 175).
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In this chapter, the process of modulation of the activity of phosphoinositide kinases, the key
lipid signaling enzymes, by HCV will be discussed. Herein, it will be demonstrated that activity-
based protein profiling is a suitable tool to capture the viral-induced alteration in the activity of
major lipid signaling enzymes. Importantly, the findings of this chapter aids in understanding the

early stages of the viral particle secretion.

6.1.1 Phosphoinositides & Phosphoinositide Kinases

Phosphoinositides (PIs) are membrane phospholipids derived from mono-, di- and tri-
phosphorylation of phosphatidylinositol, and regulate essential cellular and intercellular
processes (reviewed in (83)). Therefore the spatio-temporal regulation of these molecules, which
occurs through phosphorylation/dephosphorylation of the inositol ring, is critical for vital
physiological processes including cell proliferation, death, motility, cytoskeletal regulation,
intracellular vesicle trafficking and cell metabolism (403). Phosphatidylinositol kinases (PIKs)
are responsible for inositol ring phosphorylation and their highly-regulated activities lead to the
generation of seven Pls that are concentrated in different subcellular localizations (83). Due to
their integral roles in cellular function, PIKs have emerged as important drug targets in
therapeutic areas such as cancer, inflammatory disorders, and even host-pathogen interactions

(11, 40, 354, 432).

6.1.2 The Role of Phosphoinositide Kinases during HCV Replication

As formerly mentioned, HCV induces the rearrangement of intracellular membranes to form
viral replication complexes, called membranous web (MW) (276). These structures are enriched
with PI4P; moreover, studies applying genome wide siRNA screens have identified the PI4P
pathway to be critical for HCV replication (34, 335, 394, 395). It has been suggested that PI4P

may contribute to the curvature or integrity of the MW (10, 93). Also PI4P has been shown to
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interact with HCV replicase proteins to stimulate their function and keep them anchored in the
MW (335). Alternatively, PI4P may bind to essential host factors through their pleckstrin
homology (PH) domains and therefore recruit these factors to the sites of active HCV replication
and assembly. In fact several crucial host factors such as oxysterol binding protein (OSBP),
ceramide transfer protein (CERT), four-phosphate adaptor proteins 1 and 2 (FAPP1 and FAPP2),
and Golgi phosphoprotein 3 (GOLPH3) are thought to be recruited through PI4P binding (40,

427).

Four different PI4Ks that localize to distinct membrane compartments catalyze the production of
PI4P from PIs (23, 259).The involvement of PI4KIlla and PI4KIIIB in the HCV life cycle has
been shown by several studies, however, PI4KIla and PI4KIIf are not essential host factors for
HCV replication (35, 410). While several studies demonstrated that ER-localized PI4KIIla
provides the PI4P supply for the MW and activates the RARp of HCV due to its interaction with
NS5A(18, 49, 334, 335), there are controversial reports regarding the role of the Golgi-localized
PI4KIIIB in the HCV lifecycle. In fact the role of the Golgi in HCV replication cycle is not clear,
although, it is generally believed that the Golgi is involved in particle assembly and packaging.
Also, there are several lines of evidence that suggest a genotype-specific dependence for
PI4KIIIB in viral replication (215, 335, 404), whereas others indicate a separate role in viral
secretion (summarized in (79)). Moreover, the activity of PI3K has been shown to be essential
for HCV replication (40), as HCV infection leads to activation of the PI3K/Akt pathway by
various mechanisms (138, 166, 248, 319). PI3K/AKT signalling pathway regulates critical
cellular processes such as apoptosis and metabolism, hence its activation leads to increased cell
survival, and lipid biosynthesis (99). Consequently activation of this pathway provides a

hospitable environment for HCV replication within hepatocytes.
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6.1.3 Activity-Based Probes to Profile the Activity of Phosphoinositide Kinases

One method to characterize PIK activity is activity-based protein profiling (ABPP), which
involves converting selective small molecule inhibitors into activity-based probes (ABPs), to
interrogate the functional state of these kinases. However, the majority of kinase inhibitors bind
to the highly conserved kinase ATP-binding site (73, 199), and thus identification of kinase
inhibitors that are both potent and selective is a challenging task. Nevertheless ABPP probes
based on wortmannin or acyl-ATP/ADP analogues that have a large number of targets have been
shown to successfully label PIK enzymes (236, 307, 454). Wortmannin, which is a fungal
metabolite derived from Penicillium wortmannii, is a strong inhibitor of PI3K and PI3K-related
kinases (19, 452), as it can react irreversibly with the critical lysine residue in the active pocket
of these enzymes. Wortmannin-based ABP has been shown to be able to dynamically profile the
activity changes of a limited set of kinases within the cellular proteome (236, 454). Moreover,
wortmannin-based probe has been used to monitor differences in the activation state of its targets

under various physiological states, such as drug treatments (454).

Acyl phosphate probes are based on acyl phosphates of ATP or ADP that irreversibly react with
protein kinases on conserved lysine residues in the ATP binding pocket. These probes have been
successfully applied to profile the activity of at least 75% of the known human protein kinases
(307). Moreover, adenosine has been replaced by guanosine to report on the functional states of
GTP-dependent proteins (307). Similarly other nuscleosides can replace adenosine to produce a
variety of probes that provide insight into the activity of nucleotide binding proteome. However,
major drawback of ADP/ATP-based probes is the presence of highly abundant ATP binding

proteins such as actin and heat shock proteins that could interfere with kinase detection.
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In this chapter, I demonstrate the application of a novel, and more selective probe against lipid
kinases, based on PIK-93 inhibitor, to study the activity of PIKs during HCV replication. This
probe proved to be a powerful tool for examining the biological activity of selective PIKs and

other lipid kinases within their native environment.

6.2 Rationale

PI4KIIIB is hypothesized as a host factor for HCV infection; however, its role in the HCV life
cycle is unclear. Also, the PI3K-AKT pathway is activated by several HCV non-structural
proteins. PIK-93 is a reversible lipid kinase inhibitor that specifically reacts with PI4KIIIf and
PI3K. Therefore an activity-based probe based on PIK-93 may provide insight into the

alterations in the activity of these enzymes during HCV replication.

6.3 Hypothesis

Activity-based protein profiling may allow for the investigation of the alterations in the activity

of phosphoinositide kinases during HCV replication.
6.4 Results

6.4.1 Design of a Novel Activity-based Probe for Profiling the Activity of Lipid Kinases

In order to examine the changes in the activity of lipid kinases during HCV replication, a probe
based on the PIK-93 inhibitor was designed and synthesized in our laboratory by Dr. Allison
Sherratt and Dr. Craig McKay (199). PIK-93 is a reversible lipid kinase inhibitor that competes
for ATP binding interactions (Figure 6-1A) (199). The PIK-93 based probe, PIK-BPyne, (Figure
6-1B) was prepared by adding a photo-crosslinkable group, benzophenone (BP), to a core
structure similar to PIK-93 (Figure 6-1 B) (364). Introduction of BP moiety enables covalent
modification of the target enzymes (Figure 6-1C). Photo-activatable groups have previously been
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exploited in the synthesis of activity-based probes (182, 205, 227, 352, 398) (350, 351).
Moreover, the biologically inert alkyne handle was added to facilitate the conjugation of bulky

reporter or affinity tags through click chemistry.

To ensure that the PIK-BPyne probe successfully targets PI4K isoforms, as well as PI3K, the
specific targets were profiled by performing western blot analysis on the affinity pull-down of
the labeled proteomes (Figure 6-2A and 6-2B). For this purpose, human breast cancer (MDA-
MB-468), cervical cancer (HeLa), hepatoma (Huh-7), and embryonic kidney (HEK 293T)
proteomes were labeled with PIK-BPyne, streptavidin-enriched, then probed for PI3K (catalytic
subunit, i.e. 110 KDa) and PI4K (types: Ila, I, IIP) to determine differences in kinase
activities compared to relative abundances (Figure 6-2B). Most lipid kinases probed using this
activity pull-down method revealed differential activity compared to kinase abundance for the
cell lines tested (Figure 6-2B). This is evident for the equally abundant PI4K-IIIf, which appears
highly active in HeLLa and HEK 293T proteomes, and less active in MDA-MB-468 and Huh7
proteomes, based on PIK-BPyne’s ability to compete for ATP binding interactions of this kinase.
Furthermore, our group has demonstrated the competitive inhibition of PIK-BPyne labeling with
wortmannin (364), suggesting similar targets between PIK-93 and wortmannin. While parallel in
situ labeling experiments using WM-alkyne, failed to pull-down active PI4K-IIIB (364),

highlighting the specificity of PIK-BPyne toward this lipid kinase.
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Figure 6-1. Interaction of novel PIK-BPyne probe to the activie site of lipid kinases. A) Crystal structures and model
of PIK-93 inhibitor bound to p110 subunit of PI3K (Figure adapted from (198) B) Structures of lipid kinase
inhibitor PIK-93 and PIK-BPyne ABP. C) Schematic representation of ABPP with PIK-BPyne. The BP group of
PIK-BPyne is photo-activated by irradiation with UV light (365nm) to crosslink with associated protein. An azide-
functionalized reporter tag (red star: rhodamine-azide) is then reacted with the alkyne handle of PIK-BPyne by click
chemistry to fluorescently identify labeled protein in gel. Click chemistry with an alternate reporter tag, such as
biotin-azide, allows for streptavidin-enrichment and analysis of labeled protein.
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6.4.2 Investigation of Phosphoinositide4 Kinase II1 § (PI4K-ITIf) Expression and Activity

during HCV Replication

Having established PIK-BPyne as a useful probe for lipid kinase activity in living cells, I
investigated whether this probe could provide insight into the role of PI4KIIIB in the HCV
lifecycle. For this reason, I performed in situ PIK-BPyne labeling followed by activity pull-down
analysis on naive Huh7.5 cells versus Huh 7.5 cells stably expressing the non-infectious HCV
full-genomic replicon of genotype 1b (FGR, Conl), as well as Huh7.5 cells infected with the
HCV infectious model (JFH-1, genotype 2a, 4 days post infection). This set-up allowed me to
compare the PI4KIIIB activity in both genotypes, since siRNA knockdown studies have
implicated genotype dependency for PI4KIIIP (49, 404). As shown in Figure 6-3A, and 6-3B,
presence of HCV-FGR induced a 2.7 fold increase in PI4KIII activity, while expression
remained unchanged. Importantly, we observed a 2.3 fold increase in the PI4KIIIB activity
during HCV infection, even though the abundance remained unaltered (Figure 6-3). These
findings clearly demonstrate that the activity of PI4KIIIP is not correlated with its expression,
and emphasize on the role of post-translational modifications in regulating the activity of this

enzyme.
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Figure 6-2. Profiling the specific targets of PIK-BPyne probe. A) The labeled enzymes are enriched by streptavidin-
coated beads and analyzed by western blot. B) Relative activity and abundance of PI3K and PI4K isoforms in
various cell proteomes. Proteome samples (1 mg) of MDA-MB-468 (MDA), HeLa, Huh7 and HEK 293T (HEK)

cell lines were labeled with PIK-BPyne, streptavidin-enriched and probed for various isoforms of PI4K and PI3K by
western analysis.
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Figure 6-3. Effect of HCV replication on PI4KIIIB activity and abundance. A) Relative activity and abundance
(“Input”) of PI4KIIIP in Huh7.5 versus Huh-7.5 cells stably expressing genotype 1b(FGR-1b; left) ; and mock-
infected Huh7.5 cells versus Huh7.5 cells infected with HCV genotype 2a (JFH-1; right), labeled in situ with PIK-
BPyne. B) Densitometric analysis of PI4KIIIB activity and abundance relative to naive Huh7.5 or mock-infected
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controls, normalized to B-tubulin loading control (n=3, error bars: SD).
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6.4.3 Differential Activity of Phosphoinositide3 Kinase (PI3K) during HCV Replication,

Examined by Quantitative ABPP

Having successfully employed PIK-BPyne to examine the activity of PI4KIIIP, I decided to
apply this probe to investigate the functional state of other lipid kinases whose activities may be
modulated by HCV replication. In order to accurately quantify the potential differences in
enzyme activity, I performed quantitative ABPP. Following the in situ labeling of naive Huh7.5
and HCV-FGR expressing Huh7.5 cells, activity pull-down was performed, and captured
peptides underwent dimethyl labeling (44). To ensure the accuracy of quantification, the
experiment was carried out in reciprocal sets; in one set the peptides from naive Huh7.5 cells
were labeled with light formaldehyde and the HCV-FGR peptides were labeled with medium
formaldehyde; in the reverse set the peptides from Huh7.5 cells were labeled with medium
formaldehyde and the HCV-FGR peptides were labeled with light formaldehyde (Figure 6-4).

The peptides were then mixed in 1:1 ratio and analyzed by LC-MS/MS.

The results of dimethyl labeling were filtered so that the targets with H/L ratios (fold change in
HCV-FGR) smaller than 0.8 and bigger than 1.5 (R<0.8 and R>1.5) were selected. Table 6-1
shows the relative quantification of selected targets of PIK-BPyne that have already been shown
to be involved in HCV replication. As demonstrated in the list, the H/L ratios are rather
consistent between the two sets, which demonstrate the accuracy of quantification. I also did
pathway analysis for the protein targets that their activities altered by more than 50% in the
presence of HCV replication, using ToppGene Suite program (64). Interestingly, the lipid
metabolism pathway was identified by the software with P-value= 8.544E. Importantly,
hydroxymethylglutaryl-CoA synthase (HMG-CoA), as well as acetyl-CoA carboxylase (ACC)

and fatty acid synthase (FASN) are labeled by the PIK-BPyne probe and showed 80% to 90%
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Figure 6-4. The quantitative ABPP experiment was set up in two sets; cells were equally labeled with PIK-BPyne
probe clicked with biotin azide, affinity purified, and labeled with light or medium formaldehyde subsequent to
trypsinization.
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increase in the activity in HCV-FGR cells respectively (Table 6-1). This is also in accordance
with our previous findings (283, 328) that the expression and activity of these lipogenic enzymes
significantly increase during HCV replication. However, it is unknown at this time whether these

proteins are labeled through their active sites.

In order to improve the chance of identifying low abundance enzymes such as the lipid kinases, I
repeated the quantitative ABPP with higher concentration of PIK-BPyne probe, and longer MS
running time. This time the catalytic subunit of PI3K was identified among the targets and
showed nearly a 3 fold (2.95 fold) increase in HCV-FGR expressing cells compared to naive
Huh7.5 cells. As mentioned previously, PI3K/AKT pathway has been shown to be activated
during HCV replication; however, this finding is particularly important as in this technique the
activity of PI3K was directly examined, instead of monitoring the phosphorylation status of

AKT, as an indirect measure of PI3K activation (57).

6.5 Discussion

Phosphoinositides function as fundamental signaling molecules, which regulate various cellular
processes. They also play crucial roles in different aspects of the HCV life cycle, including the
formation of vital intracellular organelles for HCV replication and assembly such as MW and
lipid droplets. While accumulating evidence implicate PI4KIlla and PI4KIIIB as critical host
factors of HCV replication, and their inhibitors consistently showed potent anti-HCV effects (35,
49, 394); at least two independent reports have shown that the activity of PI4KIla and PI4KIIf

are dispensable for HCV replication (35, 410).
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Table 6-1. Relative quantification of selected targets of PIK-Bpyne probe, which have a role in

HCYV replication
Set 1 Set 2

H/L H/L
Protein name ratio Protein name ratio
Aldehyde dehydrogenase 6.1545 | Aldehyde dehydrogenase (ALDH) 0.31808
Carnitine O-palmitoyltransferase 2 2.5833 | Carnitine O-palmitoyltransferase 2 0.48586
Hydroxysteroid dehydrogenase 2.5029 | Hydroxysteroid dehydrogenase 0.56508
NADP-isocitrate dehydrogenase 2.2494 | NADP-isocitrate dehydrogenase 0.62435
Glutathione S-transferase 2.1383 | Glutathione S-transferase 0.4632
Hydroxymethylglutaryl-CoA synthase 1.9178 | Hydroxymethylglutaryl-CoA synthase 0.58189
Fatty acid synthase 1.8899 | Fatty acid synthase 0.55853
Acetyl-CoA carboxylase 1.7806 | Acetyl-CoA carboxylase 0.56986
Elongation factor 1-alpha 0.76592 | Elongation factor 1-alpha 1.5829
Pyruvate kinase 0.58459 | Pyruvate kinase 1.6408

H/L ratio: Heavy over light ratio. Representing the fold change in HCV-FGR cells
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Several studies have focused on deciphering the role of PI4KIIla in formation and integrity of
MW as well as activation of the HCV replicase complex; however, participation of PI4KIIIf in
HCYV replication cycle remained largely unknown. PI4KIIIf is normally involved in regulation
of transportation to and from the trans-Golgi network, as well as budding and cleavage of Golgi-
derived vesicles (121, 215). PI4KIIIB generates PI4P, the precursor of important regulatory PIs
as well as an eminent regulatory molecule in its own right (23, 259). It has been shown that
PI4Ps generally exert their regulatory roles by recruiting their binding proteins to certain
intracellular sites such as trans-Golgi network. Moreover, recent reports indicate that knockdown
of OSBP or GOLPH3, major PI4P-binding proteins in Golgi, leads to a significant decrease in
HCV secretion (13, 40), indicating these PI4P effectors are crucial for infectious HCV particle
production. Therefore, it can be speculated that these PI4P binding effectors in may modulate the
transition from HCV genome replication to virus particle production (189). In this study a novel
PIK-BPyne probe was applied to profile the alteration in the activity PI4KIIIf during HCV
replication and for the first time it was demonstrated that despite the abundance of this enzyme
remaining unchanged, its activity increases by 2.7 and 2.3 fold during the replication of HCV
genotype 1b, and 2a respectively (Figure 6-3). This discrepancy in the activity of PI4KIIIP
during the replication of different HCV genotypes is in accordance with other studies that
suggest a genotype-specific dependence for PI4KIIIB activity during HCV replication (215, 335,
404). Interestingly, increased activity of PI4KIIIP over its abundance was also observed in HeLLa
and HEK 293T cells compared with MDA-MB-468 and Huh7 cells (Figure 6-2). These findings
are ground-breaking as they establish the fact that enzyme abundance does not necessarily
correlate with its activity, and therefore conventional abundance-based proteomic techniques

would fail in detecting these differential activities, which are likely attributed to post-
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translational modifications or cofactor/inhibitor association. Importantly, the activity of PI4KIIIf
is post-translationally regulated by protein kinase D (PKD) through phosphorylation of Ser268
(137), consequently further experiments are needed to examine whether HCV infection leads to
Ser268 phosphorylation, or the functional status of PI4KIIIf is further regulated through other

mechanisms.

Aside from HCV, PI4KIIIP is an essential host factor for the replication of several major human
pathogens such as Dengue virus, Polio virus, human Rhinovirus type C, Coxsakievirus, and
SARS (140, 154, 263, 402, 411, 447). Therefore ABPP with PIK-BPyne not only provides
insight into the functional state of this enzyme during viral replication, but also allows for
identification of novel inhibitors that can act against multiple classes of dangerous human

viruses.

I also employed quantitative ABPP to directly examine the activity of PI3K during HCV
replication and observed a three-fold increase in its activity in the presence of HCV-FGR. The
activity of PI3K is also post-translationally regulated by a variety of growth factors and receptors
(82, 111, 184), therefore in spite of its expression level, its functional status is controlled by an
array of cellular and intercellular factors. The PI3K pathway is implicated in many human
diseases including diabetes, cancer, autoimmune diseases, as well as infectious diseases (18, 98,
279, 296, 379). Importantly more than 100 proteins are known to be regulated by PI3K.
Therefore monitoring the activity of this enzyme is the key to understanding the molecular

aspects of many human diseases.

To summarize, in this chapter it was demonstrated that ABPP with PIK-BPyne probe allows for

detection and isolation of multiple classes of PIKs as well as other targets within live cells.
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Therefore this functional proteomic approach can be applied to decipher the role of these

enzymes in various physiological and pathological states, such as HCV replication.
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7.1 Developing Tools for Studying RNA Silencing

Current therapeutic regimens against HCV only partially achieve sustained virological response
in infected patients (201), hence, there is an urgent need for the design of novel therapies, such as
those that are directed against the essential host factors or target the viral genomic RNA (283,
285). However, designing therapeutic agents that target HCV's genome remains challenging, as
the HCV genomic RNA is large and highly structured with long-range genome-scale ordered
RNA structures, which have strong impact on siRNA and miRNA seed site accessibility (347).
Therefore target site accessibility remains a significant barrier to the design of effective
therapeutics such as small interfering RNAs against different strains of HCV. In this thesis, a
method that interrogates the folding of HCV RNA was developed that employs HCV RNA-
coated magnetic beads (VRB) to determine target site accessibility for RNA silencing against the
HCV genome. This method predicted the relative affinity of small RNAs towards HCV genomic
RNA that are not easily predicted by informatic means. For that reason, VRB assays could be an

attractive tool for the examination of target site accessibility for both siRNAs and miRNAs.

MicroRNA-122 is one of the essential host factors for HCV replication. Direct interaction of
miR-122 with the two of its MREs in the S'UTR is required for viral replication and protein
translation (168, 169, 177, 178, 374). In chapter three, the relative affinity of miR-122 to these
sites was investigated using the VRB assay, along with applying mutagenesis and probes to
disrupt interactions of miR-122 at specific sites. Also cooperativity in binding between the
closely spaced MREs within the 5S'UTR in vitro was demonstrated, and a well conserved fourth
site in the coding region with high affinity towards miR-122 was identified. Site-directed

mutagenesis of the MREs revealed competing roles of the stimulatory MREs in the 5'UTR and
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inhibitory role of an MRE in the open reading frame. These data have important implications in

elucidating the mechanism of interaction between miR-122 and HCV RNA.

The VRB assay can also be adapted to highthroughput systems such as microfluidic platforms
that enable the miniaturization, integration, and automation of biochemical experiments (255). In
an unpublished work, we have successfully implemented the VRB assay on an electrowetting
platform in which magnetic beads that serve as solid nucleic acid binding phase, are controlled
by a built-in magnet (253). In this setting, all the procedures including hybridization and washes
are performed on a single chip, which allows for a rapid and sensitive examination of target site

accessibility.

The application of VRBs can be further extended to miRNA sensing assays (282). In this
approach, RNA probes complimentary to various miRNA sequences are immobilized on the
surface of magnetic beads, and used to capture miRNA in different biological preparations such
as cell extracts. Captured miRNAs are sensed by pl9, a tombusvirus-encoded suppressor of
RNA interference that demonstrates sequence-independent and size-selective affinity toward 19-
bp RNA duplexes (72, 413, 453). Signal amplification occurs through specific binding of p19 to
the miRNA-—probe duplex as part of an amplified enzyme immunoassay (EIA). This method
allows for sensitive detection of miRNAs, with the detection limit of 1fmol and a linear dynamic

range from 1pmol to 1fmol (282).

Consequently, VRB-based assays can be employed to determine the target site accessibility of
long and structured RNAs, such as viral genomes, as well as miRNA profiling. miRNA
expression profiling has helped to identify miRNAs that regulate a range of processes, including
tissue differentiation and maintenance, as well as human diseases such as cancer, heart disease,

diabetes, and neurodegenerative disorders (56, 142, 161, 323, 324, 412, 420). Therefore,
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miRNAs are being investigated as therapeutic reagents, and are being considered as biomarkers

for diagnosis and prognosis of different stages of various human diseases.
7.2 Applying Activity-Based Protein Profiling to Investigate Host-Virus Interactions

Activity-based protein profiling (ABPP) is a powerful strategy for dissecting the function of a
myriad of enzymes relevant to human physiology and pathology. Besides protein function
annotation, activity-based chemical probes (ABPs) have been employed to unravel protein
localization, and regulatory dynamics, as well as to discover novel inhibitors with therapeutic
potentials (70). ABPP encompasses the application of a broad collection of probe motifs that
vary in both protein reactivity and mode of binding in diverse biological systems (41, 42). In this
thesis, diverse and mechanistically distinct ABPs have been applied in situ and in vitro,
combined with gel electrophoresis, fluorescence microscopy, and/or mass spectrometry, to
provide insights into the host-HCV interactions, and introduce novel cellular factors that can be

regarded as potential therapeutic and diagnostic targets.
7.2.1 Modulation of Fatty Acid Synthase Enzyme Activity by HCV

Every steps of the HCV life cycle depends on elements of the cellular lipid metabolism pathway
(355). Fatty acid synthase (FASN) is a multi-domain enzyme that plays a key role in the
biosynthesis of fatty acids and its expression is upregulated during HCV infection (234, 451). In
chapter 4 of this thesis, ABPP was applied to study the alterations in activity of FASN during
HCV replication. For this purpose, I used an activity-based probe based on the FASN inhibitor
orlistat, and observed an increase in the activity of FASN in the presence of a subgenomic and a
genomic HCV replicon as well as in chimeric SCID/Alb-uPA mice infected with HCV genotype
la. To study the molecular basis for this increase in FASN activity, individual HCV proteins

were expressed in Huh7 cells and it was observed that the presence of core and NS4B proteins
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increased the expression and activity of FASN, as measured by western blots and ABPP,
respectively. Triglyceride levels were also elevated in accordance with FASN expression and
activity. Lastly, immunofluorescence and ABPP imaging analyses demonstrated that while the
abundance and activity of FASN increases significantly in the presence of HCV, its localization
does not change. Together these data suggest that the HCV-induced production of fatty acids and
neutral lipids is provided by an increase in FASN abundance and activity that is sufficient to

allow HCV propagation without transporting FASN to the replication complexes.

Moreover, I have developed a quantitative ABPP method for relative quantification of FASN
activity during HCV infection. In this novel technique, comparative ABPP is combined with
stable isotope dimethyl labeling (DML), to efficiently report on the relative activity of the target
enzymes in any protein sample. For this purpose, JFH-1 virus, the infectious model of HCV was
used and the result of dimethyl labeling with orlistat probe was in accordance with former ABPP
data that FASN activity increases dramatically during HCV infection, and is consistent between

the reciprocal sets of the experiment.

7.2.2 p-lactam-Derived Activity-Based Probes for Global Profiling of Host Enzymatic

Activity during HCV Replication

B-lactams are generally known as powerful antibiotics against bacterial infections, however,
because the B-lactam moiety is a potent electrophile, it can react with the active residues of
enzymes from different classes (382, 383). Therefore B-lactam derived ABPs allows for

functional examination of diverse enzyme families.

In chapter 5, the eukaryotic targets of B-lactam-containing compounds were identified by
employing activity-based protein profiling. I demonstrated that B-lactam-based activity probes

can target mechanistically diverse groups of enzymes and thus can be applied to identify
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differentially active enzymes in different cell lines and during a pathological state, such as viral

or bacterial infections.

Subsequently, B-lactam probes were employed for global profiling of the alterations in the
activity of cellular enzymes during HCV replication. For this purpose, comparative ABPP was
performed on naive Huh7 cells and Huh7 cells harboring HCV full-genomic replicon (HCV-
FGR). We were able to identify a variety of mechanistically distinct enzymes that demonstrate
differential activity during HCV replication. Some of these enzymes have been previously
reported to play important roles in HCV replication cycle, such as protein phosphatase 1B that is
involved in interferon signalling, acetyl-CoA carboxylase, the rate-limiting enzyme in
lipogenesis as well as cyclin-dependent kinase 2, which is the key enzyme in cell-cycle
regulation. Importantly, we identified several other host enzymes whose activities dramatically
changed during HCV infection, but their role in the viral life cycle is yet unclear. These enzymes
can potentially be recognized as disease-associated biomarkers, with diagnostic and therapeutic

significance.

In conclusion, we successfully applied ampicilin-based as well as novel B-lactam derived ABPs
for functional screening of enzyme activity in intact cells, and were able to identify a variety of
mechanistically distinct target enzymes that show differential activity during HCV replication.
These results will accelerate the discovery of protein activities associated with the pathogenic
states of HCV infection, and therefore facilitate the discovery of new biomarkers as well as
potential targets for therapeutic interventions. As such, B-lactam probes may represent valuable

tools in cell biology, and microbiology studies.
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7.2.3 Examining the Activity of Lipid Kinsaes during HCV Replication Using PIK-BPyne

Probe

Phosphatidylinositol kinases (PIKs) are key enzymatic regulators of membrane phospholipids
and membrane environments that control many aspects of cellular function, from signal
transduction to secretion, through the Golgi apparatus. Importantly, the activity of PI3K and
PI4K has been shown to be essential for HCV replication (40). Therefore, in chapter 6, I
explained the application of a novel probe based on the PIK-93 inhibitor (198) to investigate

alterations in the activity of these enzymes during HCV replication.

The PIK-BPyne probe was prepared by adding a photo-crosslinkable group, benzophenone (BP),
to a core structure similar to PIK-93 to enable covalent modification of the target enzymes. As
shown, this probe successfully targets several PI4K isoforms, as well as PI3K (364). Due to
controversial reports regarding the role of PI4KIIIP in HCV replication, I set to investigate the
possible modulation of the activity of this enzyme by HCV replication. For this reason, I
performed western blot analyses on the enriched PIK-BPyne-labeled proteome from naive Huh?7
and Huh7 HCV-FGR (genotype 1b) cells , as well as Huh7 cells infected with the infectious
model of HCV, JFHI, (genotype 2a). I observed 2.7 fold, and 2.3 fold increase in the activity,

but not expression, of PI4KIIIP, in HCV-FGR cells and JFH-1 infected cells respectively.

Since PI4KIIIP is responsible for establishing the Golgi PI4P, which in turn is required for the
localization of a number of Golgi-specific host factors that are involved in viral secretion (40), it
can be hypothesized that PI4KIIIB is also involved in HCV particle packaging and secretion.

Further experiments are required to clarify the potential role of PI4KIIIP in the HCV life cycle.

Additionally, I performed quantitative ABPP using PIK-BPyne probe and discovered that the

activity of PI3K increased by nearly 3 folds during HCV replication. Several reports have
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indicated the activation of PI3K/Akt pathway in HCV infection (306, 386, 387); however this is
the first time that changes in the activity of PI3K during viral replication, was directly monitored
and reported. These results establish the utility of PIK-BPyne for activity-based protein profiling

studies of PIK function in native biological systems, including microbial infections.
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