-,

111

uOttawa

L’Université canadienne
Canada’s university



-

FACULTE DES ETUDES SUPERIEURES It FACULTY OF GRADUATE AND
ET POSTDOCTORALES uOttawa POSTDOCTORAL STUDIES

L'Université canadienne
Canada's university

Selena Sagan
AUTEUR DE LA THESE / AUTHOR OF THESIS

Ph.D. (Microbiology and Immunology)
GRADE / DEGREE

Department of Biochemistry, Microbiology and Immunology
FACULTE, ECOLE, DEPARTEMENT / FACULTY, SCHOOL, DEPARTMENT

Development of Protein- and RNA-based Tools for Studying Small RNAs Using Tombusvirusg9 and
Native RNA Microarrays

TITRE DE LA THESE / TITLE OF THESIS

J. Pezachi
DIRECTEUR (DIRECTRICE) DE LA THESE/ THESIS SUPERVISOR

N. Goto
CO-DIRECTEUR (CO-DIRECTRICE) DE LA THESE / THESIS CO-SUPERVISOR

EXAMINATEURS (EXAMINATRICES) DE LA THESE / THESIS EXAMINERS

J. Coté K. Dimock

I. MacRae S. Sad

Gary W. Slater

Le Doyen de la Faculté des études supérieures et postdoctorales / Dean of the Faculty of Graduate and Postdoctoral Studies




Development of Protein- and RNA-based Tools for
Studying Small RNAs Using Tombusvirus p19 and Native
Target RNA Microarrays

Selena M. Sagan

Thesis submitted to the
Faculty of Graduate and Postdoctoral Studies
In partial fulfillment of the requirements for the
PhD degree in Microbiology & Immunology

Department of Biochemistry, Microbiology & Immunology
Faculty of Medicine
University of Ottawa

© Selena M. Sagan, Ottawa, Canada, 2009



Library and Archives
Canada

Bibliotheque et
Archives Canada
Published Heritage Direction du
Branch Patrimoine de I'édition

395 Wellington Street
Ottawa ON K1A ON4

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-61384-9
Our file Notre référence
ISBN: 978-0-494-61384-9
NOTICE: AVIS:

The author has granted a non-
exclusive license allowing Library and
Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in this
thesis. Neither the thesis nor
substantial extracts from it may be
printed or otherwise reproduced
without the author's permission.

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'internet, préter,
distribuer et vendre des théses partout dans le
monde, a des fins commerciales ou autres, sur
support microforme, papier, électronique et/ou
autres formats.

L’auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette thése. Ni
la thése ni des extraits substantiels de celle-ci
ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting forms
may have been removed from this
thesis.

While these forms may be included
in the document page count, their
removal does not represent any loss
of content from the thesis.

Canada

Conformément a la loi canadienne sur la
protection de la vie privée, quelques
formulaires secondaires ont été enlevés de
cette thése.

Bien que ces formulaires aient inclus dans
la pagination, il N’y aura aucun contenu
manquant.



Abstract

Over the past decade, small RNAs have emerged as important regulators of
eukaryotic messenger RNAs (mRNAs). Short-interfering RNAs (siRNAs) and
microRNAs (miRNAs) participate in ‘RNA silencing’ pathways that regulate
transcription, chromatin structure, genome integrity, translation, and mRNA stability.
Both types of small RNAs can be functionally equivalent, but they are distinguished by
their origin. Herein, novel protein- and RNA-based tools for studying RNA silencing and
small RNAs are described.

Detection, purification, and quantification of small RNAs is important for gaining
an understanding of the roles of RNA silencing pathways in eukaryotic organisms. This
thesis describes the development of the tombusviral p19 protein, which is a suppressor of
RNA silencing, as a tool to study small RNAs. The siRNA-binding properties of the p19
protein in vitro were investigated and an assay for high-throughput siRNA detection and
quantification was developed. Furthermore, a small molecule library was screened to
identify small molecule inhibitors of the p19-siRNA interaction. These studies identified
small molecules that act as potent inhibitors of the p19-siRNA interaction by alkylation
of cysteine residues. Mutagenesis revealed novel postulates regarding the role of cysteine
residues within the p19 protein. The specificity of p19-small RNA interactions was also
investigated using fluorescence-based techniques in order to determine the affinity of p19
for irregularly-structured small RNAs. Differential binding affinities of p19 to canonical
and irregularly structured small RNAs has implications for the use of p19 as a tool for
detection, purification and quantification of small RNAs in vitro and in diverse

eukaryotic organisms.
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In addition to developing protein-based tools to study small RNAs, we also
wanted to investigate the effects of target site accessibility on the design of highly
effective siRNAs. Thus, the importance of target site accessibility in the design of
effective siRNAs against highly-structured targets was investigated using the Hepatitis C
virus (HCV) RNA genome as a model. Since siRNA knockdown is hampered by target
site accessibility, and current computational approaches are not yet able to reliably
predict accessibility for large target RNAs, an in vitro screening approach for target site
accessibility was developed. Native HCV target RNA microarrays were used to predict
the potency of small RNAs directed against the HCV replicon RNA genome. This
technique could be useful for the identification of novel, highly potent siRNA target sites
within the large, highly-structured HCV RNA genome. Our results suggest that the
highly-structured nature of the HCV RNA genome may impede the design of highly-
effective siRNA-based inhibitors for this important human pathogen. In addition, the
methodology described here could be extended to other systems, including the highly-

structured genomes of other human pathogens.
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1.1  Introduction

RNA silencing is an evolutionarily conserved pathway for potent and sequence-
specific silencing of gene expression mediated by double-stranded RNA (dsRNA) (1).
RNA silencing has become a standard tool in molecular biology for assessing gene
function and it is being pursued aggressively for its therapeutic potential (2). Despite the
importance of this pathway for molecular biology and medicine, the underlying
mechanisms of RNA silencing are not yet fully understood. The experimental detection,
quantification, purification and characterization of small RNAs are crucial to the study of
RNA silencing pathways and their small RNA mediators. There is thus a need for
development of new tools to study protein-RNA and RNA-RNA interactions important
for RNA silencing. Herein, the current knowledge regarding the mechanisms of RNA
silencing (in plants, invertebrates, and mammalian cells) and the available tools for
studying RNA silencing and small RNAs is reviewed. The limitations of current

approaches are highlighted and the need for new methodologies is discussed.

1.2 RNA Silencing

RNA silencing is an evolutionarily conserved pathway whereby dsRNA
sequence-specifically suppresses the expression of a target gene(s) (1). Although the
structures and mechanisms of plant, invertebrate and mammalian RNA silencing
pathways differ substantially, the key components of the pathways are homologous and
will be described herein. In all eukaryotes, RNA silencing is triggered by the
accumulation of dsRNA in the cytoplasm. The dsRNA is cleaved into small RNA

duplexes by an ATP-dependent, RNase III-like nuclease called Dicer (invertebrates,
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mammals) or Dicer-like (DCL, plants) (3). The small RNA duplexes, which are the
mediators of RNA silencing, are typically characterized by their short length [~21-25
nucleotides (nt)], 3’ 2-nt overhanging ends, 3’-hydroxyl groups, and 5’-phosphate groups
(4, 5). These small RNAs are then assembled into an RNA-induced silencing complex
(RISC) which contains an Argonaute (AGO) protein (4, 6). Multiple AGO proteins exist
in plants, invertebrates and mammalian cells. In mammals, there are four AGO proteins
(AGO1 to AGO4) all of which may be found at the center of the RISC. Mammalian
AGOI1 has been implicated in heterochromatin silencing (7, 8); and AGO2, which is the
only cleavage competent mammalian AGO protein, has been shown to participate in
microRNA (miRNA)-mediated repression as well as the short-interfering RNA (siRNA)
pathway (discussed in more detail below) (9-11). However, the roles of AGO3 and
AGO4 in RNA silencing remain unclear.

The AGO protein of the RISC unwinds the small RNA duplex, and one strand of
the small RNA is used as a guide to target homologous RNA. The thermodynamic
stability at the ends of the small RNA duplex determines which strand is incorporated
into RISC; with the incorporated strand being less tightly paired to its complement at its
5 end (12-14). Of the two strands, the strand incorporated into RISC is termed the
‘guide’ strand and the other strand, the ‘passenger” strand, rapidly undergoes degradation
by exonucleases (15, 16). The whole process culminates with either cleavage, translation
inhibition, or accelerated deadenylation of the homologous target RNA, the outcome
being determined by the degree of base complementarity between the small RNA and its

target RNA (14, 17, 18) (Figure 1.1).
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Figure 1.1 The RNA silencing pathway. RNA silencing is triggered by the
accumulation of dsRNAs in the cytoplasm. DsRNAs are cleaved by Dicer
enzymes into small RNA duplexes (siRNAs and miRNAs) generally
characterized by their short length, 3’ 2-nt overhanging ends, and 5’
phosphate groups. The small RNA duplexes are then incorporated into the
RISC which unwinds the small RNA duplex and uses one strand to target
complementary mRNAs for degradation, translational inhibition, or
accelerated deadenylation.
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Over the past decade, small RNAs and the RNA silencing pathway have emerged
as important regulators of eukaryotic messenger RNAs (mRNAs). Small RNAs
participate in RNA silencing pathways that regulate diverse cellular activities including
transcription, chromatin structure, genome integrity, translation, and mRNA stability
(19). The two main classes of small RNAs: siRNAs and miRNAs, can be functionally

equivalent, but they are distinguished by their origin.

1.2.1 Short-interfering RNAs (siRNAs)

siRNAs are derived from exogenous dsRNA, or are transcribed from transposable
elements and other types of inverted repeats in the genome of eukaryotic cells. In plants
and invertebrates (but not humans), siRNAs can be derived from viral dSSRNA
intermediates or can be formed by endogenous RNA-dependent RNA polymerases
(RdRp) capable of converting single-stranded RN As (ssRNAs) into dsRNA (20-24).
Specialized classes of siRNAs are also involved in maintaining genome integrity in
plants, invertebrates and mammals by silencing transcription from undesired loci in the
genome (e.g. retrotransposons and inverted repeat sequences) (25-27). In addition, short
hairpin RNAs (shRNAs) and synthetic siRNAs can be introduced into the cell and are
able to enter the RNA silencing pathway and silence the expression of a target gene(s).

siRNAs are typically perfectly complementary to their RNA targets and hence
exert their effects by RISC-mediated target RNA cleavage (14). Extensive pairing
between the siRNA and its RNA target results in cleavage of a single phosphodiester
bond in the target RNA, between nt 10 and 11 of the small RNA guide (28). In mammals,

AGO?2 is the only AGO protein able to mediate target cleavage and, together with the
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siRNA guide, represents a minimal cleavage-competent RISC (11, 14, 17). Human
AGO2-mediated target cleavage is a multiple-turnover reaction, with the siRNA-RISC
guiding cleavage of hundreds of target RNAs (14, 17) (Figure 1.1). The cleavage
products are subsequently degraded by 3 and 5° exonucleases in the cytoplasm since the
resultant RNA cleavage products lack the stabilizing 5° cap or poly(A) tail (29). In plants,
an amplification system is in place whereby an RdRp amplifies the siRNA signal and a
longer class of siRNAs are produced, approximately 24 to 26-nt in length, that are able to
spread from cell-to-cell and over long distances via vascular-mediated transport (30).
Mobile silencing signals have also been demonstrated to occur in C. elegans (31, 32);
however, to date, no cellular RARp has been identified in mammalian cells. Today,
siRNAs are widely used to silence the expression of target genes by transfection of
synthetic SiRNA-vectors or siRNAs complementary to the gene(s) of interest. This is a
widely used technique to assess gene function and also has the potential to be used to

silence disease-relevant targets, such as viruses or oncogenes.

1.2.2 MicroRNAs (miRNAs)

miRNAs have been identified in all metazoa studied to date. They are endogenous
non-coding RNAs that are expressed in a developmentally-regulated and tissue-specific
manner, and are predicted to regulate at least one-third of all human genes (33-36). In
contrast to siRNAs, miRNAs are generally encoded by their own, distinct genes; in single
or clustered transcription units (37-39). Typically, miRNAs are transcribed by RNA
polymerase II as large, stem-loop precursor RNAs called primary miRNAs (pri-miRNAs)

(39). Pri-miRNAs are processed in the nucleus by an RNase III-like enzyme, Drosha
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(invertebrates, mammals) or DCL1 (plants), into highly structured ~70-nt precursor
miRNAs (pre-miRNAs) (40). These pre-miRNAs are then exported to the cytoplasm via
the nuclear receptor exportin-5 where they are further processed by Dicer (invertebrates,
mammals) or DCL (plants) into ~21-nt mature miRNAs (41-43) (Figure 1.2).
Alternatively, a class of miRNAs termed ‘mirtrons’ are derived from introns of spliced
mRNASs that mimic the structural features of pre-miRNAs, and hence enter the miRNA
processing pathway without Drosha-mediated cleavage (44) (Figure 1.2). Like siRNAs,
the resultant miRNA molecules are asymmetrically assembled into RISC, which guides
them to their RNA target(s). Computational algorithms that combine thermodynamic
modeling of RNA-RNA interactions and comparative sequence analysis have been used
to predict miRNA target sites in the genomes of a number of eukaryotic organisms (45-
60). These have demonstrated that plant miRNAs are typically directed against the open
reading frame (ORF) of their target genes (45, 49, 50, 56, 61, 62). In contrast,
invertebrate and mammalian miRNAs are typically directed against the 3’ non-coding
region (NCR) of their target RNAs, often with multiple miRNAs coordinating to controlr
the expression of a single gene (46-48, 51-55, 57-60). Table 1.1 summarizes and
contrasts the features of the siRNA and miRNA pathways in plants, invertebrates and
mammals (Table 1.1).

Mammalian miRNAs are often only partially complementary to their RNA targets
and can contain mismatches, gaps and G:U basepairs at different positions (52, 57-59).
The bulk of the binding specificity for these miRNA-RISC complexes is provided by a
mere 7-nt of the 21-nt miRNA, specifically nt 2-8 numbered from the 5’ end, referred to

as the ‘seed sequence’ (47). This small region of complementarity required for binding to
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Figure 1.2 Biogenesis of miRNAs. MicroRNAs typically arise through
transcription of highly structured RNA polymerase II transcripts called pri-
miRNAs. Pri-miRNAs are then converted to approximately 70-nt stem-loop
pre-miRNAs by the nuclear RNase III enzymes, Drosha or DCLI.
Alternatively, miRNAs can arise from introns during splicing. Termed
mirtrons, these miRNA precursors are able to bypass Drosha- or DCLI1-
mediated cleavage. Both types of miRNA precursors (pre-miRNAs and
mirtrons) are exported to the cytoplasm by the nuclear receptor exportin-5 and
are converted into mature miRNAs by the cytoplasmic RNase III enzyme
Dicer or DCL. The mature miRNAs are then able to enter the RNA silencing
pathway.
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Table 1.1 A comparison of the siRNA and miRNA pathways in plants, invertebrates and

mammals.’
Plants Invertebrates Mammals

SiRNA pathway

Precursor dsRNA dsRNA dsRNA

Source viruses, transposons,  viruses, transposons,  transposons, repeat
repeat elements repeat elements elements

dsRNA duplex strand symmetry strand symmetry strand symmetry

Biogenesis Dicer-like Dicer Dicer

Degree of complementarity to  high high high

target

Mechanism of repression cleavage cleavage cleavage

Amplification/systemic yes yes (C. elegans) no

silencing

Function innate immunity, innate immunity, genome integrity
genome integrity genome integrity

miRNA pathway

Precursor stem-loop RNA stem-loop RNA stem-loop RNA

Source intergenic regions intergenic regions, intergenic regions,
(mostly), introns introns introns

dsRNA duplex strand assymetry strand assymetry strand assymetry

Biogenesis Dicer-like Drosha, Dicer Drosha, Dicer

Degree of complementarity to  high partial, relatively low partial, relatively low

target
Mechanism of repression

Function
Location of miRNA targets

Number of miRNA target sites

cleavage (generally)

regulation of gene
expression

open reading frames
(mostly)

one (generally)

translational
repression

regulation of gene
expression

3' Untranslated
regions (mostly)

multiple (generally)

translational
repression,
accelerated
deadenylation
regulation of gene
expression

3' Untranslated
regions (mostly)

multiple (generally)

! Adapted and expanded from reference (62).
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a target RNA provides a given miRNA the potential to regulate many targets within a
given genome. When the miRNA is able to pair extensively with the target RNA, like
siRNA, it directs target RNA cleavage (dominant mechanism in plants). However, when
miRNAs are only partially complementary to their target RNAs, they cannot direct target
cleavage, and instead impose a block in translation or cause accelerated deadenylation of
their RNA target(s) (14, 17, 18). Therefore, miRNA-programmed RISC can induce RNA
degradation, translational inhibition, or accelerated deadenylation, depending on the
degree of base complementarity to the target RNA (Figure 1.1). Since miRNAs
participate in the regulation of almost every cellular process investigated, it is likely that
changes in their expression may underlie plant, invertebrate and mammalian pathologies,
such as those associated with viral infections and cancer. Hence miRNAs, like siRNAs,
may represent novel therapeutic targets to alter gene expression or modify pathogenesis

of infectious and metabolic diseases.

1.3  Viruses and the RNA Silencing Pathway
1.3.1 RNA Silencing is an Antiviral Response in Plants

Early evidence indicating an antiviral role for RNA silencing in plants came from
studies of transgenic plants following infection with tobacco etch virus (TEV) from
which the transgene was derived (20). The transgenic plants were initially susceptible to
TEV infection but later recovered and became resistant to subsequent infection with
homologous virus (20). The recovery phenotype and establishment of an antiviral state
was associated with a post-transcriptional reduction in the levels of the transgene mRNA.

This suggested that the infecting virus induced post-transcriptional gene silencing of the

10
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homologous transgene, which then targeted the viral RNA for silencing, conferring the
antiviral state (20, 63). A number of subsequent studies supported this model in both
transgenic and wild-type plants and suggested that viral RNAs act as the trigger and the
target of RNA silencing in plants (63-67). The antiviral role of RNA silencing in plants is
further supported by the demonstration that many essential viral pathogenicity

determinants are suppressors of RNA silencing (discussed in more detail in Chapter 3).

1.3.2 RNA Silencing and Innate Immunity Against Viruses in Invertebrates

In invertebrates, the first suggestion that RNA silencing played a role in innate
immunity against viruses came from the observation that the B2 protein of Flock house
virus (FHV) was able to suppress RNA silencing in plants (68). Subsequent studies in
cultured Drosophila and Anopheles gambiae cells, as well as D. melanogaster adults,
demonstrated that the RNA silencing pathway controls innate immunity against viruses in
invertebrates (68-70). In addition, recent studies have demonstrated that viral replication

is also able to trigger antiviral RNA silencing immunity in C. elegans (71, 72).

1.3.3 RNA Silencing Plays a Role in Host-virus Interactions in Mammalian Cells

It has been well established in plants and invertebrates that RNA silencing plays
an important role in both nucleic-acid based immunity against viruses and in the
regulation of host gene expression. Although it is clear that RNA silencing plays an
important role in the regulation of mammalian gene expression, it is not clear whether
RNA silencing plays an antiviral role in mammals (since no virus-derived siRNAs have

been demonstrated in mammalian cells to date). However, a number of mammalian

11
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viruses have now been documented to interact with small RNAs and the RNA silencing
pathway, underscoring the importance of this pathway in host-pathogen interactions and
adding to the growing body of evidence that this pathway plays a role in viral infection,
invasion, and/or persistence in mammalian cells.

First of all, mammalian viruses have been demonstrated to have complex
interactions with the endogenous miRNA pathway. Several mammalian viruses,
including members of the Herpesvirus family and human immunodeficiency virus 1
(HIV-1), have been predicted (73, 74), or demonstrated (74-82), to encode viral miRNAs
that regulate host or viral gene expression. Using computational prediction, small RNA
cloning, and northern blot analyses, several groups have identified virally-encoded pri-
miRNAs in structured regions of mRNAs from DNA viruses (e.g. Herpesviruses) and
retroviruses (e.g. HIV-1) (74-82); however, no virally-encoded miRNAs have been
identified in the RNA viruses (74, 75). Virally-encoded pri-miRNAs are processed in the
nucleus by Drosha and can then enter into the RNA silencing pathway to silence host or
viral gene expression (76-82).

Endogenous cellular miRNAs have also been demonstrated to specifically interact
with mammalian viruses. For example, primate foamy virus 1 (PFV-1) replication was
shown to be restricted in mammalian cells by the expression of a cellular miRNA (miR-
32) with complementarity to the viral RNA genome (83). In addition, Pederson and
colleagues demonstrated that interferon (IFN) B signaling was able to induce the
expression of cellular miRNAs in a human liver cell line, some of which had direct
complementarity to the hepatitis C virus (HCV) genome and were able to limit HCV

replication in cell culture (84). In contrast, a highly abundant, liver-specific, human
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miRNA, miR-122, has recently been demonstrated to interact with the 5° NCR of HCV,
and actually facilitate replication of the viral RNA in cell culture (85, 86).

Finally, a number of mammalian viruses have been demonstrated to encode
suppressors of RNA silencing that are pathogenicity determinants (discussed in more
detail in Chapter 3). Thus, there is accumulating evidence that mammalian viruses, like
those that infect plants and invertebrates, have developed strategies to suppress and, in
some cases, take advantage of, the RNA silencing machinery. This implicates small
RNAs and the RNA silencing pathway as important regulators of viral infection, invasion

and persistence in mammalian cells.

1.4  Applications of RNA Silencing and Small RNAs
1.4.1 Investigating Gene Function

Since its description by Fire and Mello in 1998 (1), RNA silencing has evolved
into a powerful tool for probing gene function. Prior to the discovery of the RNA
silencing pathway, gene knockdown in mammalian cells was primarily confined to the
development of knock-out mice or the laborious identification of small molecule
inhibitors. With the advent of RNA silencing, gene knockdown is accessible to almost all
researchers and has accelerated the process of assessing gene function.

Since RNA silencing is based on pairing between the gene of interest and the
siRNA, sequence-specific inhibition can be achieved with only partial sequence
information. In addition, closely related isoforms of proteins can be selectively silenced
through careful selection of isoform-specific target sequences (87). Because of the small

size of siRNAs, and their structural characteristics, sequence-specific inhibition of target
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genes can be obtained with minimal off-target effects and without the induction of the
IFN response (4, 88, 89). Also, due to the ubiquity of the RNA silencing pathway in
eukaryotes, siRNA technology can be applied to a broad range of organisms and cell

types for assessing gene function.

1.4.2 Pathway Analysis and Large-scale RNA Silencing Libraries

Another powerful application of RNA silencing is the ability to elucidate
signaling pathways (90). By designing siRNAs against a gene of interest and monitoring
the expression of other related genes, it is possible to identify networks of genes
associated with the gene of interest. The position of each gene within the signaling
pathway can then be assigned by sequential knockdown of the genes in the pathway using
sequence-specific siRNAs and assaying for the affected genes (90). This approach has
already been used to elucidate components of many mammalian receptor signaling
pathways (90-93).

Besides functional analyses of individual genes or of signaling pathways, RNA
silencing technologies have recently been applied to large-scale, and even genome-wide,
surveys of gene function (90). Kamath and colleagues (94) developed a genome-wide
RNA silencing screen of C. elegans; and since then, RNA silencing libraries have been
replicated in nematodes (95-100), Drosophila (101), and in the mass-screening of

mammalian genes (102-106).
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1.4.3 Target Discovery and Validation

Target discovery and validation are the first stages in the long process of drug
development. Silencing the expression of a potential therapeutic target and verifying the
desired phenotype provides assurance that an inhibitor of the same target gene will have
therapeutic value (90). RNA silencing technology has rapidly become useful for
identification of target genes associated with disease pathogenesis in inherited diseases,
cancer, and infectious disease (107, 108). In addition, large-scale RNA silencing libraries
can help narrow down lists of potential drug targets so that the most promising candidates

can be followed up.

1.4.4 Therapeutic Applications of RNA Silencing

Since small RNAs can be designed against virtually any gene of interest, RNA
silencing can be used to target disease-relevant genes that cannot be shut down with
currently available drugs. Several reports have demonstrated the use of RNA silencing to
target viral replication or cellular gene expression in both cell culture and in adult
organisms (1, 4, 28, 71, 102). The three main areas of human disease that have received
the most attention with regards to RNA silencing-based therapy are dominantly-inherited
genetic diseases, cancer, and infectious disease (107, 108), each of which will be

discussed in more detail.

Dominantly-inherited genetic diseases. People with dominantly-inherited genetic

disorders carry one normal allele and one mutant allele of the gene that causes the disease

phenotype. The dominant mutant allele could cause disease by loss-of-function, that is,
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the mutant allele has lost its function and the normal allele is insufficient to compensate
for the mutant allele. Alternatively, the dominant allele could cause disease by gain-of-
function, where the mutant allele results in a gain of a novel function or the enhancement
of an already existing function. In theory, loss-of-function mutations could be treated by
delivery of a normal copy of the gene to the patient. However, until the advent of RNA
silencing, a solution to the gain-of-function mutations was less evident. Now it seems
likely that RNA silencing can be used to silence the disease-relevant, dominant gain-of-
function allele in such cases. Towards this end, many groups have now demonstrated the
utility of RNA silencing based approaches to treat dominantly-inherited genetic disorders
including neurodegenerative or inflammatory diseases (109, 110). For example, lentiviral
delivery of siRNAs targeting the mutant superoxide dismutase 1 (Sod!) gene has been
used to improve survival of motor neurons and delay the onset of amyotrophic lateral
schlerosis in mice (109, 110). These studies have demonstrated the utility of lentiviral
delivery methods in vivo and the therapeutic effectiveness of siRNA-based treatment

strategies without toxic side effects (109, 110).

Cancer. There are many instances during cancer progression that could be envisioned as
targets for siRNA-based therapy. RNA silencing has been used to target dominant mutant
oncogenes, overexpressed oncogenes, as well as angiogenic, metastatic, and multidrug
resistance factors involved in tumor growth or cancer progression (111-115). For
example, Brummelkamp and colleagues used retrovirally-delivered siRNA to specifically
silence the mutant K-R4S""? allele in human pancreatic carcinoma cells, while leaving the

wild-type K-RAS allele untouched (111). Loss of the mutant K-R4S"? led to loss of
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tumorigenicity (111). This demonstrates the utility of allele-specific silencing in the
treatment of human cancer.

In addition, a number of other cancer-related genes have been successfully
targeted in cell culture or in mouse models of human cancer including the tyrosine kinase
EphA2 (116), epidermal growth factor receptor (117), the proto-oncogene c-Met (118),
and the multidrug resistance gene (115), among others. No matter the approach, it is clear
that tumor-specific siRNA-based therapy can be used to reverse the oncogenic phenotype
of cancer cells. Hence, RNA silencing-based strategies will likely be an area of great
impact for years to come, especially for cancers for which there are few treatment options
currently available.

In addition, since abnormal expression of miRNAs has been demonstrated in a
number of human cancers, miRNAs themselves may be novel therapeutic targets. For
miRNAs whose expression is reduced, re-introduction of the mature miRNA (miRNA
mimic) into the cancer tissue could restore proper regulation of the mRNA targets. For
those tumors where miRNA expression is increased, sequestration of the miRNA using
antisense oligonucleotides or antagomirs (119) could be used to inhibit the overexpressed
miRNA. Recently, Elmén ef al. have demonstrated that PBS-formulated locked-nucleic-
acid-modified oligonucleotides were able to effectively antagonize a miRNA in non-
human primates for up to 7 weeks (120). This supports the potential of antisense miRNAs
as a novel class of therapeutics for disease-associated miRNAs. In addition, since
abnormal miRNA expression seems to characterize many human cancers (121, 122),

miRNA signatures are likely to be of diagnostic and prognostic significance.
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Infectious disease. Since the RNA silencing pathway is an antiviral pathway in plants and
invertebrates, commandeering the pathway in mammalian cells for destruction of viral
RNAs or viral replicative intermediates is an obvious approach for specific antiviral
therapy. For example, synthetic siRNA-induced RNA silencing has already been shown
to effectively inhibit many DNA and RNA viruses in mammalian cells, including
influenza virus (123), poliovirus (124), human papillomavirus (125), HIV-1 (126-130),
hepatitis B virus (HBV) (131, 132), and HCV (133-138), among others (reviewed in
(139)). Unfortunately, viruses are often able to overcome siRNA-mediated silencing by
accumulating point mutations within the target sequence in the viral RNA. To avoid these
escape mutations, siRNAs should be directed against highly conserved regions in the
viral genomes and, in addition, multiple siRNAs can be used to knockdown viral targets
to decrease the likelihood of accumulating escape mutations. As an alternative approach,
cellular factors required for viral entry or replication have also been successfully targeted
using RNA silencing, since these targets avoid the problems associated with viral genetic
variability or mutability (140, 141).

As discussed previously, viruses are known to encode their own viral miRNAs
(73, 75-78, 80, 81), or to take advantage of cellular miRNAs (85, 142), to benefit viral
replication (reviewed in (143)). In these cases, sequestration of the miRNAs using
antisense oligonucleotides or antagomirs (119) could be an effective therapeutic strategy.
For example, HCV has been demonstrated to rely on a highly abundant, liver-specific
human miRNA, miR-122, for replication in cell culture (85). Sequestering miR-122 using
antagomirs has been shown to inhibit HCV replication in cultured human liver cells (85).

The effectiveness of this strategy against viral infections in vivo has not yet been
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demonstrated; however, silencing of miRNAs in mice and non-human primates using
antisense oligonucleotides or antagomirs supports the therapeutic potential of this

approach for virus-associated miRNAs (120).

1.5  Tools for the Study of RNA Silencing and Small RNAs
1.5.1 Tools for Analysis of Small RNAs

Experimental detection and expression profiling of small RNAs (siRNAs or
miRNAs) is challenging due to their small size, relatively low expression levels, and
sequence similarity among members (144-146). Nevertheless, reliable methods for
detection, purification, quantification, and identification of small RNAs are essential to

the study of RNA silencing pathways and small RNAs.

Small RNA isolation. The first step in obtaining small RNA samples is isolation of the
RNA from cells or tissues of the organism in question. Typical RNA isolation procedures
rely on organic extraction followed by alcohol precipitation or adsorption of the RNA to
silica-based matrices (e.g. mirVana™ miRNA Isolation Kit, Ambion, Austin, Texas).
RNA extractions can be enriched for small RNAs (<200 nt) based on differential
precipitation of large mRNAs (>200 nt) at alcohol concentrations where the small RNAs
remain soluble. This typically results in an RNA preparation highly enriched for tRNAs,
5S tRNA, as well as the small RNAs, including miRNAs and/or siRNAs. Alternatively,
small RNAs can also be isolated by size-fractionation using polyacrylamide gel
elecrophoresis (PAGE) (38, 146, 147). However, both of these procedures can result in

inefficient small RNA recovery, and the small RNA population often includes
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contaminant RNAs such as the tRNAs and 5S rRNA, highlighting the need for new

methods for isolation of small RNAs (siRNAs and miRNAs).

Small RNA detection and analysis. Several approaches have been used for small RNA
detection and analysis, including: Northern blot analyses, RNase protection assay, small
RNA cloning, PCR-based approaches, in situ hybridization, as well as microarray-based
approaches, among others (reviewed in (146, 148)).

Northern blot analysis is widely used to determine the expression level of small
RNAs and is the current gold standard for small RNA quantification, validation and
confirmation of high-throughput data (37, 38, 147, 149, 150). Northern blot analyses can
be used to detect both mature and precursor miRNAs and yields information on both the
size and expression level of a given small RNA. However, northern blots are relatively
low-throughput, have limited sensitivity for rare small RNAs, and require relatively large
amounts of total RNA per sample (37, 38, 147, 149, 150).

Other hybridization techniques include RNase protection assay and in situ
hybridization. RNase protection assay relies on hybridization of labeled antisense probes
complementary to the small RNA of interest to total RNA, followed by treatment with a
single-strand-specific RNase to degrade unhybridized target RNA. The protected small
RNA:probe duplex can then be detected by PAGE analysis (39). In situ hybridization is
useful for the detection of small RNAs in cells or tissues (151-155). This method can be
used to detect both mature and precursor miRNAs and yields information about
expression and localization patterns of small RNAs in fixed cells. However, a major

limitation of these hybridization techniques is their low-throughput nature. Additionally,
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in situ hybridization is limited in that small RNAs that diffuse quickly could be lost
during the fixation and washing of samples (151-155).

Small RNA cloning approaches which involve the random cloning and
sequencing of size-fractionated RNA has become the method of choice for small RNA
identification (28, 37, 38, 75, 149). Typically, adaptor molecules are ligated to small
RNA molecules using T4 RNA ligase, this is followed by reverse transcription and
derivation of a complementary DNA (cDNA) library (37, 38, 146, 149). The cDNA is
then concatenated, ligated into a plasmid vector, and sequenced (37, 38, 146). This is an
excellent approach for identification of novel small RNAs, including viral miRNAs (75);
however, ligation to adaptor molecules may introduce bias into the small RNA profile,
and sequencing can be costly and time-consuming (156).

PCR-based approaches can also be used that detect specific small RNAs (157,
158). Typically, total RNA is extracted and reverse transcribed to cDNA, then specific
small RNAs are amplified and monitored by real-time quantitative PCR (RT-qPCR) (157,
158). PCR-based approaches can detect both mature and precursor miRNAs, are highly
sensitive and quantitative, and are able to discriminate between closely related small
RNAs (148). However, while large differences in expression levels are maintained in the
amplification process using PCR, small differences in expression may be lost (159).

Finally, microarray-based approaches have also been used for the analysis of
small RNAs including traditional microarrays (160-164), locked nucleic acid (LNA)-
modified microarrays (165-167), and RNA-primed array-based klenow enzyme (RAKE)
assay microarrays (145). Microarray-based approaches are attractive due to their high-

throughput nature and ability to screen large numbers of small RNAs simultaneously.
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However, microarray technologies can be limited due to their requirement for high
concentrations of input target for efficient hybridization and signal generation, poor
sensitivity to rare targets, cross-hybridization of closely related small RNAs, and their
requirement for post-array validation (146).

Other approaches for small RNA detection and analysis include signal-amplifying
ribozymes (168) for fluorescence detection of small RNAs in situ or in vivo, primer-
extension analysis (169, 170), and bead-based flow cytometry (121). Although a number
of methods have been developed that have advanced the field, the currently available
tools are limiting in that they give static information about small RNA profiles, future
tools will likely help to address the issue of dynamics in RNA silencing pathways in

diverse eukaryotic organisms.

1.5.2 Tools for the Design and Screening of Small RNAs

RNA silencing has also become a mainstream tool for the silencing of target
gene(s), and has the potential to be used to silence disease-relevant targets. The first step
in successful application of RNA silencing is the design of siRNAs. There are currently a
number of design algorithms available that increase the likelihood of designing effective
siRNAs (i.e. those capable of silencing gene expression by >50%) (171, 172). These
approaches take into account both features of the siRNA duplex (171, 172), and in some
cases, the target RNA (173-176). However, computational prediction of large, highly-
structured target RNA molecules is not yet amenable to accurate modeling. Hence, there
is a need to develop new approaches to analyze the structure of large, highly-structured

RNAs, and to screen for effective siRNAs against these targets.
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2.1  pl19 Methods
2.1.1 Codon Optimization, Plasmids, and Mutagenesis

Codon optimization of Carnation Italian ringspot virus (CIRV) p19 for
mammalian and bacterial expression was manually selected according to the codon usage
tables for Homo sapiens and Escherichia coli obtained from the Genbank Codon Usage

Database at http://www.kazusa.or.jp/codon/ and the CIRV genome (Genbank Accession

#: NC_003500). Chosen codons had a frequency score >10 for both Homo sapiens and
Escherichia coli. The sequence of the codon optimized CIRV p19 used is shown in
Figure 2.1. The codon optimized CIRV p19 gene was synthesized by Genescript
Corporation (Pistcataway, NJ) in plasmid vector pUC57. CIRV p19 was subsequently
subcloned by polymerase chain reaction (PCR) into the pTriEx 4-neo vector (EMD
Biosciences, San Diego, CA) by using forward (5’-TAA GCC ATG GAA CGC GCT
ATC CAA GG-3’) and reverse (5°- CGA CTC GAG CTC GCTTTC TTT CTT GAA GG-
3”) PCR primers. The CIRV p19 PCR product was digested with Ncol and Xhol and
inserted into the multiple cloning site of pTriEx 4-neo resulting in an octa-Histidine tag
(His-tag) at the C-terminus of CIRV p19. The resulting CIRV p19 pTriEx 4-neo (pTriEx-

p19) plasmid construct was confirmed by DNA sequencing.

All His-tagged cysteine mutants of CIRV p19 were created using the
QuickChange II site-directed mutagenesis Kit (Stratagene, La Jolla, CA) according to the
manufacturer’s protocol. The template plasmid and the pair of mutagenic primers used to
create each of the cysteine mutant constructs are described in Table 2.1. Briefly, for each
mutagenesis reaction, the sample contained 50 ng of plasmid and 100 ng of each primer.

Sixteen cycles of amplification after denaturing (95 °C), annealing (55 °C), and extension
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ATG GAA CGC GCT ATC CAA GGC AAC GAC ACT CGC GAA CAA GCT AAC GGT GAA CGC
TGG GAT GGC GGC TCC GGC GGT ATC ACT TCT CCA TTC AAA CTG CCT GAC GAA AGC
CCA AGC TGG ACT GAG TGG CGC CTG TAT AAC GAT GAG ACC AAT TCC AAT CAA GAT
AAT CCA CTG GGT TTC AAG GAA AGC TGG GGT TTC GGG AAA GTT GTC TTT AAG CGC
TAT CTG CGC TAC GAC CGC ACC GAA GCT TCC CTG CAC CGC GTC CTG GGC TCT TGG
ACC GGC GAT TCC GTT AAC TAT GCA GCA TCT CGC TTT CTG GGT GCC AAC CAG GTC
GGC TGT ACC TAT AGC ATT CGC TTT CGC GGC GTT AGC GTC ACC ATT TCT GGC GGG
TCC CGC ACT CTG CAG CAT CTG TGT GAG ATG GCA ATT CGC TCT AAG CAA GAA CTG
CTG CAG CTG ACC CCA GTC GAA GTG GAA AGC AAT GTG TCC CGC GGC TGC CCT GAA
GGT ATT GAA ACC TTC AAG AAA GAA AGC GAG TAA

Figure 2.1 Sequence of the codon optimized CIRV pl9 used in this study.
Sequence is written 5° to 3’. Start (AUG) and stop (TAA) codons are
underlined.
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Table 2.1 DNA templates and mutagenic primers used for site-directed mutagenesis.

Construct Template Mutagenic Primer Pair’

Cl110S pTriEx-p19 5' -AACCAGGTCGGCAGTACCTATAGCATTCGC-3'
C134S pTriEx-p19 5'-CTGCAGCATCTGTCTGAGATGGCAATTCGC-3'
C160S pTriEx-p19 5'-AATGTGTCCCGCGGCTCCCCTGAAGGTATT-3'
C110S/C134S C134S 5' -AACCAGGTCGGCAGTACCTATAGCATTCGC-3"
C110S/C160S C1108 5'-AATGTGTCCCGCGGCTCCCCTGAAGGTATT-3"'
C1348/C160S C1348 5' -AATGTGTCCCGCGGCTCCCCTGAAGGTATT-3'
C110S/C134S8/C160S C110S/C134S 5' -AATGTGTCCCGCGGCTCCCCTGAAGGTATT-3'
C110I pTriEx-p19 5' -AACCAGGTCGGCATTACCTATAGCATTCGC-3'
C1341 pTriEx-p19 5'-CTGCAGCATCTGATTGAGATGGCAATTCGC-3'
C1601 pTriEx-p19 5' -AATGTGTCCCGCGGCATCCCTGAAGGTATT-3'
C110I/C1341 C1101 5' -CTGCAGCATCTGATTGAGATGGCAATTCGC-3'
C110G pTriEx-p19 5' -AACCAGGTCGGCGGTACCTATAGCATTCGC-3'
C134G pTriEx-p19 5' -CTGCAGCATCTGGGTGAGATGGCAATTCGC-3'
C110G/C134G C110G 5' -CTGCAGCATCTGGGTGAGATGGCAATTCGC-3"
C110A pTriEx-p19 5'-AACCAGGTCGGCGCTACCTATAGCATTCGC-3"

!The sequences of the forward and reverse primers are complementary to each other.
Only the forward primer sequence is shown for each construct. Mutated nucleotides
are in bold.
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(68 °C), resulted in nicked circular strands. Following temperature cycling, the product
was treated with Dpnl at 37 °C for 1 h to digest the parental DNA. The nicked vector
DNA with the incorporated mutation was then used to transform competent XL-1 Blue
sub-cloning grade competent cells (Statagene, La Jolla, CA). The resulting plasmids,
prepared from individual colonies, were sequenced to verify the presence of the desired

mutations.

2.1.2 siRNA and miRNA Sequences

All siRNAs were duplex RNA unless otherwise indicated and were purchased
from Dharmacon (Lafayette, CO). siRNA sequences used in the p19 studies are listed in
Table 2.2. All siRNAs were PAGE purified and were demonstrated to be >95% pure
according to the manufacturer’s specifications. The mir-122 duplex used was also
purchased from Dharmacon (Lafayette, CO) with the following sense (guide) and
antisense (passenger) sequences, respectively: 5°-UGG AGU GUG ACA AUG GUG

UUU G-3’ and 5°-AAC GCC AUU AUC ACA CUA AAU A-3°.

2.1.3 Protein Expression and Purification

Bacterial expression of the wild-type His-tagged CIRV p19 and its mutant
derivatives was carried out at 37 °C in E. coli BL21 (DE3) cells until an ODgg of 0.5-0.6
was achieved. Expression of p19 proteins was induced by IPTG at a final concentration
of 1 mM. Cultures were then grown for an additional 4-5 h at 30 °C. After harvesting,

bacterial pellets were resuspended in lysis buffer (50 mM NaH,POy4, 300 mM NaCl,
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Table 2.2 siRNA sequences used in the p19 studies.

siRNA Sequence"*? References

CSK 5'-cuaccgcaucauguaccauTT-3' (177-181)
3'-TTgauggcguaguacauggua-5'

331 5' -ggucucguagaccgugcacTT-3"' (137,177)
3' -TTccagagcaucuggcacgug-5'

GL3 5' -cuuacgcugaguacuucgaTT-3' (177,179, 180,
3'-TTgaaugcgagucaugaagcu-5" 182)

GL2 (19-nt) 5' -uacgcggaauacuucgaTT-3' (177,179)
3'-TTaugcgccuuaugaagcu-5'

GL2 (21-nt) 5' -cguacgcggaauacuucgaTT-3"' (177, 179, 180,
3'-TTgcaugcgccuaaugaagcu-5" 182)

GL2 (23-nt) 5'-cguacgcggaauacuucgaaaTT-3"' (177, 179)
3'-TTgcaugcgccuuaugaagcuuu-5'

GL2 (25-nt) 5' -ucacguacgcggaauacuucgaaTT-3"' (177, 179)
3' -TTagugcaugcgccuuaugaagcuu-5"'

GL2 (28-nt) 5'-acaucacguacgcggaauacuucgaaTT-3"' (177, 179, 180)

3'-TTuguagugcaugcgccuuaugaagcuu-5'

'Uppercase letters denote deoxyribonucleotides; “All siRNAs are duplex unless
otherwise indicated in the text; *Labeled siRNAs are indicated in the text and contain
either Cy3 or Dy547 dyes at the 5° end of the anti-sense (guide) strands.
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10 mM imidazole, 1 mM dithiothreitol (DTT), 1 mM benzamidine, pH 8.0) supplemented
with Complete™ protease inhibitor cocktail (Roche Diagnostics, Penzberg, Germany)
and lysed by sonication on an ice-bath. After centrifugation, soluble lysate fraction
containing the His-tagged p19 proteins was loaded onto a nickel affinity column
(Pharmacia, Peapack, NJ). After protein binding, the resin was washed with wash buffer
(50 mM NaH,PO4, 300 mM NaCl, 60 mM imidazole, pH 8.0). Elution of the His-tagged
p19 proteins was carried out using elution buffer (50 mM NaH,PO,, 300 mM NaCl, 250
mM imidazole, pH 8.0) and 10 mM of DTT was added immediately to the eluate. A
typical SDS-PAGE gel of the nickel-nitrilotriacetic acid (Ni**-NTA) column purification
is shown in Figure 2.2. The pooled eluates were concentrated to 0.5 mL using the
Amicon Ultra-15 10-kDa MWCO centrifugal filter device (Millipore, Concord, MA).
The concentrated samples were then injected into Superdex 200 size exclusion column
(Pharmacia, Peapack, NJ) at a flow rate of 0.5 mL/min. The p19 proteins elute as stable
dimers and are recalcitrant to denaturation even upon boiling for 15-20 min (177, 179,
183). Fractions containing the desired p19 proteins, as determined by SDS-PAGE
analyses, were pooled and stored at 4 °C for subsequent assays. Pooled p19 fractions

were monitored by SDS-PAGE as a single band and estimated to be >95% pure.

2.1.4 SDS-PAGE and Western Blot Analysis

For SDS-PAGE and Western blot analysis of CIRV pl9 expression in E. coli
BL21 (DE3) cells, 1 mL aliquots were taken at 0.5, 1, 2, and 4 h post-induction with
IPTG (Figure 2.3). Cells transformed with the parental pTriEx 4-neo vector were used as

a negative control. The pelleted cell aliquots were resuspended with SDS-PAGE loading
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Figure 2.2 SDS-PAGE analysis of protein expression and NiZ*-NTA column
purification of CIRV p19. The migration of CIRV p19 protein is indicated.
NI, whole cell lysate of non-induced cells; I, whole cell lysates of induced
cells; P, insoluble cell fraction (pellet); S, soluble cell fraction; FT, flow-
through; W, wash; E, elution.
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Figure 2.3 Western blot analysis of CIRV p19 expression. Cell aliquots were
taken at 0, 0.5, 1, 2 and 4 h post-induction. The negative control (Neg. Ctrl.) is
cells transformed with empty vector.
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buffer (50 mM Tris-HCIl, pH 6.8, 2% SDS, 10% glycerol, ] mM DTT, 0.1%
bromophenol blue), and 25 pL of sample was loaded per well for SDS-PAGE (12%
resolving, 4% stacking gel). The resolved proteins were transferred to a Hybond-P
polyvinylidene difluoride (PVDF) membrane (Amersham Biosciences, Piscataway, NJ).
The membrane was blocked with 5% skim milk in Tris-buffered saline (TBS)-Tween and
probed for the C-terminal His-tagged CIRV p19 with a monoclonal anti-polyhistidine
primary antibody (1.5 pg/mL; R&D Systems, Minneapolis, MN) followed by a secondary
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG antibody (1:1000 dilution;
Jackson ImmunoResearch Laboratories, Westgrove, PA). Protein bands were visualized
by using Western Lightning western blot chemiluminescence reagents (PerkinElmer,

Boston, MA) according to the manufacturer’s protocol.

2.1.5 pl9-siRNA Electrophoretic Mobility Shift Assay (EMSA)

For EMSA p19-siRNA binding experiments, samples were prepared by allowing
incubation of 200 nM fluorescently-labeled CSK siRNA with various concentrations (1 —
8192 nM) of purified p19, or its mutant derivatives, in buffer containing 20 mM Tris, 100
mM NaCl, 1 mM EDTA, 0.02% v/v TritonX-100, 1 mM Tris(2-carboxyethyl)phosphine
(TCEP), pH 7 for 1 h at room temperature. For competitive experiments, 1 uM of CSK
siRNA was premixed with the same molar ratio of the p19 dimer at room temperature for
1 h. Samples were then titrated with various concentrations of unlabeled CSK siRNA for
1 h at room temperature. Two microliters of 5X Hi-Density Tris-Borate-EDTA (TBE)
sample buffer (Invitrogen, Burlington, ON) was added to 18 pL of binding reaction. Ten

microliters of each sample was analyzed by electrophoresis at a constant voltage of 100 V
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for 1 h through a 6% TBE DNA retardation gel in 1X TBE running buffer (Invitrogen,
Burlington, ON). Band intensities corresponding to bound fluorescently-labeled siRNAs
were quantified with a Molecular Dynamics Typhoon phosphorimager (GE Healthcare,
Pistcataway, NJ) and the ImageJ software (National Institutes of Health, USA). The data

from the direct binding experiments were fitted according to the following equation:

AP = AP Ki+np+x  [[Ky+np+x 2_ X [1]
Max 2np 2np np

where AP denotes the change in fluorescence intensity, APy is the maximal change in
fluorescence intensity, K is the dissociation constant, » is the number of equivalent sites
on the p19 dimer, p is the concentration of fluorescently-labeled siRNA, and x is the

concentration of the p19 dimer.

2.1.6 Fluorescence Detection Assay

Fluorescence detection assays were carried out using 96-well Ni**-NTA plates
(Qiagen, Mississauga, Ontario). With respect to the binding specificity, a small peptide
sequence (=12 kDa) from the parental pTriEx 4-neo vector that corresponded to the
multiple cloning site (MCS) of pTriEx 4-neo and included a His-tag at the C-terminus,
was expressed and purified as described for CIRV p19. Two-hundred microliters (10
pg/mL) of purified CIRV p19 or the small peptide in 1X PBS, 0.2% bovine serum
albumin (BSA), pH 7.2, was pre-bound to the surface of each well of the Ni**-NTA

coated 96-well plate for 1-3 h at room temperature. Wells were then washed twice with
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wash buffer (1X PBS, pH 7.2, 0.05% Tween 20, 1 mM ethylenediaminetetraacetic acid
(EDTA)). The composition of the wash buffer and washing conditions were optimized to
minimize non-specific binding, maximize signal, and lower background fluorescence.
Two-hundred microliters of 1X PBS, 0.2% BSA, pH 7.2 was then placed in each well,
and the background fluorescence (Ex= 546 nm, E,, = 590 nm) was measured with a
Spectramax M2 plate reader (Molecular Devices Corporation, Sunnyvale, CA) for
normalization purposes. The wells were then washed once more with wash buffer before
the addition of the siRNAs. The fluorescently-labeled siRNAs (04 uM, diluted in 1X
PBS, 0.2% BSA, pH 7.2) were then added to each well, and the plates were incubated in
the dark for 3 h at room temperature. Wells were then washed four times with wash
buffer, and 200 puL of 1X PBS, 0.2% BSA, pH 7.2, was placed into each well for
fluorescence measurement. Fluorescence detection of bound fluorescently-labeled
siRNAs (Ex= 546 nm, E,;, = 590 nm) was measured with a Spectramax M2 plate reader.
The relative fluorescence of specific binding was calculated by subtracting the non-
specific value for the fluorescence of siRNA incubated with the small peptide from the
measured fluorescence of siRNA binding to CIRV p19. Although the washing steps were
optimized, it is possible that siRNA off rates may contribute to discrepancies between

apparent dissociation constants.

In order to verify specific binding of the His-tag of CIRV p19 to the Ni**-NTA-
coated wells, imidazole was added at varying concentrations (0—100 mM) to the Ni**-
NTA-coated wells prior to the addition of CIRV p19 and fluorescently tagged siRNAs. In
the presence of 100 mM imidazole, less than 10% total binding of fluorescently-labeled

siRNA was detected at saturating siRNA concentrations. To ensure that the fluorescence
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measured for siRNA binding was due to a specific interaction with CIRV p19, the =12
kDa His-tagged polypeptide was subjected to the same expression, purification, and assay
conditions as utilized for CIRV p19. Negligible fluorescence was observed. Additionally,
when relative K4 values of binding between different siRNA molecules were compared,
experiments were conducted with the same batches of Ni*-NTA plates and the same
stock solution of protein to ensure that the saturation point for each well was the same
within experimental error. In some cases, saturation binding (i.e. the determination of
[siRNA]max) was impossible to achieve as a result of the prohibitively high cost of
producing sufficient quantities of siRNA. In these cases, the potential error in the K¢
value from this uncertainty in [siRNA}.x was evaluated by measuring the saturation
binding for a generic siRNA on the same surfaces with the same protein samples. For all
reported K4 values, the results obtained from curve fitting, performed with and without
the [siRNAmax measured with generic siRNA, were found to be the same within

experimental error.

2.1.7 Screening of a Small Molecule Compound Library

The binding of purified CIRV p19 to Ni**-NTA plates was carried out as
described for fluorescence-detection assays. After the washing and normalization steps,
compounds from the Tripos Optiverse Panlabs library (NRC-BRI, Montreal, Quebec)
were added at 100 uM in 1X PBS to each well (a different compound was added to each
well of the plate). The plates were then incubated for 2 h at room temperature in the dark.

Wells were then washed four times with wash buffer, and 200 pL of 1X PBS, 0.2% BSA,
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pH 7.2, was placed into each well for normalization measurements (Ex = 546 nm, Ep, =

590 nm) with a Spectramax M2 plate reader. Fluorescently-labeled siRNAs (CSK

siRNA, 1 uM) diluted in 1X PBS, 0.2% BSA, pH 7.2, were then added to each well, and
the plates were incubated in the dark for 2 h at room temperature. Wells were then
washed four times with wash buffer, and 200 pL of 1X PBS, 0.2% BSA, pH 7.2, was
placed into each well for fluorescence measurement. Fluorescence detection of bound
fluorescently-labeled siRNAs (Ex= 546 nm, Ey, = 590 nm) was measured with a
Spectramax M2 plate reader. The increased emission wavelength of Ey, = 590 nm rather
than the reported Ey,, = 565 nm for Cy3/Dy547 was used to minimize background
fluorescence. Post-incubation experiments in which the treatment with compounds was
carried out after siRNA binding were also conducted. All experiments in which
compounds of the small molecule library were added were carried out in triplicate. As
controls, fluorescence was measured from wells containing CIRV p19 alone, as well as

those containing CIRV p19 incubated with unlabeled CSK siRNAs.

2.1.8 MALDI-TOF Mass Spectrometry

For MALDI-TOF (matrix assisted laser desorption/ionization time-of-flight) mass
spectrometry (MS) protein analysis, either 0.5 pg of CIRV p19 or CIRV p19 with a 1:1 or
1:10 molar ratio of compound 3 (see Figure 3.7, Chapter 3) were incubated for 1-24 h at
room temperature prior to analysis. Similar experiments were conducted with 0.5 pug
CIRV p19 incubated with compound 1 (see Figure 3.7, Chapter 3) in a 1:1 molar ratio.
For MALDI-TOF analysis of NEM-modified CIRV p19, 0.5 pg of CIRV p19 was

incubated with 50 mM NEM for 2 h at 4 °C. All experiments were performed in 10 mM
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CH;3;COONH; buffer, pH 7.5 and diluted to a final volume of 10 pL for analysis. One
microliter of each sample was mixed with sinapinic acid matrix (60 mg/mL in 30%
Ethanol; 10 uL), and the resulting mixture was spotted on a steel target plate and air dried
at room temperature. Mass spectrometry was performed on a Voyager-DE STR MALDI-
TOF instrument (Applied Biosystems, Foster City, CA) operated in the linear/positive

mode.

2.1.9 Circular Dichroism and Thermal Melt Analysis

Circular dichroism (CD) spectra were recorded on 15 - 45 uM for wild-type p19,
and the cysteine mutants C110I and C110S, in 20 mM Na,HPO, pH 7.2, 25 mM NaCl
and 1 mM DTT on a Jasco J-810 spectropolarimeter (Jasco, Easton, MD) with a 1-mm
path length quartz cell at 25 °C. Spectra reflect an average of 8 scans recorded from 250
to 190 nm with a 0.2 nm step resolution, response of 1 s, speed of 20 nm/min, and a
bandwidth of 1 nm. Following CD spectroscopy, the concentration of the samples used to
calculate the molar ellipticity per mean residue was determined using the Bio-Rad Protein
Assay (Bio-Rad, Hercules, CA). CD data was analyzed using the CDPro suite of
programs (184). Thermal denaturation of the constructs was performed using a Jasco
thermal control unit (model PTC-423S; Jasco, Easton, MD) with a heating rate of 1

°C/min from 25 to 95 °C. At each step, the molar ellipticity at 222 nm was recorded.
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2.1.10 N-ethylmaleimide (NEM) Treatment

The alkylation experiments were carried out using 96-well Ni**-NTA-coated
plates (Qiagen, Mississauga, Ontario) with the following His-tagged constructs: wild-
type p19, C110A, C1348, C160S, C110S/C160S, C134S/C1608S, C1101, C134I, C160I
and C110I/C1341. Two-hundred microliters of 1 pM CIRV p19 or its mutant derivatives
in PBS 0.2% BSA, pH 7.5, were pre-bound to the surface of each well of the Ni>*-NTA-
coated 96-well plate for 1 h at room temperature. Wells were then washed three times
with wash buffer (1X PBS, 0.05% Tween 20, 1 mM EDTA). Then 200 uL of PBS or 20
mM NEM in PBS was added to each well and incubated for 1 h at room temperature.
Wells were washed twice with wash buffer and 200 pL of wash buffer was placed in each
well and background fluorescence was measured (Ex= 546 nm and E,, = 590 nm) with a
Spectramax M2 Plate Reader (Molecular Devices Corporation, Sunnyvale, CA) for
normalization purposes. Two-hundred microliters of 1 pM fluorescently-labeled CSK
siRNA in 1X PBS, 0.2% BSA, pH 7.5, was added to each well and incubated in the dark
for 1 h at room temperature. Wells were then washed twice with wash buffer and 200 pL.
of wash buffer was then placed in each well and read for fluorescence detection of bound
fluorescently-labeled siRNAs (Ex = 546 nm and E,, = 590 nm). Experiments were

performed four times for each construct, with or without NEM treatment.

2.1.11 Fluorescence Polarization and Data Analysis

Samples were prepared by allowing incubation of 2 uM labeled siRNAs or mir-
122 with various concentrations of purified p19 in PBS with 10 mM DTT at room

temperature for 1 h. Fluorescence polarization measurements were then carried out using
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Fluorolog® Tau-3 Lifetime System (HORIBA Jobin Yvon, Edison, NJ) at room
temperature. Polarization was monitored at E, = 560 nm (with a bandwidth of 1 nm) with

Ex = 546 nm (with a bandwidth of 6 nm). Polarization is expressed as:

P Iy —1In
Iv+1In

(2]

where ;- and Iy are the vertically and horizontally polarized emission intensities when
linear polarized light was used to excite the sample. The polarization of each sample was
calculated from an average of 10 measurements each of Iy and Iy and three replicates of
such set of averages were collected. The resulting concentration-dependent increase in
polarization was plotted against the concentration of the p19 dimer (since the p19 protein
binds to one molecule of siRNA as a dimer) (185, 186) and fitted according to the

following equation:

AP = AP K,+np+x K,+np+x ? x 3]
Ma 2np 2np np

where AP, denotes the maximal change in polarization, K is the dissociation constant,
n is the number of equivalent sites on the p19 dimer, p is the concentration of labeled

small RNA, and x is the concentration of the p19 dimer.
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Competitive studies were carried out by pre-mixing 2 pM of CSK siRNA with the
same molar ratio of the p19 dimer at room temperature for 1 h. Samples were then
titrated with increasing concentration of unlabeled CSK siRNA for 1 h at room
temperature and the decrease in fluorescence polarization was measured. The resulting

concentration dependent decrease in polarization was fitted to the following equation:

AP
AP= Max
[Kd'(K'd'i'x)J_'_l [4]
(K'd +P)

where AP, denotes the maximal change in polarization, Ky is the dissociation constant
for one small RNA and K’; is the dissociation constant for the competing small RNA, p is
the concentration of labeled small RNA, x is the concentration of the unlabeled small

RNA.

2.1.12 Graphs and Data Analysis

All graph analyses were performed using the Graph-Pad Prism (San Diego, CA,

USA) or GraFit version 3.0.0.3 (Erithacus Software, Surrey, UK) softwares.
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2.2  Target Site Accessibility Methods
2.2.1 Cell Culture

The Huh-7 cell lines used in this study were cultured in Dulbecco’s Modified
Eagle Medium (DMEM; Invitrogen, Burlington, ON) supplemented with 100 nM
nonessential amino acids, 50 U/mL penicillin, 50 mg/mL streptomycin, and 10% fetal
bovine serum (FBS; PAA Laboratories, Etobicoke, ON). G418 (Geneticin) was added at
a concentration of 250 pg/mL to the Huh-7 cells stably expressing HCV subgenomic
replicons. The pFK-I389neo/NS3-3°/5.1 and pFK-I3891uc/NS3-3°/5.1 plasmids, which
contain HCV subgenomic replicons (genotype 1b, Conl, Genbank Accession #
AJ242654), were kindly provided by Ralf Bartenschlager (Institute of Hygiene,
University of Heidelberg, Heidelberg, Germany) (187). The replicons harbour either
neomycin resistance (neoR; pFK-I33one0/NS3-3°/5.1) or the firefly luciferase (luc; pFK-
I389luc/NS3-3°/5.1) gene at the 5° end (driven by the HCV internal ribosomal entry site
(IRES)), but otherwise are identical and express the HCV non-structural proteins (NS3 to

NS5B) from the encephalomyocarditis virus (EMCV) IRES and are described in (187).

For siRNA transfections, Huh-7 cells harbouring the subgenomic replicon (pFK-
Izgoneo/NS3-3°/5.1) were seeded in 60-mm dishes (1 x 10° cells) for preparation of whole
cell lysates and total RNA extractions. The fluorescently-labeled (Cy3 or Dy547) siRNA
duplexes (10-100 nM; described below) were transfected using Lipofectamine™
RNAIMAX Transfection Reagent (Invitrogen, Burlington, ON) according to the
manufacturer’s protocol. Whole cell lysates and RNA extractions were prepared at 24, 48
and 72 h post-transfection. IFNy was used as a positive control for knockdown of HCV

RNA replication at a concentration of 100 units/mL.
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2.2.2 siRNA Sequences
HCV-specific siRNAs were designed based on the HCV subgenomic replicon

(Genbank accession #AJ242654) (187). The siRNA design software described in (188)
was used for the design of HCV-specific siRNAs and is freely available at

http://i.cs.hku.hk/~sirna/software/sirna.php. This software compiles the design softwares

of Ambion, Jack, Emboss, MPI, Genscript, Qiagen, Invitrogen, Deqor, and MPI +
Rational for siRNA design. The organism that was selected was Homo sapiens and output
siRNAs were selected that were predicted from at least 4 softwares. The top siRNAs
were selected for further analysis and scored according to the design criteria outlined by
Reynolds and colleagues (172). The siRNAs that were selected for analysis had scores >
6. The siRNA sequences used to investigate target site accessibility are listed in Table
2.3. Where indicated, duplex siRNAs were formed between the corresponding sense and
antisense strands according to the manufacturer’s protocol. The 331 (IRES) siRNA and
the positive control, NS5B-7256 siRNA (a.k.a. NS5B-6367; (136)), have been previously
reported to be functional siRNAs for inhibition of HCV RNA in cell culture (136-138).
The SL3.3-8589 siRNA was designed against a known stem-loop in the NS5B coding

region of the HCV genome (SL3.3; (189, 190)) as a negative control.

2.2.3 InVitro 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 restriction enzyme Scal (New England Biolabs, Pickering, ON),
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Table 2.3 siRNA sequences used in the target site accessibility studies.

siRNA Sequence"™ References

GL3 5'-cuuacgcugaguacuucgaTT-3' (177, 179, 180,
3' -TTgaaugcgagucaugaagcu-5' 182)

331 (IRES) 5'-ggucucguagaccgugcacuu-3' (137,177)
3'-uuccagagcaucuggcacgug-5'

NS3-2904 5'-ucacccaaauguacaccaaug-3'
3'-uuaguggguuuacaugugguu-5'

NS4B-5027 5'-cauacccuccuguuuaacauc-3'
3' -uuguaugggaggacaaauugu-5'

NS5A-5567 5' -ugcacgguguugacugauuuc-3'
3'-auaggugccacaacugacuaa-5'

NS5B-7256 5' -gacacugagacaccaauugacTT-3' (136, 138)
3'-TTcugugacucugugguuaacug-5'

NS5B-8136 5'-ggaugauccugaugacucauu-3'
3'-uuccuacuaggacuacugagu-5'

SL3.3-8589 5' -uguggugccuacuccuacuuu-3'

3'-guacaccacggaucaccauga-5'

'Uppercase letters denote deoxyribonucleotides; *All siRNAs were single-stranded
§uide strand for microarray experiments and duplex for transfection into Huh-7 cells;
All siRNAs used were labeled with Cy3 or Dy547 dyes at the 5° end of the anti-
sense (guide) strands as indicated in the text.
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precipitated for less than 30 min, and resuspended in RNase-free water to a final
concentration of 0.5 pg/uL. The IVT reaction was set up in a final volume of 20 pL and
incubated at 37 °C for 2 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 uL 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 using the Agilent 2100 bioanalyzer with the
RNALabChip® kit (Agilent Technologies, Palo Alto, CA) according to the

manufacturer’s protocol.

2.2.4 Atomic Force Microscopy (AFM)

RNA transcripts were diluted in AFM imaging buffer (20 mM HEPES, 10 mM
MgCl,, 3 mM NiCl,, pH 7) to 0.5 to 2 ng/uL. Prior to RNA deposition, freshly cleaved
mica (grade V2; Ted Pella Incorporated, Redding, CA) was treated with 4 mM NiCl, for
1 min at room temperature and washed twice by soaking in 10 mL nuclease-free water
for 10 and 1 min, respectively. The NiCl,-treated mica was then dried under a stream of
nitrogen. Ten microliters of diluted RNA was dropped on the surface of the NiCl,-treated
mica and allowed to adsorb for 5 min at room temperature. Non-adsorbed RNA was
removed by two washes with 10 mL of nuclease-free water as described above, after
which the sample was dried under a stream of nitrogen and imaged. Imaging was

performed at room temperature (22 + 1 °C) on a PicoSPM atomic force microscope
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(Molecular Imaging, Providence, RI) in acoustic (AC) mode using aluminum-coated
silicon tips with spring constants of ~40 N/m and resonance frequencies between 250 and
325 kHz. Fields of 0.5 to 3.0 pum were scanned at 1 to 1.5 Hz. Images were flattened, and
approximate cluster diameters were determined using PicoScan 5.3.3 software
(Molecular Imaging, Providence, RI). Two or three independently prepared samples were

imaged for each RNA transcript, and several areas were scanned for each sample.

2.2.5 Microarray Design

A prototype microarray was generated, consisting of a dilution series of HCV
subgenomic replicon RNA (5, 25, 100, 125, 250 and 500 ng/uL) as well as
Campylobactor jejuni positive (Cj0373: 5’-GTA TCC ACG CAC CTT TAA ATG AAA
AAA CC-3’; Cj1119c: 5’-GTA CCA TCG CTA TAA CTT TGG CTT-3") and negative
(Cj1437c: 5°-GCC AGA GTG TAT GTG ATT TGG TTG AAC-3’) control
oligonucleotides. Computer-based homology searches using NCBI BLAST was used to
ensure that control oligonucleotides contained no homology with the Homo sapiens or
HCV genomes, or any of the HCV-specific siRNAs. All oligonucleotides were PAGE-
purified and spotted at a final concentration of 500 ng/pL (Invitrogen Canada,
Burlington, ON). Each sample was spotted in quadrupicate, interspersed by blank spots

across the array in order to reduce spatial effects (see Figure 5.10, Chapter 5).
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2.2.6 Preparation of Microarray Spike-ins

Cy3-labeled short DNA oligonucleotides complementary to the Cj1119¢ and
Cj0373 oligonucleotides spotted on the microarrays were prepared as positive control
spike-ins and printing quality controls using the Mirus Label-IT® Cy3 Labeling kit
(Fisher Scientific, Ottawa, ON) according to the manufacturer’s protocol. For
normalization purposes and to account for spot morphology, a DNA probe was designed
against the relatively unstructured luciferase region of the HCV replicon (see Figure 5.6,
Chapter 5). The Luc988-42nt probe (5’-GGA AGG GCC ACA CCC TTA GGT AAC
CCA GTA GAT CCA GAG GAA-3’) was labeled with CyS5 for cross-channel
normalization, using the Mirus Label-IT® Cy5 Labeling kit (Fisher Scientific, Ottawa,
ON). All labeling reactions were carried out according to the manufacturer’s protocol
with the following modifications. Labeling reactions typically contained 5 pg DNA and
2.5 puL of Cy3 or CyS5 label in a 50 pL reaction volume. Reactions were incubated at 37
°C overnight. Unincorporated dye was removed by ethanol precipitation and the Cy3-
labeled oligonucleotides were resuspended in RNase-free water. Labeling efficiencies
were between 9-20 pg/uL as assessed using an ND-1000 spectrophotometer (NanoDrop
Technologies, Rockland, DE). All oligonucleotides were PAGE-purified prior to the

labeling reactions.

2.2.7 Microarray Printing and Blocking

Microarray printing was carried out using a Nano-Plotter (NP2.1, GeSiM,
Germany) on barcoded Nexterion® slide E, epoxysilane coated substrates (Schott North

America, Louisville, KY). All probes were diluted in spotting buffer (20 mM HEPES, 50
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nM KCl, 10 mM MgCl,, 1 mM DTT, pH 7.2) and spotted at 18 + 2 °C and a relative
humidity of 50%. Spotting was carried out in one tip mode with the nano tip A. The
average drop volume was 140 pL and 7 drops were deposited for a total of approximately
980 pL/spot. The spotting buffer was also printed on the slides as a negative control.
Post-printing, the slides were left in the printer for 30 min to dry before storage at -80 °C

until use.

2.2.8 Microarray Hybridization and Data Analysis

Microarray hybridizations were performed between single-stranded, fluorophore-
labeled antisense (guide) siRNAs and the HCV replicon RNA under native (non-
denaturing) conditions in order to maintain the RNA secondary structure. All solutions
were prepared with nuclease-free water and all hybridizations were performed at 37 °C,
unless otherwise indicated. All slides were blocked in 4x SSC, 0.1% ultrapure non-
acetylated BSA (Ambion, Austin, TX) for 15 min at 37 °C and washed five times with
nuclease-free water at room temperature for 1 min each. The slides were dryed prior to
the hybridization reaction by centrifugation at 200 xg for 5 min. Hybridizations were
performed in 1x Hyb buffer (20 mM HEPES, pH 7.8, 50 mM KCl, 10 mM MgCl,, 1 mM
DTT) supplemented with 100 ug/mL yeast tRNAs, 0.625 mg/mL salmon sperm DNA, 40
U RNase-OUT (Invitrogen Canada, Burlington, ON), 300 pg/uL Cy3-Cj1119c¢ spike-in,
900 pg/uL Cy3-Cj0373 spike-in, 30 nM Cy5-Luc988-42nt, and 1 uM siRNA in a 40 pL
reaction volume. The hybridization reactions were denatured at 65 °C for 5 min and then
incubated at 37 °C for 10 min, prior to application to the microarrays. Both the coverslips

and microarray slides were pre-heated to 37 °C for 10 min prior to hybridization.
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Hybridizations were performed for 45 min to 1 h at 37 °C under glass coverslips (24 x 20
mm) in a humidified SlideBooster™ hybridization chamber (Olympus Advalytix,
Concord, MA). For hybridizations carried out under denaturing conditions, hybridization
buffer was replaced with a denaturing 50% DIG Easy Hybridization solution (Roche,
Laval, QC) and hybridizations (target microarray + hybridization solution) were initially
heated to 65 °C and slowly cooled to 37 °C over the 1 h hybridization period. After
hybridization, microarrays were washed twice with 1x SSC + 0.05% SDS, twice with
0.5x SSC, and twice with 0.1x SSC at 45 °C for 5 min each. The slides were spun dry by
centrifugation at 200 xg for 5 min and stored in light-tight containers until they were
scanned. Microarrays were scanned using the VersArray Chipreader (Bio-Rad, Hercules,

CA), according to the recommendations of the manufacturer.

Spot quantification, signal normalization, and data analysis was performed using
the Array-Pro Analyzer image analysis software (version 4.5; MediaCybernetics, Silver
Spring, MD). Net signal intensities were obtained by local-ring background subtraction
(net intensity = raw intensity — background). For normalization purposes and to account
for spot morphology, the ratio of the signal intensities of the siRNAs (Cy3 channel) to
that of the Luc988-42-nt spike-in (Cy5 channel) of the spots containing HCV RNA was
used for further analysis (normalized net intensity). The Cy3-labeled Campylobacter
Jejuni spike-ins were used to scale the intensities between microarrays. A single HCV
replicon RNA concentration was chosen for analysis (125 ng/uL) since it had a greater
than 2-fold signal-to-noise ratio without reaching saturation for all HCV-specific
siRNAs. Signal intensities for quadruplicate spots were averaged, and all hybridizations

were carried out in duplicate or triplicate.
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2.2.9 Western Blot Analysis

For detection of HCV proteins, whole cell lysates were prepared from Huh-7 cells
harbouring subgenomic replicons after treatment with siRNAs as described for 24, 48 or
72 h. Cells were washed twice with PBS (8 g/LL NaCl, 0.2 g/LL KCl, 1.44 g/L. Na,HPOs,,
0.24 g/L KH,POy4, pH 7.4) and lysed with a lysis buffer consisting of 50 mM Tris-HCI
(pH 6.8), 2% SDS, 10% glycerol, 100 mM DTT and 0.1% bromophenol blue (prepared
initially without the DTT and bromophenol blue). Complete™ protease inhibitor cocktail
(Roche Diagnostics, Penzberg, Germany) was added to each extract to a final
concentration of 1X. The protein concentration of each sample was quantified using the
Bio-Rad DC protein assay (Bio-Rad, Hercules, CA) according to the manufacturer’s
protocol. Prior to loading, 10% v/v of DTT and bromophenol blue (1:1) was added to
each sample and the samples were heated to 95 °C for 5 min and cooled on ice.
Approximately 60 pg of protein per well was loaded for SDS-PAGE (10% resolving, 4%
stacking gel). The resolved proteins were transferred to a Hybond-P PVDF membrane
(GE Healthcare, Piscataway, NJ). The membrane was blocked for 1 h with 5% skim milk
in TBS—Tween and probed for the HCV NS5A protein with a mouse monoclonal anti-
NSS5A antibody (0.2 pg/mL; Virostat, Portland, ME) followed by a HRP-conjugated goat
anti-mouse IgG antibody (1:1000 dilution; Jackson ImmunoResearch Laboratories,
Westgrove, PA). As a loading control, the membranes were stripped using Re-blot Plus
Strong Solution (Millipore, Concord, MA) according to the manufacturer’s protocol, and
re-probed with a mouse anti-PTP1D/SHP2 primary antibody (1:1000 dilution; Sigma,

Saint Louis, MO) with the same secondary antibody as described above. Protein bands
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were visualized by using Western Lightning western blot chemiluminescence reagents

(PerkinElmer, Boston, MA) according to the manufacturer’s protocol.

2.2.10 RNA Isolation and Northern Blot Analysis

Total RNA was isolated from siRNA-transfected HCV subgenomic replicon-
harboring cells at 24, 48 and 72 h post-transfection using the RNeasy extraction kit
(Qiagen, Mississauga, ON). Approximately 0.5 pg/well of total RNA was loaded onto a
1% agarose gel. Biotinylated negative-sense probes complementary to the HCV genome
NSSB 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, and were carried out at
37 °C overnight. DNA template was removed by DNase I digestion, and biotinylated
RNA was purified using the MEGAclear™ kit (Ambion, Austin, TX) with elution in
RNase-free water. The biotinylated negative-sense probes were used at a final
concentration of 2.2 ng/ul. and 0.133 ng/uL for the HCV 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 Chemilﬁminescent Nucleic Acid

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

2.2.1]1 hAGO2:siRNA EMSA
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For EMSA of siRNAs bound by hAGO2, purified Hise-tagged hAGO2 was kindly
provided by Ian MacRae (The Scripps Reseach Institute, La Jolla, CA) and was purified
according to the protocol described in (191). hAGO2 was diluted to 0.66 mg/ml,
aliquoted, and stored at -80 °C until use. Samples were prepared by allowing incubation
of 40 nM fluorescently labeled single-stranded siRNAs with 0-1000 nM Hise-tagged
hAGO?2, in slicing buffer (20 nM Tris-HCI, 50 nM KCl, 1.5 mM MgCl,, 5% glycerol, pH
7) supplemented with 2 U RNase-OUT at 37 °C for 30 min. Prior to loading on the gel, 1
uL of 5X Hi-Density TBE sample buffer (Invitrogen, Burlington, ON) was added to the
10 pL reaction. Ten microliters of each sample was analyzed by electrophoresis at a
constant voltage of 100 V for 45 min through a 6% TBE DNA retardation gel in 1X TBE
running buffer (Invitrogen, Burlington, ON). Bands corresponding to bound
fluorescently-labeled single-stranded siRNAs were quantified with a Hitachi FMBIO III
Multi-view fluorescent image analyzer (Hitachi Software Engineering) and the ImageJ

software (National Institutes of Health, USA).

2.2.12 InVitro RISC Cleavage Assay

In vitro RISC cleavage assays were performed at 30 °C for 90 min in a reaction
volume of 10 pl. Reactions contained 30-60 nM hAGO2, 60 nM fluorescently-labeled
single-stranded siRNA, 1 U RNase-OUT, 20 mM Tris-HCI (pH 7), 50 mM KCl, 1.5 mM
MgCl,, and 10 ng of in vitro transcribed 8858-nt HCV subgenomic replicon RNA (pFK-
Isgoluc/NS3-3°/5.1; described above). One microliter of the reaction was diluted in 5 pl of
NorthernMAX® formaldehyde load dye (Ambion, Austin, TX) and was heated at 75 °C

for 10 min before samples were analyzed by electrophoresis on a 1% agarose gel.
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Northern blotting was performed as described above to detect the HCV RNA 5’ and 3’

cleavage products.
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3.1 Introduction

In plants, RNA silencing is an important host defence pathway against invading
pathogens. Both RNA and DNA viruses, which replicate through a dsRNA intermediate
in the cytoplasm of host cells, can effectively trigger the RNA silencing pathway (64, 65,
192). Viral invasion and persistence therefore requires evasion or suppression of the
RNA silencing surveillance system. As a counter-defensive strategy, several viruses
encode suppressors of RNA silencing. Viral suppressors of RNA silencing (VSRs) could
be used to directly block specific steps of the RNA silencing pathway and analyze the
roles of RNA silencing pathway components, including both the protein and RNA
components of the pathway. Specifically, VSR-based tools could be useful to probe the
importance of this pathway in the context of host-virus interactions and may be useful in
the systematic study of RNA silencing pathways and small RNAs in vitro and in diverse
eukaryotic organisms. The VSRs identified to date will be reviewed and our efforts at
developing protein-based tools for studying RNA silencing and small RNAs are

described.

3.1.1 Suppression of RNA Silencing

VSRs can implement diverse mechanisms to target key steps of the RNA
silencing pathway, including: (i) recruitment of endogenous suppressors of RNA
silencing; (ii) transcriptional modification of positive effectors or endogenous
suppressors of RNA silencing; and (iii) direct inhibition of RNA silencing pathway
components and/or effectors (i.e. dsSRNA, Dicer, siRNA, miRNA, AGOs, or other

components of the RISC complex) (63, 193, 194). A summary of the known plant and
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animal VSRs identified to date, their proposed effector mechanisms and their other

known function(s) in the viral life cycle, are summarized in Table 3.1.

3.1.2 Recruitment of Endogenous Suppressors of RNA Silencing

Endogenous inhibitors of RNA silencing have been identified in plants (260) as
well as in C. elegans (261). This suggests a mechanism that viruses could take advantage
of in order to persist in their hosts. For example, Hc-Pro of potyviruses has been
demonstrated to interact with a calmodulin-related protein, rgsCaM (regulator of gene
silencing calmodulin) (260). Overexpression of rgsCaM mimics suppression of RNA
silencing by Hc-Pro suggesting that rgsCaM is an endogenous suppressor of RNA
silencing (260). Hence, one of the mechanisms used by Hc-pro to inhibit RNA silencing
may be recruitment of this endogenous cellular suppressor protein (260). In addition, the
ERI-1 (enhanced RNA interference-1) protein of C. elegans is an evolutionarily
conserved nuclease that processes siRNAs into shorter, inactive forms effectively
suppressing RNA silencing (261). However, it remains to be seen whether ERI-1
orthologues contribute to suppression of RNA silencing mediated by viruses (194).
Endogenous suppressors of RNA silencing have not yet been identified in mammalian
cells; however, it would not be surprising that there is some form of cellular regulation of

the RNA silencing pathway in mammals.
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Mechanism of

Virus genus Virus Name VSR’ . Other Functions References
Suppression
Plant Viruses
Aureusvirus Pothos latent virus P14 dsRNA binding  Pathogenicity determinant (195)
Begomovirus Tomato leaf curl C2 Pathogenicity determinant (196)
virus
Mungbean mosaic AC2  Transcriptional Transcriptional activator (197)
virus activation
African cassava AC2  Transcriptional Transcriptional activator (198)
mosaic virus activation
AC4  miRNA binding’ Pathogenicity determinant (198, 199)
Carmovirus Turnip crinkle virus CP dsRNA binding  Coat protein (200-203)
Closterovirus Beet yellow stunt P22 Major coat protein (204)
virus
Beet yellows virus P21 dsRNA binding*  Replication enhancer (204-208)
Citrus tristeza virus P20 Replication enhancer (209)
P23 Replication enhancer (209)
CP Coat protein (209)
Grapevine leafroll- P24 (204)
associated virus-2
Crinivirus Sweet potato P22 (210)
chlorotic stunt virus RNase RNase III (210)
3
Comovirus Cowpea mosaic virus ~ Small Small coat protein 211)
CP
Cucumovirus Cucumber mosaic 2b dsRNA binding  Host-specific movement (202, 212-
virus protein 214)
Tomato aspermy 2b dsRNA binding’  Host-specific movement (215-217)
virus protein
Curtovirus Beet curly top virus L2 ADK binding Pathogenicity determinant (218)
Furovirus Soilborne wheat 19K 219)
mosaic virus
Hordeivirus Barley stripe mosaic T RNA binding® Replication enhancer; (203, 220,
virus movement protein; seed 221)
transmission; pathogenicity
determinant
Pecluvirus Peanut clump virus P15 dsRNA binding” Movement protein (203, 222,
223)
Phytoreovirus Rice dwarf virus Pns10 (224)
Polerovirus Beet western yellows PO AGOI1 binding Pathogenicity determinant (225, 226)
virus, Cucurbit
aphid-born yellows
virus
Potexvirus Potato virus X P25 Movement protein (227)
Potyvirus Tobacco etch virus, He- dsRNA Movement protein; (203, 208,
Potato virus Y, Pro® binding9 10 polyprotein processing; 212,228-
Turnip mosaic virus aphid transmission; 230)
pathogenicity determinant
Sobemovirus Rice yellow mottle P1 Movement protein; (231, 232)
Virus pathogenicity determinant
Tenuvirus Rice hoja blanca NS3 dsRNA binding”’ (233-235)

virus
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Mechanism of

Virus genus Virus Name VSR’ S . Other Functions References
uppression
Tobamovirus Tobacco mosaic P130 Replication (236)
viruses, Tomato
mosaic viruses
Tobravirus Tobacco rattle virus 16K (237-239)
Tombusvirus Carnation Italian pl9 dsRNA binding”” Movement protein; (185, 186,
ringspot virus, pathogenicity determinant 202, 208,
Cymbidium ringspot 231, 240)
virus, Tomato bushy
stunt virus
Tospovirus Tomato spotted wilt NSs Pathogenicity determinant (233, 241)
virus
Tymovirus Turnip yellow mosaic P69 Movement protein; (242)
virus pathogenicity determinant
Vitivirus Grapevine virus A P10  RNAbinding”  Pathogenicity determinant (204, 243,
244)
Animal Viruses
Adenovirus Adenovirus VAl  Dicer binding PKR inhibitor (245, 246)
RNA
Ebolavirus Ebola virus VP35 dsRNA binding  polymerase cofactor; PKR 247)
and RIG-I inhibitor; IFN
resistance
Hepacivirus Hepatitis C virus core  Dicer binding capsid protein (248, 249)
E2 Ago?2 binding envelope protein (250)
Lentivirus HIV-1 Tat Dicer binding transcriptional transactivator (251)
Nodavirus Flock house virus, B2 dsRNA binding” (68-71,
nodamura virus, 252-255)
striped jack nervous
necrosis virus, greasy
grouper nervous
necrosis virus
Orthobunyavirus  La Crosse virus NSs IFN resistance (256)
Orthomyxovirus  Influenza virus A NS1 dsRNA binding  PKR inhibitor; poly(A) (69, 257,
binding; inhibitor of mRNA 258)
export
Orthoreovirus Reovirus o3 dsRNA binding” capsid protein 259
Poxvirus Vaccinia virus E3L dsRNA binding  PKR inhibitor; IFN (69)
resistance
Spumavirus PFV-1 Tas transcriptional transactivator (83)

Adapted and expanded from reference (63); VSR, Viral suppressor of RNA silencing; *Prefer mature single-
stranded miRNAs; “Specificity of dsRNA-binding of p21 is controversial, it has been reported that p21 is a
general dsRNA-binding protein (206), in contrast, others have reported that p21 binds size-selectively to 21-nt
duplex siRNAs (203, 208); *Prefer 21-nt or 32-nt duplex siRNAs; “Binds both long ssRNA and 21-nt siRNA
duplexes; Prefers 21-nt siRNA duplexes with 3' 2-nt overhangs; °Hc-Pro, Helper component proteinase;
“Efficient binding requires an unidentified cellular factor in vitro; "’Some Hec-pro isoforms have been shown to
bind with higher affinity to long dsRNA than to siRNA duplexes and numerous dsRNA-binding independent
VSR activities have been described for Hc-Pro isoforms (references herein); '‘Prefer 19-nt RNA duplexes;
’Binds long ssSRNA and dsRNA, in addition to siRNA duplexes; “’Prefer mature single-stranded miRNAs;
"prefer dsSRNA longer than 30-nt. ADK, Adenosine kinase; AGO1, Argonaute 1; PKR, Protein Kinase R; RIG-
I, Retinoic acid inducible gene-I; IFN, interferon.
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3.1.3 Transcriptional Modification of Positive Effectors or Endogenous Suppressors of
RNA Silencing

A second method for suppression of RNA silencing by viruses involves
modification of the host transcriptome (261). This was first described for the
begomoviruses which encode transcriptional activator proteins that are suppressors of
RNA silencing (262) (Table 3.1). The nuclear localization and DNA-binding activities of
the transcriptional activator proteins were required for their suppression of RNA
silencing; and transcriptional activator proteins from two different begomoviruses
induced a common set of host mRNAs (197). Of these, the WEL-1 (Werner exonuclease-
like 1) protein was sufficient to suppress RNA silencing in Nicotiana benthamiana (197),
demonstrating that VSRs may act by transcriptional modification of positive effectors or
endogenous suppressors of RNA silencing. An alternative transcriptional method for
suppression of RNA silencing may involve transcriptional downregulation at the
promoter level for the Dicer, AGOs, or other RNA silencing pathway components
themselves. To date, this has not been demonstrated, but it could represent a novel mode

of RNA silencing suppression.

3.1.4 Direct Inhibition of RNA Silencing Pathway Components and/or Effectors

A third strategy for suppression of RNA silencing involves inhibition of key
components of RNA silencing pathways, including direct binding to dsSRNA, Dicer,
siRNAs, miRNAs, AGOs, or other components of the RISC complex. For example, the
polerovirus PO protein has been demonstrated to bind directly to, and destabilize, AGO1

of Arabidopsis thaliana (226) (Table 3.1). Silencing suppression could also be RNA-
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mediated rather than protein-mediated. This is exemplified in the case of adenovirus VA1
RNA which competes with small RNAs for the exportin 5 receptor and human Dicer
(245, 246) (Table 3.1). In addition to binding to the proteins of the RNA silencing
pathway, many VSRs have evolved that are able to bind to dsRNAs, or small RNAs,
which are the inducers and mediators of the RNA éilencing pathway, respectively. These

dsRNA-binding VSRs will be discussed in more detail below.

3.1.5 Double-stranded RNA-binding VSRs

A major class of VSRs are dsSRNA-binding proteins. A role for dsRNA binding
in suppression of RNA silencing was initially proposed by Guo and Ding for the
cucumoviral 2b protein (263), and has since grown to include VSRs from diverse classes
of both plant and animal viruses (Tables 3.1). In theory, dsSRNA-binding VSRs could
target the RNA silencing pathway at two key steps: by binding and sequestering the
silencing inducer — long viral dsSRNA, and/or by binding and sequestering the mediators
of RNA silencing — siRNAs (203). Most of the dsSRNA-binding VSRs have no sequence
similarity to the canonical dsSRNA binding motif found in many cellular proteins, such as
the Xenopus laevis RNA binding protein A (Xlrbpa?2), Drosophila Staufen protein, PKR,
Dicer or R2D2 (264-266), suggesting that the distinct protein folds used to bind dsRNA
evolved independently in these viruses (63) (Figure 3.1).

Many of the dsRNA-binding VSRs are able to bind to both long dsRNA and the
silencing-generated small RNA duplexes. In fact, no size selection in dsSRNA-binding has
been observed for aureusviral P14 (195), carmoviral CP (200-203), vitiviral P10 (243),

ebola virus VP35 (247), influenza NS1 (69, 257), and vaccinia E3L (69); while reovirus
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Figure 3.1 Comparison of dsRNA binding motifs between the canonical
dsRNA-binding motif and dsRNA-binding VSRs. A) Cartoon view of the
canonical dsRNA-binding motif of Xirbpa2 in complex with dsRNA (PDB
ID: 1D12, reference (264)). B) Cartoon view of the NS1 protein of influenza
modeled in complex with dsSRNA (PDB ID: INSI1, reference (267)). C)
Cartoon view of flock house virus B2 in complex with dsRNA (PDB ID:
2AZ0, reference (268)). D) Cartoon view of tomato aspermy virus 2b in
complex with dsRNA (PDB ID: 2ZI0, reference (216)). The conserved His51
and crucial Trp40 residues are indicated in yellow. E) Cartoon view of the
CIRV pl9 protein in complex with 21-nt siRNA (PDB ID: 1RPU, reference
(185)). The p19 protein end-capping Trp39 and Trp42 residues are indicated
in yellow.
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o3 and nodaviral B2 exhibit higher affinities for long dsSRNA than for siRNAs (71, 259)
(Table 3.1). In contrast, several dSSRNA-binding VSRs have been identified that bind with
some specificity to silencing-generated small RNA duplexes in a size-selective manner
(Table 3.1); these include: Tobacco etch virus He-Pro (203, 208), Peanut clump virus P15
(203), Barley stripe mosaic virus yB (203), closteroviral p21 (203, 205, 208), Rice hoja
blanca virus NS3 (234, 235), Tomato aspermy virus 2b (216, 217), and tombusviral p19

(185, 186).

3.1.6 Size-selective, dsRNA-binding VSRs

To date, seven VSRs have been identified that bind with some specificity to 21-nt
duplex siRNAs. These siRNA-binding VSRs are from broad classes of viruses suggesting
that siRNA binding has evolved independently in several virus families (Table 3.1). The
Tobacco etch virus He-Pro and closteroviral p21 have been demonstrated to bind size-
selectively to 21-nt duplex siRNAs and require the 3° 2-nt overhangs for efficient binding
(203, 208), suggesting that these proteins interact directly with the 3” 2-nt overhang of the
siRNA duplex. Both the Tobacco etch virus He-Pro and the closteroviral p21 proteins
have also been implicated in other activities or mechanisms of RNA silencing
suppression, indicating that preferential binding to the siRNA duplex may not be their
only mode of RNA silencing suppression (205, 206, 212, 223, 230, 231, 269, 270). In
addition, Tobacco etch virus Hc-Pro was demonstrated to bind with enhanced efficiency
to varying lengths of siRNA duplexes (19- to 24-nt) in vitro in the presence of a yet to be
identified cellular factor (208), suggesting that Tobacco etch virus Hc-Pro’s dsRNA-

binding activity irn planta is dependent on a cellular factor. Although the closteroviral p21
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protein was demonstrated to bind size-specifically to 21-nt siRNA duplexes (203, 208);
Ye and colleagues, who reported the crystal structure of p21, have demonstrated that p21
is able to act as a general dsSRNA-binding protein (206). To date, this controversy has not
been resolved. The Peanut clump virus P15 and Barley stripe mosaic virus yB proteins
are lesser studied VSRs, but have both been demonstrated to bind size-selectively to 21-
nt duplex siRNAs containing 3’ 2-nt overhangs, suggesting that they too interact with the
3’ 2-nt overhang of the siRNA duplex (203, 208).

In contrast, the Rice hoja blanca virus NS3, Tomato aspermy virus 2b, and
tombusviral p19 proteins all bind preferentially to 21-nt duplex siRNAs in a size-
selective manner with no requirement for the 3° 2-nt overhangs (185, 186, 216, 234).
Interestingly, although none of them contain any significant sequence similarity, each of
these proteins has been demonstrated to be a dimer in its siRNA-binding competent state
(185, 186, 216, 234). For Tomato aspermy virus 2b, in addition to binding with high
affinity to 21-nt duplex siRNAs, this protein also binds with similar affinity to 32-nt
duplex siRNAs (216), and has been shown to have some affinity for ssRNA (217). The
21-nt and 32-nt siRNA duplexes correspond to two or three helical turns of the dsRNA,
respectively, which reflects the 2b protein’s mechanism of dsSRNA-binding by wrapping
around the major groove of the dsRNA (216) (Figure 3.1D). This is in contrast to the
mechanism of dsSRNA-binding employed by the tombusviral p19 protein, which binds to
the minor groove of the dsRNA (185, 186) (Figure 3.1E). The crystal structure of Rice
hoja blanca virus NS3 has not yet been reported and hence it’s mechanism of dsRNA

binding has not yet been elucidated.
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Due to their size-selective and sequence-independent binding to silencing-
generated small RNA duplexes, and the ubiquity of the RNA silencing pathway in
eukaryotes, the Tomato aspermy virus 2b, Rice hoja blanca virus NS3, and tombusviral
p19 proteins are excellent candidates for the development of tools to study RNA
silencing and small RNAs in a wide variety of in vitro and eukaryotic systems. Of these,
the tombusviral p19 protein is the best characterized and has the greatest affinity for 21-nt
duplex siRNA (185, 186, 216, 234). In addition, the p19 protein is amenable to
overexpression in bacteria and plants and can be readily purified to high and soluble
amounts (271, 272). Thus, the tombusviral p19 protein was chosen for development of a

protein-based tool for studying RNA silencing and small RNAs.

3.1.7 The Tombusvirus pl19 Protein

Tombusviruses are a family of positive-sense, single-stranded RNA viruses of
plants (273). Their fifth ORF encodes the 19 kDa (p19) protein which is a siRNA-binding
VSR (274). As discussed above, the p19 protein binds to and sequesters siRNAs in a
size-selective and relatively sequence-independent manner, preventing their incorporation
into RISC, and thereby inhibiting the downstream silencing of target RNAs (185, 186,
240, 275) (Figure 3.2). This inhibition allows persistence of the virus in its host.

The p19 protein acts as a dimer, with two molecules of p19 per siRNA duplex
(185, 186) (Figure 3.3). The p19 dimer consists of two main functional domains: the core
and the a-helical reading head. The core consists of basic and polar groups which bind to
the phosphate backbone of the minor groove of the siRNA duplex. This ensures relatively

sequence-independent binding (185, 186, 275). In addition, the critical contribution of the
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Figure 3.2 Schematic diagram of where the pl9 protein acts in the RNA
silencing pathway. The pl9 protein binds to and sequesters silencing-
generated small RNAs, preventing their incorporation into the RISC and
downstream silencing of their target genes.
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Figure 3.3 Crystal structure of CIRV p19 in complex with 21-nt siRNA (PDB
ID: 1RPU, reference (185)). A) Two orientations (related by a 90° rotation
about the vertical axis) of the CIRV p19-siRNA complex. Each monomer is
indicated (blue, teal), as are their N- and C-termini. The p19 dimer is rendered
as a ribbon diagram and the siRNA is rendered as sticks. B) Electrostatic
surface representation of CIRV p19 in complex with 21-nt siRNA. Regions of
positive potential are shown in blue and negative potential are in red.
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2’-OH groups in siRNA duplex recognition allows p19 to distinguish RNA duplexes
from DNA duplexes (185, 186). The core domain also contains the dimer interface which
consists of hydrogen bonds between four anti-parallel B-sheets (185, 186) (Figure 3.3).
The o-helical reading head consists of two important residues: Trp39 and Trp42, which
form stacking interactions with the last bases in the siRNA duplex, effectively capping
the 5° end of the RNA duplex and forcing the 3’ 2-nt overhang out of the way (185, 186)
(Figures 3.1E and 3.3). Since this allows the p19 protein to effectively measure RNA
duplex length, it binds with high affinity to 21-nt duplex siRNAs, with much less affinity
for other nucleic acids including long dsRNA, ssRNA, or siRNA duplexes of greater or
shorter lengths (185, 186, 240). In addition, it does not require the 3’ 2-nt overhangs for
efficient binding; however, binding is enhanced by the presence of the 5° phosphate

group(s) (185, 186).

3.1.8 pl9-based Tools

As siRNAs are ubiquitously involved in RNA silencing, the p19 protein could be
useful to study RNA silencing and small RNAs in an organism- and system-independent
manner. The pl9 protein is able to function as a suppressor of RNA silencing
independently of other viral proteins and siRNA-binding is its sole mechanism of RNA
silencing suppression. It is also amenable to overexpression in bacteria and plants, and it
can be readily purified to high and soluble amounts (271, 272). In addition, the ability of
the p19 protein to act as a molecular ruler allows it to distinguish Dicer products, such as
siRNAs and miRNAs, from other small RNAs involved in regulatory aspects of the cell,

such as rRNAs and tRNAs. These features make p19 an ideal candidate for the
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development of a tool to study small RNAs and for dissecting RNA silencing pathways in
a range of organisms and in vitro systems.

Given that p19 binds with high affinity to small RNA duplexes, it could be used
as a tool for the isolation, purification and quantification of small RNAs. Also, within the
context of viral infections, the p19 protein could be used to assess the role of RNA
silencing in specific host-virus interactions. Moreover, inhibitors of the p19-small RNA
interaction could be used as molecular switches to turn on and off gene expression.

In this chapter, the use of arrayed recombinant p19 of the CIRV for rapid and
quantitative detection of CIRV p19-siRNA interactions is described. The p19 protein
arrays allow size-selective detection of siRNAs and provide a convenient method for
screening small-molecule libraries for compounds that can perturb the protein-RNA
interaction. Furthermore, two small molecule inhibitors were identified that act by
modification of one or more cysteine residue(s). Mutational analyses revealed the role of
these cysteine residues in the overall structure of the p19 protein and may have
implications for the design of more specific p19 inhibitors or the regulation of this protein

in vivo.

3.2  Hypothesis

The p19 protein may be useful in the study of small RNAs and RNA silencing

pathways in vitro and in a range of cells/organisms
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3.3  Results
3.3.1 Arrayed pl19 Retains its Ability to Bind to 21-nt Duplex siRNAs Sequence
Independently

In order to obtain optimal expression of the p19 protein, the CIRV p19 sequence
was codon optimized for both mammalian and bacterial expression and sub-cloned into
the pTriEx 4-neo vector with a C-terminal Histidine (His) tag (see Chapter 2). The p19
protein was expressed in E. coli BL21 (DE3) cells and was purified on a Ni**-NTA
column. Purified recombinant p19 was then captured on 96-well Ni**-NTA plates at a
binding capacity of approximately 20 pmol/well.

Aliquots of 5°-Cy3-labeled siRNAs were added at increasing concentrations, and
the fluorescence of the siRNA that remained bound in each well was measured after a 1-3
h incubation period. The fraction of bound siRNA was calculated by determining the
fraction of the original fluorescence intensity that remained after removal of the unbound
siRNA (as outlined in Figure 3.4). The fluorescence data was fit to Equation [1] in order
to determine the equilibrium dissociation constant (Ky) of p19-siRNA binding. Figure
3.5A depicts a representative graph of the relative fluorescence intensity vs. the

concentration of the fluorescently labeled 21-nt siRNA.

[siRNA]y [1]
[siRNA], + K,

f = [siRNA]_,, -

where f denotes the relative fluorescence intensity which is directly
proportional to the fractional occupancy of pl9; [siRNA]nx denotes the
maximal binding of siRNA; [siRNA]y, the fraction of unbound siRNA; and
K4, the equilibrium dissociation constant.
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Figure 3.4 Screening method in the form of a fluorescence-detection assay

developed using the p19 protein.
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Figure 3.5. Representative plot and overlaid plots of siRNA binding data for
pl9 fluorescence detection assays. Ninety-six-well microtiter plates
containing bound pl19 were incubated with the following types of siRNA at
varying concentrations (0-4 uM). A) A representative Cy3-labeled 21-nt
double-stranded GL2 siRNA (e) and a corresponding Cy3-labeled 21-nt
single-stranded GL2 siRNA (0). B) Double-stranded siRNAs of varying
lengths: 19-nt GL2 siRNA (©), 21-nt GL2 siRNA (e), 23-nt GL2 siRNA (o),
25-nt GL2 siRNA (m), and 28-nt GL2 siRNA (A). Data points represent the
average measurement values from triplicate experiments. Best-fit binding
hyperboles are shown with the assumption that one p19 dimer binds a single
siRNA. All experiments were conducted with the same batch of plates and
protein stock solutions to ensure that the saturation point for each well would
be the same within experimental error.
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In order to verify that the arrayed p19 retained its ability to bind specifically to
duplex siRNA, increasing concentrations of fluorescently-labeled single-stranded siRNAs
were added to wells with immobilized p19 (Figure 3.5A). Reaction wells containing
fluorescently-labeled 21-nt single-stranded GL2 siRNA designed to target the firefly
luciferase gene gave very low levels of fluorescence (Figure 3.5A, open circles), whereas
a significant fluorescence intensity was attained with fluorescently-labeled 21-nt duplex
GL2 siRNA over the range of concentrations tested (Figure 3.5A, closed circles). This
illustrates that the arrayed CIRV p19 binds specifically to double-stranded siRNAs rather
than to the corresponding single-stranded siRNAs, as previously reported (185).

The size-selectivity of CIRV pl9 binding was tested using duplex siRNAs of
various lengths (19-, 21-, 23- 25- and 28-nt GL2 targeting siRNAs). Plate-bound p19
showed the highest affinity for 21-nt duplex siRNA with progressively declining
affinities for siRNAs of greater or shorter lengths (Figure 3.5B). This is in agreement
with the trend observed previously by EMSA using radiolabeled siRNAs of varying
lengths (185).

To determine whether the immobilized p19 also binds to siRNAs in a sequence-
independent manner, interactions of p19 with a range of 21-nt siRNAs of unrelated
sequences were evaluated (see Table 2.2, Chapter 2). The apparent K4 values of p19 for
21-nt duplex siRNA molecules that target GL2, CSK (human Src kinase), and 331 (HCV
5’ NCR) were determined by fitting the fluorescence versus siRNA concentration data to
Equation [1]. The immobilized p19 bound to all duplex 21-nt siRNAs with a similar

affinity, exhibiting apparent K4 values of ~600-1200 nM (740 nM, 570 nM, and 1200 nM
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for GL2, CSK and 331 siRNAs, respectively). This confirms that arrayed p19 binds to

21-nt double-stranded siRNA in a relatively sequence-independent manner (177, 185).

3.3.2 Library Screen

Next, 500 compounds were screened from the Tripos Optiverse Panlabs library
for inhibitors of p19 binding to CSK siRNA, as this siRNA exhibited the highest affinity
in the assay. Inhibitors of the p19-siRNA interaction are of interest since they could be
used to control suppression of RNA silencing by the p19 protein (i.e. as a molecular
switch to turn gene expression on and off). From the library screen, two compounds were
found to inhibit p19 interactions with CSK siRNA to a larger degree than the positive
control (competition with unlabeled CSK siRNA; Figure 3.6). Further investigation of
both compounds showed that they inhibited siRNA binding activity in a concentration-
dependent manner with ICs, values of 9.2 uM and 45 puM, for compounds 1 and 2 (Figure

3.7), respectively.

3.3.3 Cysteine Alkylation Inhibits siRNA Binding Activity

A mechanism for p19 inhibition can be proposed on the basis of the presence of
thiosulfate functional groups in both identified inhibitors (Figure 3.7). Since thiosulfate
groups are reactive toward cysteine residues, inhibition of p19-siRNA interactions could

be attributed to covalent modification of p19 according to Equation [2].

/N

- SA_R
P1ocys—§H + R7T >g”
°* 7 N\

0o’ "o

—> P19Cys—S—S—R + R'SO; [2]
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Figure 3.6 Small molecule library screen. Fluorescence measurements for the
binding activity of GL2 siRNA to p19 in the presence of a representative
sampling of the Tripos Optiverse Panlabs small molecule library are shown.
Relative reduction in siRNA binding by each compound was measured upon
addition of 100 uM to a well where siRNA was already bound to p19. Each
measurement was performed in triplicate. Mean + SE are presented. Hits were
selected based on statistical analyses of fluorescence intensity differences
between compound-treated and mock-treated wells (mock-treated samples had
a relative fluorescence intensity of 1.0 £ 0.01). Unlabeled siRNA that reduces
the fluorescence signal by competitive binding to p19 was used as a positive
control (relative fluorescence intensity of 0.5 + 0.07). Two-tailed p-values of
t-tests for the screening data were determined and p-values < 0.05 was set as
the threshold of significance. Compounds 1 and 2, which were further
validated, correspond to entries 61 and 67, respectively. Both compounds 1
and 2 had p-values < 0.01.
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Figure 3.7 Structures of the two thiosulfanates identified from the libaray
screen and a model thiosulfanate. Structures of the two thiosulfonates
identified from the Tripos Optiverse Panlab library that block p19-siRNA
interactions (compounds 1 and 2), and a model thiosulfonate, (R)-2-amino-2-

carboxyethylmethanethiosulfate (compound 3), used for MALDI-TOF mass
spectrometry analyses are shown.
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To determine whether covalent modification of cysteine residues could inhibit
p19 activity, the effect of cysteine alkylation by N-ethylmaleimide (NEM) on p19-siRNA
binding was investigated. When the ability of this alkylated sample to bind siRNA was
evaluated in the fluorescence detection assay, there was a greater than 10-fold reduction
in siRNA binding (Figure 3.8), which suggests the modification of p19 cysteine residues
as a mechanism for the inhibition of siRNA binding. By using model compound 3
(Figure 3.9), as well as compound 1 (Figure 3.10), it was established that molecules
containing thiosulfonate functional groups can modify p19. Depending on the incubation
time and number of equivalents, the mass increases observed by MALDI-TOF MS
corresponded to between one and four modifications per p19 dimer (Figures 3.9 and
3.10). Thus, compound 1 is likely a covalent inhibitor.

Inspection of the CIRV p19 crystal structure (185) provides some insight into how
the covalent modification of a cysteine residue(s) could inhibit siRNA binding. Since
there are three cysteine residues in CIRV p19 (C110, C134 and C160), we sought to
determine the sites at which alkylation occurs. According to the crystal structure (Figure
3.11), C160 is located in the flexible C-terminal region of pl19 where electron density was
not observed (185), suggesting that C160 is probably highly solvent accessible and likely
to be alkylated. Nonetheless, the location of C160 is far from the p19-siRNA binding
interface and in a highly unstructured region of the protein, suggesting that modification
of this cysteine is likely to have a minimal effect on p19 binding to siRNA. The crystal
structure also illustrates that the side chains of both C110 and C134 are oriented towards
the protein interior, C110 being located within the siRNA-binding interface, and C134

being further from the siRNA-binding interface (Figure 3.11). Therefore, we postulated
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Figure 3.8 Relative fluorescence intensity after treatment with N-
ethylmaleimide. Relative fluorescence intensity obtained from N-
ethylmaleimide treated and untreated pl9 binding to fluorescently-labeled
GL2 21-nt siRNA. Each bar represents the average of three measurements
with the error provided by the standard deviation from the mean.
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Figure 3.9 MALDI-TOF spectra for pl9 treated with compound 3. A) p19
alone; B) pl9 treated with a 10:1 molar ratio of compound 3:p19. The peak
with m/z = 41404 corresponds to unmodified p19 (A) and the peak with m/z =
41887 corresponds to p19 containing four modifications by compound 3 (two
modifications per pl9 monomer), within experimental error.
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Figure 3.10 MALDI-TOF spectra for p19 treated with compound 1. A) p19
alone; B) p19 treated with a 1:1 molar ratio of compound 1:p19; inset shows
an expanded mass spectrum for pl9 treated with a 1:1 molar ratio of
compound 1: p19. The peak with m/z = 41398 corresponds to unmodified p19
and the peak with m/z = 41624 corresponds to p19 with two modifications by
compound 1, within experimental error.
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Figure 3.11 CIRV p19 crystal structure A) A ribbon diagram of the CIRV p19
crystal structure (PDB ID: 1RPU, reference (185)) with the side chains of
Cys110 and Cys134 highlighted in orange. Cys160 is located in a flexible C-
terminal region, which was not resolved in the crystal structure. B) Local
environment around Cys110 with residues Ser127, Leul30, Ala99, Leul03,
Vall08, Phe65, Gly64, and Ty r112 highlighted and C) Cys134 with residues
Trp63, Leul30, Val95, Gly92, GInl31, and Asn96 highlighted.
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that alkylation of these sites would perturb the chemical and structural properties of p19,
affecting its ability to bind to siRNA. We also hypothesized that the p19 apoprotein may
adopt an alternate conformation in order for C110 and/or C134 to become solvent
accessible so that alkylation can occur at these sites. Moreover, C110 is the only cysteine
residue conserved among the entire p19 family, and hence it is likely to be significant
with respect to p19 function; and hence, when alkylated, may result in a reduction in
p19’s siRNA binding activity. In order to determine which of the cysteine residues gave
rise to altered p19 function upon alkylation, site-directed mutagenesis and functional

studies were performed.

3.3.4 Construction of CIRV p19 Cysteine Mutants

To determine which of the cysteine residues within the p19 protein are sensitive
to alkylation, each of the cysteine residues from the CIRV p19 dimer were systematically
replaced and the function of each of the mutant p19 proteins was tested. A set of cysteine
p19 mutants were constructed from the wild-type p19 construct using site-directed
mutagenesis (see Table 2.1, Chapter 2). The cysteine residues at positions 110, 134 and
160 were mutated to serine, isoleucine, alanine or glycine. First, the cysteine residues
were substituted with serine because the chemical structure of these two residues is very
similar. This strategy was chosen so that the substitution of cysteine residues with serine
would have a minimal effect on the global structure of the protein, but would prevent
alkylation at the site in the presence of a cysteine-specific alkylating agent. Cysteine
residues were next substituted for alanine, which is the most common amino acid used

for substitution in mutagenesis studies due to its small and relatively unreactive side
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chain. In order to observe the effects of a more dramatic change in side chain, cysteines
were substituted with glycine, containing no side chain; and with isoleucine, a more
hydrophobic and bulkier side chain. Mutation of cysteine residues to glycine or
isoleucine were conducted to determine if alkylation and/or substitution could result in

structural perturbations in the p19 dimer.

3.3.5  Expression, Purification and Structural Analysis of Cysteine Mutants

The cysteine mutant constructs were prepared from the wild-type CIRV p19
construct in which the p19 sequence was cloned into a vector for heterologous expression
in E. coli (described above and in Chapter 2). All p19 constructs contained a C-terminal
His-tag and were purified by nickel affinity chromatography and gel filtration. All
constructs expressed well; however, not all of them yielded a quantitative amount of
purified soluble protein. When C110 was replaced by either serine or glycine,
considerably lower yields of soluble protein were obtained compared with wild-type p19.
The C110S and C110S/C160S mutants had typically more than a 10-fold reduction of
soluble protein yield than wild-type p19 purified from the same amount of cell culture. In
the more extreme cases, expression of the C110G, C110G/C134G, C110S/C134S and
C110S/C134S/C160S mutants was only detected in the insoluble cell fraction by western
blot analysis using an anti-His-tag antibody. After numerous attempts at optimizing the
soluble expression of these constructs by varying the induction temperature, IPTG
concentration, and cell density at which protein expression was induced, no soluble
expression of the C110G/C134G mutant was observed. By lowering the induction

temperature, a small yield of the soluble C110G, C110S/C134S, and
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C110S/C134S/C160S mutants was attained, although after extraction and purification
only a very small amount of soluble protein was obtained. Attempts to pool and
concentrate these samples to practical concentrations typically resulted in protein
precipitation. Thus, the latter C110 mutants were not studied any further.

To determine whether there was a structural basis for the low soluble yield for
mutants with cysteine to serine but not with cysteine to isoleucine substitutions at
position 110, circular dichroism (CD) spectra were acquired for wild-type p19, C110S
and C110I. As shown in Figure 3.12A, the far-UV CD spectra all possessed minima at
208 and 222 nm suggesting significant a-helical content that overlapped well amongst the
wild-type p19 and the C110S and C110I mutants. This was confirmed by secondary
structure deconvolution using the suite of programs provided by CDPro which
consistently gave ~22% a-helix and ~26% B-sheet for all three constructs (Table 3.2).
This indicates that the secondary structure contents of all three constructs are very similar
and that the global structure of the protein was unaltered by the substitutions.

In order to further understand what gave rise to the differences in soluble protein yield
between C1108S, C110I and the wild-type p19, thermal denaturation was performed and
monitored by CD at 222 nm (Figure 3.12B). All three constructs showed a significant
loss of CD signal intensity over a narrow range of temperatures, with ‘ellipticity values
being close to zero at 90 °C. For wild-type p19, the signal started to decrease at ~50 °C,
with half the signal remaining at ~58 °C, while for C110S, denaturation started at a
significantly lower temperature of ~38 °C with half the intensity being lost at ~43 °C
(Figure 3.12B). Interestingly, for C110I, denaturation did not start until the temperature

reached ~58 °C, with half the signal remaining at ~67 °C (Figure 3.12B). The difference
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Figure 3.12 Circular dichroism of wild-type pl9 and the cysteine mutants

C110I and C110S. A) Far UV spectra and B) thermal denaturation profiles
monitored at 222 nm. WT, wild-type.

83



Chapter 3: Protein-based tools for studying small RNAs

Table 3.2 Secondary structure content of p19 cysteine mutants from CD analysis.

Secondary Structure Content (%)’

o-Helix B-Sheet Turn Unordered
WT 21.73 25.88 21.66 30.73
C1101 22.45 25.80 20.06 29.80
C110S 22.30 26.50 21.63 29.57

1Secondary structure content was calculated using the CDPro suite of programs. WT,
wild-type.
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in denaturation temperatures suggests that C110S is less stable, and that C110I is more
stable, than the wild-type p19. This implies that the impact on the stability of the p19
protein upon mutation of C110 to serine renders the protein more vulnerable to unfolding
and precipitation. Conversely, pl19 becomes more thermally stable when C110 is replaced
by isoleucine. This may explain why C110S mutants had low or no soluble protein yield

but C110I mutants were unaffected.

3.3.6 siRNA Binding Activity of the Cysteine Mutants

EMSA was used to assess the siRNA binding activities of the recombinant p19
cysteine mutants relative to wild-type CIRV p19. This technique is commonly used to
assess protein-nucleic acid interactions (276). In previous studies, EMSA has been used
to analyze the binding affinity and specificity of CIRV p19 with *’P-radiolabeled (185)
and fluorescently-labeled siRNAs (180). The p19 mutant constructs that did not yield
soluble purified proteins were not included in this assay. Figure 3.13A illustrates a
representative fluorescence image from a typical EMSA experiment showing the
interaction between C110S/C160S mutant p19 and the fluorescently-labeled CSK siRNA.
The band intensities corresponding to the p19-small RNA complex were measured and
plotted as a function of the mutant p19 concentration. Curves corresponding to all p19
constructs show a dose-response relationship between the siRNA and p19 proteins as
illustrated in the representative plot in Figure 3.13B.

The dissociation constants determined from each plot for siRNA binding to p19
and its mutant derivatives are listed in Table 3.3. The K,.; values represent the relative

affinity for the siRNA of the cysteine mutants relative to wild-type p19, and range from
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Figure 3.13 Electrophoretic mobility shift assay of p19-siRNA interactions.
A) A representative gel determining the dissociation constant for
C110S/C160S pl9 with siRNA using varying concentrations of the
C110S/C160S p19 mutant (0 — 8192 nM) and 200 nM fluorescently-labeled
Dy547-CSK siRNA. B) Corresponding curve obtained by plotting the
fluorescent band intensities of the p19-siRNA complex (from panel A) as a
function of the concentration of the p19 dimer for the labeled siRNA.
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Table 3.3 Dissociation constants for siRNA binding to wild-type CIRV p19 and its
cysteine mutant derivatives.

Construct K, (nM) K,ell
Wild-type 97 +29 1
c1108 133+ 15 0.7
C134S 110+ 16 0.9
C160S 101 + 16 1
C110A 101 + 43 1
C110G? N/A N/A
C134G 133+ 12 0.7
C1101 79 + 33 12
C1341 196 + 46 0.5
C1601 94 + 44 1
C110G/C134G* N/A N/A
C1101/C1341 161+ 11 0.6
C1108/C1348? N/A N/A
C110S/C160S 72+ 10 1.3
C134S/C160S 106+ 16 0.9
C110S/C134S/C160S> N/A N/A

'K, is the relative affinity of the cysteine mutants for siRNA as compared with wild-
type CIRV p19; “These constructs did not yield quantitative amount of soluble proteins
for the assay.
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0.5 to 1.3 for all mutants. The less than two-fold difference between each cysteine mutant
with respect to the wild-type p19 suggests that the mutations in these constructs have a
minimal effect on p19’s siRNA binding activity. The results from binding measurements
indicate that the mutants maintain their ability to bind siRNAs with nanomolar affinity

(Table 3.3).

3.3.7 Effect of Alkylation on siRNA Binding Activity of the Cysteine Mutants

The p19 mutants C110A, C134S, C160S, C110S/C160S, C134S/C160S, C110I,
C1341, C1601, C110I/C134I and wild-type p19 were treated with the alkylating agent
NEM to deduce which cysteine residues influence p19 binding to siRNA upon alkylation.
Since NEM is reactive towards thiol-containing groups such as cysteine, mutation of
cysteine to other residues potentially blocks alkylation at the mutated site. The His-
tagged p19 proteins were allowed to bind to the wells of a 96-well Ni**-NTA coated plate
and were incubated in the presence or absence of NEM, -prior to addition of fluorescently-
labeled CSK siRNA, to facilitate binding. After removal of unbound siRNA and washing,
the fluorescence intensity was measured using a plate reader (Ex = 546 nm and E,, = 590
nm). The fluorescence intensity is directly proportional to the fraction of fluorescent
siRNA bound to p19. The relative fluorescence intensities obtained from NEM-treated
and untreated p19 proteins are represented by a bar graph in Figure 3.14. All
measurements were carried out in quadruplicate. The residual siRNA binding activity of
NEM-treated relative to untreated samples was expressed as a percentage by taking the

ratio of fluorescence intensity of NEM-treated over untreated samples (Figure 3.14).
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Figure 3.14 Effect of alkylation on siRNA binding activity of wild-type CIRV
p19 and its cysteine mutant derivatives. The normalized relative fluorescence
intensity obtained from NEM treated and untreated pl9 proteins after
incubation with 1 pM Dy547-CSK siRNA. Each bar represents the average of
four measurements with the error provided by the standard deviation from the
mean.
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As a positive control, the wild-type pl19 was treated with NEM and the siRNA
binding activity was reduced by more than 98% compared to the untreated protein
(Figure 3.14). For C110I/C134I, most of the siRNA binding activity remained (>92%)
after alkylation with NEM. This is not surprising since C160 is the only available site for
alkylation in this construct and its location is far from the p19-siRNA binding interface,
suggesting that modification of this cysteine likely has a minimal effect on p19 binding to
siRNA. In contrast, most of the siRNA binding activity was eliminated for the C160S and
C160I mutants indicating that alkylation of C110 and/or C134 had an effect on siRNA
binding activity. Alkylation of the cysteine to alanine mutant (C110A) and the cysteine to
serine mutant series (C1348S, C110S/C160S and C134S/C1608S) also reduced p19’s
ability to bind siRNA by greater than 50% (Figure 3.14). These results imply that both
the C110 and C134 positions can be alkylated and that alkylation at either site affects
siRNA binding activity.

Intriguingly, most of the siRNA-binding activity of the cysteine to isoleucine
mutants (C110I and C134I) was retained after treatment with NEM (79% and 98%,
respectively). These isoleucine mutants seemed to be much less sensitive to alkylation in
comparison to the cysteine to serine mutant series. A possible explanation may relate to
the stability of these mutants. In our thermal denaturation analyses, C110I has a melting
temperature of approximately 9 °C higher, and the melting temperature of C110S was
approximately 15 °C lower, than wild-type p19, indicating that C110I has a significantly
greater thermal stability than C110S. Mutation of cysteine to isoleucine at position 110
could be stabilizing since the side chain at that position is pointing towards the interior of

the protein surrounded predominantly by non-polar residues (Figure 3.11B). The
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transition from a polar cysteine to a hydrophobic isoleucine side chain may strengthen the
Van der Waals interactions of the p19 protein hydrophobic interior, thus further
stabilizing the protein. This may also explain why the soluble protein yield was
unaffected when C110 was substituted with alanine (C110A), since alanine is also non-
polar and its small side chain is unlikely to cause steric effects on the protein structure.
In the case of the cysteine to serine mutant series, it was first predicted that
mutation of cysteine to serine would have a minimal effect on the structure of p19 due to
the similarity in their side chain structure. However, the reduced stability of the C110S
mutant was first evident during protein expression where a low yield of soluble protein
was observed. The protein expressed but was almost exclusively targeted to the insoluble
cell fraction and readily precipitated in solution after purification. As a protein becomes
less stable, it is more susceptible to unfolding and has a greater tendency to aggregate
(277-279). Although serine and cysteine differ by only one atom, serine is relatively more
polar than cysteine, since the oxygen in the hydroxyl group of the serine side chain is
more electronegative than the sulfur in the thiol group of the cysteine side chain.
Therefore, substitution of cysteine at position 110 with the more polar serine in the
hydrophobic interior of the p19 protein would be less favourable, resulting in a
destabilizing effect on the p19 structure. The cysteine to glycine mutants, C110G and
C110G/C134G, also demonstrated the impact of the cysteine substitutions on protein
stability. These glycine mutants were only expressed in the insoluble fraction even after
extensive optimization. Due to the absence of a side chain, substitution of C110 to
glycine potentially creates a cavity in the interior of the protein, decreasing protein

packing density. Since the packing density of proteins has been reported to correlate with
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protein stability (280), this may indicate that the C110G mutation is detrimental to proper
folding of the p19 protein.

Given that the side chain of C134 is also pointed towards the interior of the p19
protein according to the crystal structure, it is assumed that there are similar stabilizing or
destabilizing effects for mutation to isoleucine or to serine at C134, respectively. As the
protein stability decreases, the structural dynamics of the protein increase and the interior
of the protein becomes more easily exposed to the aqueous environment (277-279). This
may explain why the less stable cysteine to serine mutant series was more susceptible to
alkylation at both positions C110 and C134, even though the cysteine residues were
located in the interior of the p19 protein. In contrast, the enhanced stability of C110I and
C1341I mutants makes the p19 protein less susceptible to alkylation at these locations.

According to the crystal structure of the CIRV p19-siRNA complex, none of the
cysteine residues has direct contact with the siRNA molecule (185). Consistent with the
crystal structure, our EMSA data indicate that mutation of the cysteine residues had
minimal effect on p19 binding to siRNA when compared to Wild-typé. This confirms that
each cysteine residue in p19 is not directly involved in siRNA binding; but, is likely
important for the overall structural integrity of the protein. This is supported by the
results from the thermal denaturation experiment which demonstrated that mutation of
C110 affects the thermal stability of the protein. The difference in stability between the
cysteine to isoleucine and the cysteine to serine mutant series was also demonstrated in
the alkylation experiments illustrating that the cysteine to serine mutant series is much
more susceptible to alkylation of the buried C110 and C134 than the cysteine to

isoleucine mutant series. In addition, the mode of NEM inhibition on siRNA binding
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activity of p19 is likely also a result of protein destabilization. The addition of the NEM
group to the C110 and/or C134 side chains likely results in steric hindrance of these
bulky groups within the interior of the p19 protein. It is interesting to note that attempts
were made to perform the alkylation reaction in solution. The p19 proteins treated with
NEM under various solution conditions precipitated out of solution whereas the buffer-
treated samples remained soluble. All of these observations suggest that the reduction in
siRNA binding activity of p19 after alkylation of the C110 and/or C134 residues is due to

disruption of the protein integrity, resulting in a non-functional p19 protein.

3.4  Discussion

In conclusion, the siRNA-suppressor protein CIRV p19 can be arrayed in multi-
well plates through interactions of Ni**-NTA with the His-tag of the recombinant CIRV
p19 protein. The arrayed p19 proteins can be used to rapidly determine relative siRNA-
binding affinities and arrayed p19 maintains its ability to act as a molecular ruler by
binding to siRNAs in a size-selective and relatively sequence-independent manner.
Furthermore, screening of a library of small molecules identified two thiosulfonate
inhibitors of CIRV p19 activity that may act through the modification of p19 cysteine
residues.

In order to determine whether covalent modification of cysteine residues could
inhibit p19 activity, the effect of alkylation by a model thiosulfonate (compound 3,
Figure 3.7) and NEM on p19’s siRNA binding activity was investigated. In the presence
of compound 3, p19 was modified on average at two sites per monomer. This suggested

that the mechanism of inhibition of siRNA binding by the identified inhibitors from our
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library screen (compounds 1 and 2, Figure 3.7) is through modification of cysteine
residues. Although these inhibitors are unlikely to act specifically on p19 in the protein-
rich environment of the cell, they could represent a starting point for the design of more
specific inhibitors of the p19-siRNA interaction in order to regulate gene expression in
vivo.

To identify which of the three CIRV p19 cysteine residues is susceptible to
modification, and how cysteine modification affects the siRNA binding activity of the
p19 protein, a series of p19 cysteine mutants were created where the cysteine residues at
positions C110, C134 and C160 were replaced by serine, isoleucine, glycine or alanine.
The results from binding measurements of the purified and soluble p19 cysteine mutants
indicated that the mutant proteins retained their ability to bind siRNAs with nanomolar
affinity, but varied in their thermal stabilities according to CD analyses. Functional
studies in the presence of the cysteine alkylating agent NEM indicated that p19’s siRNA
binding activity, and consequently its suppression of RNA silencing, is sensitive to
alkylation mainly at C110 and C134. The maximal effects on siRNA binding activity
occurred when C110 and C134 were both alkylated. These results suggest that the C160
residue has a minimal involvement in siRNA binding and that the roles of C110 and
C134 are likely to preserve the overall structural integrity of the protein in order for it to

sustain maximal siRNA binding activity.
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41 Introduction

The RNA silencing pathway involves the biogenesis of small RNA molecules and
is an important antiviral pathway in plants and invertebrates (281-283). As described in
Chapter 3, Tombusviruses use a 19 kDa protein, p19, that acts as a siRNA inhibitor, to
evade the RNA silencing host response (272, 284). The p19 protein selectively binds to
siRNAs in a size-selective manner with little dependence on nucleic acid sequence (185,
186, 275). The unique binding properties of p19 have already been exploited for the study
of small RNAs in both plant and mammalian systems (83, 183, 208, 223, 275, 285-287).
For example, p19-GFP fusion proteins have been used for localization and temporal
studies during viral infections in plants (288, 289). The p19 protein has also been used to
characterize the small RNAs present in mouse embryonic stem cells (275). In addition,
more stable and higher-affinity variants of p19 have also been engineered (179). Thus,
p19 may serve as an important tool for studying small RNAs and RNA silencing
pathways in a variety of in vitro and in vivo systems. Hence, a better understanding of the
binding properties and selectivity of the p19 protein will aid in its further utility as a tool

for probing small RNAs and RNA silencing pathways in a number of eukaryotic systems.

4.1.1 Binding of p19 to Non-canonical Small RNA Duplexes

The small RNA component of a eukaryotic cell can arise transcriptionally (19) as
well as from the processing of cytoplasmic dsRNA intermediates by the RNA silencing
pathway. The host-encoded miRNAs are generally ~21-25-nt in length, are expressed in a
developmental- and tissue-specific manner, and have been found in all metazoa studied to

date (19, 290). miRNAs play important roles in regulation of a number of cellular
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activities including transcription, chromatin structure, genome integrity, translation, and
mRNA stability (19). In addition, a number of viral genomes have even been
demonstrated to encode miRNAs that can regulate viral and/or host gene expression
(143).

Systemic infection of plants by viruses often results in developmental
abnormalities resembling perturbation of miRNA-mediated function (199, 234). This is
typically characterized by developmental defects such as loss of leaf polarity, changes in
proper control of cell division, and defects in reproduction (291). Such phenotypes are
often associated with VSRs or virulence factors, like p19. Expression of the p19 protein
in plants results in these developmental phenotypes suggesting that the p19 protein is able
to bind to miRNA duplexes in addition to siRNA duplexes in planta (208, 223, 292).
Naturally, binding to siRNA duplexes serves to inhibit the antiviral arm of the RNA
silencing pathway; however, interference with miRNA duplexes may also contribute to
establishment of an advantageous environment for the infecting virus in plants and
invertebrate cells (234). In addition to miRNA binding activities in plants, it has been
demonstrated that miRNA duplexes can also be bound by the p19 protein in mammalian
cells (83, 275).

In contrast to the fully-complementary canonical siRNA duplexes, miRNA
duplexes are typically derived from imperfectly complementary hairpin dsRNAs. The
miRNA duplexes thus often contain mismatches or bulges that distort the canonical A-
form dsRNA duplex. Although the p19 protein has been demonstrated to bind to miRNA
duplexes in vitro and in eukaryotic cells, the extent to which nucleotide mismatches,

bulges or distortions to the canonical A-form siRNA duplex are tolerated by the p19
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protein has not been investigated in detail. In this chapter, the interaction of p19 with
three types of small RNAs is investigated in order to gain a better understanding of the

specificity and selectivity of p19 for small RNA duplexes.

4.1.2 Biochemical Techniques Used to Study Protein-RNA Interactions

In this thesis, the fluorescence detection assay described above (see Chapter 3 and
reference (177)), fluorescence-based EMSA, and fluorescence polarization techniques
were used to investigate the interaction of p19 with canonical and non-canonical small
RNA duplexes. Fluorescence polarization has been used extensively to make detailed and
accurate measurements of protein-nucleic acid interactions (293). This technique relies
on a change in rotational diffusion upon binding and the decorrelation of polarization in
fluorescence. Fluorescence polarization has been used to study the tetramer-dimer
equilibrium of the 4 repressor (294), aptamer protein interactions (295), domain-domain
interactions (296), and DNA-p53 binding through its C-terminal domain (297). Here, this
approach is extended to assess protein-RNA interactions between the p19 protein and
various small RNAs, including both miRNAs and siRNAs. In principle, the p19 protein
can interact with small RNAs derived from both sources and influence the regulatory
and/or antiviral roles of these small RNAs. In this study, the binding of the p19 protein to
two important small RNAs that influence hepatitis C virus (HCV) replication in human
hepatocytes, miR-122 and CSK siRNA was investigated. miR-122 is an endogenous,
liver-specific miRNA that comprises approximately 70% of the total miRNAs found in
the human liver (147, 298). The level of miR-122 expression correlates positively with

HCYV replication, and miR-122 has been demonstrated to interact with the 5-NCR of the
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HCV RNA genome, facilitating viral replication (85, 86). Since miR-122 has been
demonstrated to have a positive outcome on HCV replication, sequestration of miR-122
could be a novel antiviral strategy. The second small RNA studied, CSK siRNA, is a
synthetic siRNA that downregulates carboxyl-terminal Src kinase (CSK) which
influences HCV replication by regulating the phosphorylation of a key viral protein,
NSS5A (181). Herein, it is demonstrated that the p19 protein is able to bind to both of
these small RNA species, and detailed binding studies of these interactions using
fluorescence polarization and fluorescence-based EMSA are described. The results show
that, in principle, p19 may be used to sequester siRNAs and/or miRNAs from diverse
sources and has the potential to be used as an antiviral tool to sequester small RNAs that

are important for replication or pathogenesis of viruses such as HCV.

4.2  Hypothesis
The p19 protein is likely to be able to bind to both canonical siRNAs and

irregularly structured miRNA species.

4.3 Results

4.3.1 Quantification of p19-small RNA Interactions Using Fluorescence Polarization
Fluorescence polarization was used to quantify the binding interactions between

the p19 protein and the small RNA species (siRNAs and miRNAs). Fluorescence

polarization measurements are based on observations of the rotational motion of

fluorescently-labeled molecules in solution and do not require the separation of bound

and free ligand. Thus, information about the true equilibrium of the molecular
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interactions can be obtained using this technique (293, 299). For example, when linearly
polarized light is used to excite a rapidly rotating fluorophore-conjugated small RNA
molecule in solution, the emitted light will deviate from the plane of excitation, becoming
depolarized (Figure 4.1). However, when the fluorophore-conjugated small RNA
molecule is bound by p19, the larger complex tumbles much slower in solution and the
emitted light will remain polarized on a longer timescale (Figure 4.1). The change in
polarization (AP) upon p19 binding to fluorophore-conjugated siRNA can be measured
and used to obtain binding constants for the p19-small RNA interaction.

The small RNAs used in the experiments were conjugated to the Cy3 fluorophore; hence,
the optimal wavelength for excitation and emission according to the excitation and
emission spetra of Cy3 (Ex = 546 nm and E,, = 560 nm) was first established. To
determine the minimum concentration of the fluorophore that gives a detectable intensity
by the instrument, various concentrations of the Cy3 dye were excited at Ex = 546 nm and
the vertical and horizontal components of the emitted light were measured at E, = 560
nm. It was found that fluorescence could be measured with a sufficient signal-to-noise
ratio at concentrations as low as 40 nM. Similar experiments were performed on the Cy3-
conjugated small RNA samples. The measurements taken with the Cy3-conjugated small
RNAs verified that conjugation of the Cy3-fluorophore to the small RNA did not result in
a change in the excitation and emission spectra of Cy3. In addition, varying the
concentration of the Cy3-conjugated small RNA did not have a significant effect on
polarization. However, as expected, the polarization of the Cy3-conjugated small RNA
was significantly greater than that of the Cy3 fluorophore alone, due to the overall

increase in molecular weight.
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Figure 4.1 Schematic diagram of fluorescence polarization. When a
fluorophore-conjugated small RNA molecule is in solution by itself, due to its
relatively small size, it tumbles relatively rapidly in solution. Therefore, when
it is excited with linearly polarized light, the emitted light will deviate from
the plane of excitation, and become rapidly depolarized. On the other hand, if
the siRNA is bound by pl9, this larger complex tumbles much slower in
solution, and the emitted light remains polarized on a much longer timescale.
The change in polarization upon p19 binding can then be measured and used
to obtain binding curves and determine the binding constants of pl9 with
various small RNAs.

101



Chapter 4: Investigation of p19-small RNA interactions

Next, the dependence of fluorescence polarization of Cy3-conjugated CSK siRNA
in the presence of p19 was investigated. All fluorescence polarization measurements were
carried out in buffer containing PBS, designed to mimic physiological conditions, and 10
mM DTT, used to prevent aggregation of p19 due to non-specific disulfide linkage of p19
cysteine residues. The total fluorescence intensity was monitored and remained constant
throughout the duration of each experiment. With the increase in the concentration of p19
in the samples containing a constant concentration of CSK siRNA (Figure 4.2A), there
was a gradual increase in polarization implying that binding had occurred between the
p19 protein and the siRNA. By plotting the change in polarization as a function of the
concentration of p19, a sigmoidal curve was obtained (Figure 4.2B) signifying a dose-
response relationship between the p19 protein and the siRNA. Analysis of the curve
indicates a dissociation constant for the p19-CSK siRNA interaction of 15 = 7 nM. The
presence of the Cy3 fluorophore on the 5’ end of the siRNA may impede its ability to
bind p19 due to steric hindrance and hence may account for the slightly larger
dissociation constant than previously reported by others (0.17 £ 0.02 nM (185) or 15.24 +
2.3 nM (208)). The dissociation constant determined by fluorescence polarization in this
study is much smaller, however, than the value determined from our previous studies
using a fluorescence detection method on Ni**-NTA-coated plates (177, 179) (Table 4.1).
The lower affinity obtained from the fluorescence detection method on Ni**-NTA-coated
plates may be due to the conformational restriction of p19 as a result of surface binding
which may hinder its ability to bind to the siRNA.

To be certain that the observed change in polarization was due to the binding of

functional p19 with the target CSK siRNA, the dependence of the change in fluorescence

102



Chapter 4: Investigation of p19-small RNA interactions

A B K SiRNA
CSK siRNA (21-nt) CSKsi

5’ -Cy3-CUACCGCAUCAUGUACCAUATAT -3/ o) 0o
LERRTRTRRRnnnnennn| 0.45 1 p200
3’ -AAGAUGGCGUAGUACAUGGUA-5' (o)

GL2 siRNA (28-nt)

57 -Cy3 -ACAUCACGUACGCGGAAUACUUCGAAUU-3’
ERRRLRRRIRIRIninnnntnnini
3/ -UUUGUAGUGCAUGCGCCUUAUGAAGCUU-5

0.4 -

ol
)

A Polarization

miR-122 (23-nt) 0.35 1

T T YTV .y -~ T

GG c
5/-Cy3-U  AGUGUGA AAUGGUGUUUGU-3’ ~ biinbiinibinBbitnlbi
I e i 1e-01 1e-008 1e-006 0.0001
37-AUA  UCACACU A UUACCGCAAA-5’

[p19], M
C GL2 siRNA D miR-122
0.4 1 0.45 -
c
5 g
£0.375 g
N 5 0.4 1
8 ° s
s 0.351 2 (3 9
< 0.35
0'325 b AR I AL LAl mE Rl s madl Al amm i adl
1e-010 1e-008 1e-006  0.0001 1e-010 1e-008 1e-006  0.0001
[p19], M (P19, M

Figure 4.2 Binding curve analyses of p19 with various small RNAs obtained
from fluorescence polarization. (A) Structures of small RNA duplexes. The
mispairing of bases in the 23-nt duplex of miR-122 is illustrated showing the
bulges in the structure of the miRNA. The binding curves for B) CSK siRNA
(21-nt), C) GL2 siRNA (28-nt), and D) miR-122, are shown. The curves were
obtained by plotting the change in polarization as a function of the
concentration of the p19 dimer using 40 nM small RNA (CSK and miR-122)
or 2 uM (GL2). All measurements were carried out in triplicate.

103
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K4 (nM)
Ni-NTA! Flore§cence EMSA?
Polarization
CSK siRNA (21-nt) 450+ 91 15+7 21+3
GL2 siRNA (28-nt) ~35 000 1790 + 182 ~20 000°
miR-122 (23-nt) N/A 47+7 223 +43*
199 + 186°
unlabeled CSK siRNA (21-nt) N/A 12+£2 7+£3

'Fluorescence detection with a 96-well Ni**-NTA-coated plate. 2Electrophoretic mobility
shift assay performed at 40 nM small RNA. *Binding experiments were performed at 200
nM siRNA and were not able to reach saturation. *Performed with 5’-sense-labeled miR-
122. °Performed with 5’-antisense-labeled miR-122. Similar values were determined at

200 nM miR-122.
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polarization in the presence of a longer duplex siRNA was investigated. The curve
obtained from the fluorescence polarization experiment with the 28-nt GL2 siRNA
(Figure 4.2A) is shown in Figure 4.2C. The dissociation constant was estimated to be
approximately 1790 + 182 nM, an almost 120-fold decrease in affinity compared to that
of the 21-nt CSK siRNA (Table 4.1). This is consistent with previous results obtained by
our group (177), and others (185), in which p19 was demonstrated to bind with
decreasing affinities to siRNAs of increasing length from 21- to 28-nt. Saturation was not
reached using the 28-nt GL2 siRNA due to the solubility limitations of concentrations of
p19 > 20 uM. Nonetheless, this demonstrates the size-selective binding of p19 to siRNA
using the fluorescence polarization method which is consistent with the known binding

behavior of CIRV p19 from previous studies (177, 179, 185).

4.3.2 pl9is Able to Bind to a Human miRNA, miR-122, with Nanomolar Affinity

The binding of p19 to miR-122 was also investigated by fluorescence
polarization. miR-122 is a 23-nt miRNA containing several mismatched base pairs
resulting in structural irregularities or bulges in the dsSRNA duplex when compared to the
perfectly complementary, canonical CSK siRNA duplex (Figure 4.2A). Plotting the data
from the polarization measurements of miR-122 with varying concentrations of p19 also
resulted in a sigmoidal curve (Figure 4.2D) with a dissociation constant of 47 + 7 nM
(Table 4.1). The binding affinity of p19 for miR-122 shows an approximately 3-fold
decrease in affinity when compared with that for CSK siRNA. The decreased affinity is
most likely due to the steric hindrance imposed on the p19 protein because of the bulges

arising from mismatched base pairs in the miRNA duplex. However, the affinity did not
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decrease to the same degree as that of the 28-nt GL2 siRNA, perhaps due to the less
dramatic length difference of the 23-nt miR-122 compared to the 21-nt CSK siRNA. The
mismatches in the miR-122 structure may also compress the actual length of the 23-nt
miRNA duplex so that it appears slightly shorter, similar to the canonical 21-nt siRNA
molecule. As a result, the p19 dimer may be able to accommodate the miR-122 duplex

between the two end-capping helices (see Discussion).

4.3.3 Fluorescence-based EMSA as an Alternative Method for Assessing p19-small
RNA Interactions

The binding behaviors of p19 with the fluorophore-labeled small RNAs examined
by fluorescence polarization were also investigated with EMSA. This technique is also
commonly used to assess protein-nucleic acid interactions (276). In previous studies,
EMSA has been used to analyze the binding affinity and specificity of CIRV p19 with
32p_radiolabeled siRNAs (185, 208). For comparison with the fluorescence-based
techniques, similar EMSA experiments were performed with fluorophore-labeled smail
RNAs. In addition, the use of fluorescence labeling as the detection marker for EMSA in
place of *2P-radiolabeling can avoid the use of radioactivity while retaining similar
sensitivities with the use of modern laser-based scanners.

The EMSA experiments were performed by allowing binding of the small RNA
samples with various concentrations of p19 in solution under conditions similar to those
of the fluorescence polarization experiments before gel electrophoresis. A representative
EMSA experiment showing the interaction between p19 and the CSK siRNA is shown in

Figure 4.3A. There was a gradual increase in the fluorescence intensity of the slower
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Figure 4.3 Electrophoretic mobility shift assays of pl9-small RNA
interactions. A) A representative gel for determining the dissociation constant
for p19 and CSK siRNA performed with 40 nM CSK siRNA (21-nt) with
varying concentrations (0-512 nM) of the p19 dimer. Curves in panels B) and
C) were obtained by plotting the normalized fluorescent band intensities as a
function of the concentration of the p19 dimer for the labeled small RNAs (40
nM CSK siRNA and miR-122; 200 nM GL2 siRNA). The binding curves for
B) CSK siRNA (21-nt), C) GL2 siRNA (28-nt), and D) miR-122, are shown.
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migrating bands with an increase in p19 concentration, corresponding to the labeled CSK
siRNA population in complex with p19 (Figure 4.3A). In contrast, there was a gradual
decrease in intensity of the faster migrating bands corresponding to unbound labeled
siRNA, indicating an increase in the size of the population of labeled siRNA molecules in
complex with p19 (Figure 4.3A). The band intensities corresponding to the p19-small
RNA complex were measured and plotted as a function of p19 concentration. Curves
corresponding to 21-nt CSK siRNA (Figure 4.3B), 28-nt GL2 siRNA (Figure 4.3C), and
miR-122 (Figure 4.3D) all show a dose-response relationship between small RNA
complex formation and p19 concentration. The dissociation constant of p19 in complex
with CSK siRNA (21-nt) obtained from EMSA (21 + 3 nM) was comparable to that from
fluorescence polarization (15 + 7 nM; Table 4.1). However, the EMSA binding curve for
miR-122 (23-nt) demonstrated a larger dissociation constant than that obtained by
fluorescence polarization (223 + 43 nM and/or 199 + 186 nM; Table 4.1). For GL2
siRNA (28-nt), the EMSA binding curve did not reach saturation; however, the estimated
dissociation constant values are consistent with those obtained by fluorescence
polarization (Table 4.1). This indicates that the binding affinities of p19 in complex with
small RNAs obtained by fluorescence polarization and EMSA measurements are

consistent with one another.

4.3.4 The 5'-Cy3 Fluorophore has a Minimal Effect on p19-small RNA Interactions
To determine whether the presence of the Cy3 fluorophore on the small RNAs
used in this study had any effect on p19 binding, competition experiments were

conducted with the Cy3-labeled CSK siRNA and unlabeled CSK siRNA for p19 binding
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using both the fluorescence polarization and EMSA methods. The competition
experiments were carried out by allowing incubation of a 1:1 molar ratio of p19 with
Cy3-CSK siRNA and then titrating with increasing concentrations of unlabeled CSK
siRNA. Fluorescence polarization was measured at each concentration of unlabeled small
RNA. Likewise, the competition experiment was conducted by EMSA under similar
conditions except that the samples were loaded onto a gel and examined by in-gel
fluorescence. As the unlabeled siRNA concentration was increased, there was a gradual
decrease in the fluorescence intensity of the bands corresponding to the labeled small
RNA population in complex with p19 as seen in Figure 4.4A. In contrast, there was a
gradual increase in the intensity of the bands corresponding to unbound labeled siRNA,
demonstrating the competition between labeled and unlabeled CSK siRNA for binding
with p19. Measurements from back-titration experiments for both fluorescence
polarization and EMSA methods were plotted as a function of unlabeled CSK siRNA
concentration (Figure 4.4B,C). The dissociation constant for p19 binding to unlabeled
CSK siRNA was calculated according to Equation [4] (see Chapter 2) for the
fluorescence polarization (12 + 2 nM) and EMSA (7 + 3 nM) experiments, as
summarized in Table 4.1. The values of the Cy3-labeled and unlabeled CSK siRNAs
were similar in magnitude, indicating that the presence of the Cy3-fluorophore has a
minimal effect on the binding of p19 to the siRNA. These results also confirm that the
lower affinity obtained with the fluorescence detection method on the Ni**-NTA-coated
plate (177, 179) was not due to the presence of the Cy3 fluorophore, but was likely a

result of surface effects. However, the latter fluorescence detection method using 96-well
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Figure 4.4 Competition experiments with labeled and unlabeled small RNAs.
A) Gel from an EMSA performed with a 1:1 molar ratio of the p19 dimer to
CSK siRNA (21-nt) with varying concentrations (1-8000 nM) of competitor
unlabeled CSK siRNA (21-nt). B) Competition binding curve obtained by
plotting the normalized fluorescent band intensities from panel (A) as a
function of the concentration of competitor unlabeled CSK siRNA. C)
Competition experiment between labeled and unlabeled CSK siRNA with p19
as measured by fluorescence polarization. The competition binding curve was
obtained by plotting the change in polarization as a function of the
concentration of competitor (unlabeled CSK siRNA). All measurements were
carried out in triplicate.
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Ni**-NTA-coated plates is still a useful high-throughput method for screening p19-small

RNA interactions.

4.4  Discussion
4.4.1 Interactions of p19 with Small RNA Duplexes

The ability of p19 to bind to various classes of small RNAs, from perfectly
complementary siRNAs to more irregularly structured miRNAs, makes it an important
tool for studying these broad classes of small RNAs in a variety of in vitro and in vivo
systems. It has previously been demonstrated that p19 has the ability to bind miRNAs in
mammalian cells (83, 275), as well as the ability to bind siRNAs of differing lengths with
varying affinities (177, 185). Since the large class of miRNAs identified to date have a
wide degree of secondary structures (300), it is expected that the degree of
complementarity and the varying lengths of the miRNAs will result in a wide degree of
p19 binding affinities. In this study, the interactions of p19 with a specific, irregularly-
structured miRNA, miR-122, was further characterized by fluorescence polarization and
fluorescence-based EMSA. The results indicated that the p19 protein can bind miR-122
with nanomolar affinity (47 + 7 nM; Table 4.1). The approximately 3-fold reduction in
affinity in comparison with p19’s interaction with a canonical 21-nt siRNA (CSK siRNA)
is likely due to perturbations to the known p19-siRNA interactions as a result of the
structural irregularities arising from the base pair mismatches in the miR-122 duplex.
Assuming the 23-nt miR-122 duplex, in complex with CIRV p19, adopts a slightly
compressed conformation similar in length to that of a perfectly complementary A-form

21-nt siRNA duplex (as in reference (185)), it is likely that the miRNA docks into the
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protein in a fashion similar to that of the canonical CSK siRNA duplex (Figure 4.5A). If
this is the case, the presence of the asymmetric bulges in the miR-~122 duplex results in
two possible orientations of the miR-122 molecule within the CIRV p19 dimer (Figure
4.5B,C). Since the interactions of the siRNA molecule with the p19 dimer involve
interactions with amino acid residues from both monomer subunits, the residues of one
p19 monomer will be differentiated from the other by designating them A and B.

In the first orientation (Figure 4.5B), the bigger (2-nt) bulge will likely affect the
interactions of Lys60(A) and Argl8(A) with the miR-122 phosphate backbone. The
compression in the length of the miRNA molecule due to the bulges may resultin a
significant shift in the phosphate backbone which could also have an effect on the
interaction with GIn107(A). The smaller (1-nt) bulge is likely to overlap with the position
of the central nucleotide (nucleotide 10 from the 5’ end of the sense strand) of CSK
siRNA (Figure 4.5A), as observed in the crystal structure of the CIRV p19-bound siRNA
complex (185). In this position, the smaller (1-nt) bulge is likely to disrupt the interaction
of Ser120(B) and Ser113(B) with the sugar groups of miR-122. Interactions of the
Lys67(A), Argl1(A), Argl 15(B), and Ser62(B) residues with the miR-122 phosphate
backbone are also likely to be at least partially disrupted.

In the second orientation of miR-122 docked into p19 (Figure 4.5C), the bigger
(2-nt) bulge will likely affect the interaction of the Lys60(B) and Argl8(B) residues with
the miR-122 phosphate backbone. Since the position of the bigger (2-nt) bulge is opposite
to that of the first orientation, a shift in the miR-122 backbone is likely to affect the
interaction of the miR-122 sugar and phosphate groups with GIn107(B). In addition, like

in the first orientation (Figure 4.5B), the overlap between the smaller (1-nt) bulge with
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Figure 4.5 Schematic representation of pl9-small RNA contacts. A)
Interaction of pl9 with CSK siRNA based on the crystal structure of the
CIRV pl19-siRNA complex described in reference (185). The proposed
interactions between CIRV pl9 and miR-122 in orientation 1 and orientation
2 are shown in panels (B) and (C), respectively. The p19 amino acid residues
from each monomer subunit are distinguished as dashed lines, and stacking
interactions are shown as solid lines. The phosphate and sugar group contacts
predicted to be disrupted due to the irregular bulges in the miR-122 duplex are
indicated [phosphate groups (green); sugar residues (blue)].
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the position of the central nucleotide (nucleotide 10 from the 5’ end of the sense strand)
of the CSK siRNA (Figure 4.5A) is also likely to be slightly shifted. In this case,
interactions between the Ser120(B) and Ser113(B) residues and the miR-122 sugar
groups and the interaction of the Lys67(A), Argl1(A), and Ser62(B) residues with the
phosphate backbone will likely be affected, but the interaction with Argl15(B) is likely
to be partially recovered (Figure 4.5C). The predicted perturbations to the interaction of
the p19 residues, known to interact with canonical siRNAs (185), with the asymmetric
and irregular miR-122 molecule described here, are likely to account for the
approximately 3-fold decrease in affinity of p19 for the miR-122 molecule that was
observed by fluorescence polarization (Figure 4.2 and Table 4.1).

The capacity of p19 to bind to miR-122 with nanomolar affinity requires the
retention of key interactions between p19 and the miR-122 molecule. Electrostatic
interactions between the miR-122 phosphate groups and p19 residues Gin107(B),
Lys60(A), Argl8(A), Thr40(A), and Trp42(A) and interactions between the sugar groups
and GIn107(B), Thr40(A), Thr40(B), and Arg43(A) in the first orientation are far from
the bulges, and these contacts are hypothesized to be sustained (Figure 4.5B). Similarly,
interactions between the phosphate groups and Lys60(B), Arg18(B), Thr40(A),
Thr40(B), GIln107(A), and Argl115(B) and interactions between the sugar groups and
Arg43(A) and Thr40(A) in the second orientation are also likely to remain intact (Figure
4.5C). Moreover, it is anticipated that the end-capping interactions with Trp39 and Trp42
are also maintained and probably account for the bulk of the binding affinity of p19 for
miR-122 (Figure 4.5B,C). As seen in Figure 4.5A, both ends of the 19 base pair (bp)

duplex region of the 21-nt siRNA are capped by key contacts between the Trp39 and
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Trp42 residues on each monomer of the p19 dimer. In addition, as demonstrated by
Vargason and colleagues, there is a 22-fold decrease in the affinity of p19 for a 23-nt
siRNA in comparison with that for a canonical 21-nt siRNA (185). However, greater
differences in length result in magnitude order decreases in affinity (185). Since miR-122
is 23-nt in length, and the bulges are expected to slightly compress the length of the
molecule, this could allow the duplex region to adopt a length closer to that of the
standard 19 bp A-form dsRNA duplex (206) to fit between the two end-capping helices
of the p19 dimer. Therefore, it is anticipated that the p19 end-capping interactions with
miR-122 are similar to those with conventional 21-nt siRNA and largely account for the
p19:miR-122 binding affinity.

Protein-nucleic acid interactions often involve conformational changes to both the
apoprotein and nucleic acid ligand upon binding (301-304). These conformational
changes facilitate binding by maximizing the number of interactions at the protein-
nucleic acid interface. Many nucleic acid binding proteins alter the shape of their targets
upon binding, demonstrating a close relationship between the conformational changes of
the nucleic acid with complex formation and binding specificity (185, 186, 305-308). For
example, in the crystal structure of the Drosophila sex-lethal protein-RNA complex, the
RNA target is sharply bent into a V-shaped conformation within the protein’s binding
cleft (308). More specifically, in the crystal structures of p19-siRNA complexes, there is
a 40° bend in the siRNA molecule when bound by p19 (185, 186). This bending seems to
maximize the contacts between the siRNA sugar-phosphate backbone and the concave
binding surface of the p19 dimer. The conformation of the miR-122 molecule may also

be adjusted in a similar fashion to maximize its interaction with the p19 protein.
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Ligand-induced conformational changes in protein structure are also widely
recognized in protein-nucleic acid interactions (309-313). For example, conformational
flexibility is thought to be important for binding of Ro protein to its RNA target (313). In
addition, in the model of the Dicer-dsRNA complex, the flexible hinges of the protein are
suggested to be crucial for dSRNA binding and processing (312). The inherent flexibility
of the p19 protein dimer therefore should allow it to tolerate the irregular structure of the
miR-122 molecule.

In addition, RNA binding proteins often contain arginine-rich motifs (ARMs) that
are able to cross-recognize diverse RNA lig_ands (314). This results from different
combinations of electrostatic interactions between multiple Arg residues and the RNA
phosphate backbone (314). For the p19 protein, the presence of multiple Arg residues in
the RNA binding surface (178, 179, 185), combined with the inherent flexibility of the
protein and nucleic acid ligands, may allow p19 to form new contacts with the miR-122
molecule. These new contacts may compensate for the loss of interactions arising from

the bulges in the miR-122 molecule.

4.4.2 Conclusion

In conclusion, fluorescence polarization and fluorescence-based EMSA
experiments can be applied to the study of p19-small RNA interactions. The detailed
binding studies of p19 with miR-122 indicate that p19 binds to the miRNA with
nanomolar affinity. The binding interactions can be understood by the orientations of the
miR-122 bulges relative to the key amino acid residues in p19 that interact with a

canonical 21-nt siRNA. The ability of p19 to bind to miR-122 and to other irregularly-
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structured miRNAs (83, 223, 275) gives it the potential to be used as a versatile tool for

the investigation of small RNA function in eukaryotes.
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5.1 Introduction

The first step in any successful RNA silencing experiment is the design of highly
effective siRNAs. Current design algorithms typically focus on siRNA sequence and,
though they greatly increase the probability of selecting an effective siRNA, many
siRNAs designed accordingly still fail to silence their target gene(s). Thus, additional
parameters, like the accessibility of the target RNA or the presence of RNA-binding
proteins, are likely to be important factors for successful RNA silencing. Herein, the
importance of target site accessibility in the silencing efficiency of siRNAs against
highly-structured RNA targets is investigated using the HCV replicon RNA genome as a
model. As will be addressed in this chapter, target site accessibility may be a particularly
important parameter for the design of effective siRNAs against the large, highly-

structured genomes of postitive-sense RNA viruses, such as HCV.

5.1.1 Importance of RNA Secondary Structure in the Life Cycle of RNA Viruses
Despite its limited functional group diversity, RNA forms a wide variety of
complex structures capable of highly specific ligand recognition and catalysis. RNA
secondary and higher ordered structures are also known to play a fundamental role in the
life cycle of RNA viruses. For example, translation of viral proteins often involves IRES
elements that function in ribosome recruitment and initiation of translation (315-317).
Replication of the viral RNA genome also involves recognition of cis-acting RNA
elements that direct the viral polymerase to initiate positive- and negative-strand
synthesis (318-321). And finally, packaging involves recognition of RNA structures for

encapsidation of the RNA genome into progeny particles (322, 323). Recently,
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Simmonds and colleagues have provided evidence for evolutionarily conserved, defined
RNA structures of yet unknown function, in diverse RNA viruses from plants and

animals, using increasingly advanced computational approaches (324).

5.1.2 Genome-scale Ordered RNA Structures (GORS)

Target site accessibility can be governed by secondary and higher-ordered
intramolecular RNA structures within viral genomes. In an investigation of the
distribution of RNA secondary structure in viral genomes, Simmonds and colleagues
used MFOLD thermodynamic analysis to estimate the minimum free energy (MFE) of
folding and Z-scores of virus genomes and control sequences (324-326). MFOLD is an
energy minimization algorithm used to predict optimal and suboptimal secondary
structures of RNA molecules based on empirically determined values for the various base
pairs that form simple stem loops (325-327). Examination of aligned viral genome
fragments using MFOLD indicated the existence of a widely distributed predicted RNA
structure, termed genome-scale ordered RNA structures (GORS), throughout the
genomes of virus groups, such as the aphthoviruses and hepaciviruses (324). In contrast,
there was no evidence of GORS upon examination of other genera within the
Flaviviridae or Picornaviridae families, the large DNA viruses, as well as among the
bacterial and mammalian coding sequences analyzed (324).

GORS were widely distributed in many animal and plant RNA virus families, but
there was remarkable variability in the occurrence of GORS in different viral genera

(Figure 5.1A). For example, HCV (genus Hepacivirus), of the family Flaviviridae, had
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Figure 5.1 Prediction of GORS in the genomes of RNA viruses. RNA
structure prediction in alignments of native sequences for 36 RNA virus
groups. Alignments are ordered left-to-right by ascending MFEDs. MFEDs
are coloured based on virus family (A) or by persistence (B), as indicated in
the insets. HRV, human rhinovirus; DHV, duck hepatitis virus; JEV, Japan
encephalitis virus; HAV, hepatitis A virus; BVDV, bovine viral diarrhoea
virus; YFV, yellow fever virus; CSFV, classical swine fever virus; TBEV,
tick-borne encephalitis virus; OW, old-world; HEV, hepatitis E virus; FCV,
feline calicivirus; NW, new world; HCV, hepatitis C virus; MNV, murine
norovirus; OG, ocean group; FMDV, foot-and-mouth disease virus;
HGV/GBV-C, hepatitis C virus/GB virus C. Figure adapted from reference
(328).
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thermodynamic evidence of extensive RNA structure throughout the coding region of the
genome, whereas this was absent in the closely related Pestivirus and Flavivirus genera
(324, 328). Similar genus-associated variability was seen within the Picornaviridae and
Caliciviridae (Figure 5.1A), as well as within many plant virus families. As such, it is
unlikely that GORS functions in fundamentally conserved aspects of viral replication or
encapsidation strategies (324, 328). However, the existence of GORS correlated strongly
with the ability of each virus to persist in their natural hosts (Figure 5.1B), suggesting a
role for GORS in modulating innate intracellular defence mechanisms (324, 328).

To provide biophysical evidence for the existence of GORS, Simmonds and
colleagues performed hybridization accessibility assays and atomic force microscopy
(AFM) of RNA virus genomes from viruses with and without GORS (328). In the
hybridization accessibility assay, oligonucleotide probes were selected every 200-300
base pairs (bp) down the genomes of each virus investigated. The duplex regions were
specifically selected to have similar G+C contents in order to ensure equal binding
strengths, irrespective of the overall base composition of each transcript (328). Full-
length, biotin-labeled viral genomes were then hybridized under native conditions at 37
°C to the oligonucleotide probes (324). As shown in Figure 5.2, for the predicted
structured viruses, hepatitis G virus/GB virus-C (HGV/GBV-C), HCV, and murine
norovirus (MNV), most probes failed to hybridize to their target sequences within the
viral transcripts (Figure 5.2A). In contrast, in the predicted unstructured viruses,
enterovirus C, tick-borne encephalitis virus (TBEV), rubella virus, and bunyavirus (BV),
hybridization intensities were much more uniform, with the majority of the probes

hybridizing efficiently to their targets (Figure 5.2B). Low or absent binding of the viral
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Figure 5.2 Reverse hybridization of filter-immobilized oligonucleotides to
RNA transcripts of predicted structured and unstructured genomes of RNA
viruses. The reverse hybridizations of biotin-labeled RNA transcripts from
predicted structured (A) and unstructured (B) virus genomes to filter
immobilized probes (left 50 pmol; right 5 pmol) are shown. Probes proceed
down the viral genomes from the 5’-end (upper left corner) to the 3’-end
(lower left corner). HGV/GBV-C, hepatitis C virus/GB virus C; HCV,
hepatitis C virus; MNV, murine norovirus; Entero C, enterovirus species C;
TBEV, tick-borne encephalitis virus; OW, old-world; HEV, hepatitis E virus;
FCV, feline calicivirus; NW, new world; BV, bunyavirus. Figure adapted
from reference (328).
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genome transcripts to their complementary probes suggests that the structure of the viral
genomes makes the transcripts inaccessible to hybridization. To confirm that internal
base-pairing of the viral transcripts indeed prevented hybridization, viral transcripts were
hybridized at an elevated temperature (65 °C), selected to disrupt secondary structure but
retain hybridization of the viral RNAs to the oligonucleotide probes. The elevated
temperature of hybridization had little effect on the hybridization of the predicted
unstructured viral transcripts; however, there was an increased frequency of hybridization
of the predicted structured viruses (see the MNV transcript at 65 °C vs. 37 °C; Figure
5.2A) (328). This is consistent with the bioinformatic prediction of GORS in the
structured and unstructured viral RNA genomes (324, 328).

In order to further investigate the physical nature of GORS, AFM was performed
to directly visualize the predicted structured and unstructured viral RNA transcripts
(328). AFM is a high resolution, scanning probe microscopy that is able to determine the
surface topography of native biomolecules at sub-nanometer resolution (329-331). To
achieve atomic scale resolution, a sharp tip attached to a cantilever is tapped across the
surface of a sample and allows point-by-point contouring while a small constant force is
applied. The extremely high resolution of this technique allows direct visualization of the
viral RNA transcripts at the molecular level (328, 332-336). When examined using AFM,
the predicted structured viruses, HGV/GBV-C and HCV, uniformly adopted a tightly
packed, condensed state that was largely maintained during the deposition process
(Figure 5.3A and insets) (328). While the predicted unstructured viruses, rubella and
poliovirus, appeared as pleomorphic clusters with frequently observed protrusions of

what appears to be single-stranded RNA, often hundreds of nanometers in length (Figure
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A) Predicted structured
HGV-GBV-C

B) Predicted unstructured
Rubella

Figure 5.3 AFM images of predicted structured and unstructured genomes of
RNA viruses. Analysis of RNA transcripts of A) predicted structured
(HGV/GBV-C and HCV) and B) unstructured (Rubella virus and Poliovirus)
viral RNA genomes. HGV/GBV-C, hepatitis C virus/GB virus C; HCV,
hepatitis C virus. All scale bars are 200 nm and the Z-scale ranges from 0-3

nm. Figure adapted from reference (328).
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5.3B and insets) (328). The AFM images revealed the overall structural differences
between the predicted structured and unstructured viral RNA transcripts, and further
supported the bioinformatic prediction of GORS.

The existence of GORS must influence the accessibility of certain regions of viral
RNA transcripts (328). This suggests that target site accessibility may be an important
factor when designing therapeutics that target viral genomes, including small RNA
species such as siRNA. This chapter outlines the importance of target RNA structure on

the effectiveness of siRNAs directed against the highly-structured genome of HCV.

5.1.3 Hepatitis C Virus

Hepatitis C virus (HCV) infection is a rapidly increasing global health concern,
with over 200 million people infected worldwide, including 251 000 Canadians (337-
339). In most infected individuals, HCV establishes a chronic infection that can lead to
cirrhosis, hepatocellular carcinoma, and death. Currently, there is no vaccine available
and the antiviral therapy, which consists of combination therapy with pegylated-IFNa 2a
and ribavirin, achieves sustained response rates in only approximately 50% of infected
patients (340). Although new antiviral agents are in development, the rapid development
of resistance suggests that multiple drugs may be needed to limit the emergence of drug-
resistant strains (135). There is thus an urgent need to develop effective preventative and
alternative therapeutic strategies for HCV infection. The pursuit of new HCV therapies
has led to significant advances in the understanding of basic HCV molecular virology.

This effort has been focused on elucidating the structural and functional components of
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the genome and viral proteins that mediate the viral life cycle, as well as in identifying

host-virus interactions required for viral entry, replication and propagation.

5.1.4 HCV Genome Structure and Organization

HCYV is a positive-sense RNA virus that replicates through a dsSRNA intermediate
in the cytoplasm of host cells. Its 9.6-kb genome encodes a single ORF that results in an
approximately 3000 amino acid polyprotein. The HCV polyprotein is cleaved post-
translationally, by host and viral proteases, into three structural proteins (core, E1, and
E2) and seven non-structural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B)
(Figure 5.4). The core (C) protein and the envelope glycoproteins (E1 and E2) compose
the physical virion, while the non-structural proteins carry out viral replication, assembly
and egress. The NS2 and NS3 proteins are responsible for liberating the non-structural
proteins from the polyprotein, and the NS5B protein is the RdRp, responsible for genome
replication. The NS4A protein forms a cofactor for NS3 (protease and helicase), while
the functions of the p7 (ion channel), NS2 following autoproteolysis, NS4B, and NS5A
proteins remain unclear. The NS3-5B proteins comprise the HCV replication complex
and are sufficient for replication of the viral genome. As for all positive-sense RNA
viruses, HCV replication takes place in association with altered cytoplasmic membrane
structures termed the ‘membranous web’ (341, 342). Transcription proceeds through a
negative-strand intermediate, which serves as a template for production of positive-strand
genomic RNA that can either be translated, serve as a template for negative-strand

synthesis, or be packaged into virions (Figure 5.5). Since HCV is a cytoplasmically
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Figure 5.4 HCV genome organization and viral proteins. The 5’-NCR of the
HCV genome contains an IRES that drives translation of the HCV
polyprotein. The terminal loop of the 5°-NCR is also implicated in viral
replication. Following translation, the HCV polyprotein is cleaved into ten
unique viral proteins via host (structural) and viral (non-structural) proteases.
The red arrows indicate cleavage by host signal peptidases and the blue and
black arrows indicate cleavage by the NS2/NS3 cysteine protease and the
NS3/NS4A serine proteases, respectively. The primary functions of each of
the mature viral proteins are indicated. The 3’-NCR contains three distinct
domains: a poly(U/UC) tract, a highly conserved 98-nt sequence, and a
variable region that coordinate to direct HCV RNA replication. In addition, a
cis-acting RNA element has been described within the NS5B coding sequence
that forms a kissing-loop interaction with the 3’-NCR to modulate viral
replication.
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Figure 5.5 The life cycle of HCV. The HCV life cycle consists of the
following steps outlined in the schematic: 1) Receptor binding and
internalization; 2) fusion and uncoating of the viral genome; 3) IRES-
mediated translation and polyprotein processing; 4) RNA replication; 5)
packaging and virion assembly; and 6) transport and release of mature HCV
virions. HCV RNA replication occurs in a membranous web composed of
lipid droplets and altered ER-derived membranes.
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replicating single-stranded RNA virus whose genome functions as both an mRNA and

the template for replication, it is an attractive target for siRNA-based antiviral therapy.

5.1.5 Replicon Model of HCV Replication

For many years, the study of the molecular virology of HCV was hampered by the
extremely restricted host range and inefficiency of in vitro models based on culturing
primary cells isolated from persistently HCV-infected patients or infection of cultured
cells with sera from HCV-infected patients (104, 343). Hence, the establishment of the
replicon model of HCV replication was a major milestone in HCV research (187).

Lohmann and colleagues established a non-infectious subgenomic replicon where
the structural region of the HCV ORF was replaced with a reporter gene (luciferase) or a
selection gene (neomycin phosphotransferase) (Figure 5.6). Expression of the non-
structural proteins (NS3-5B) is driven by a heterologous encephalomyocarditis virus
(EMCV) IRES element. After transfection into a human hepatoma cell line (Huh-7), the
transfected cells contain self-replicating HCV subgenomic replicon RNA (104, 187, 343).
HCYV subgenomic replicons harbouring the neomycin phosphotransferase gene can be
selected for G418 resistance to establish cell lines stably replicating HCV replicon RNA
(104, 187, 343). The replicons can support robust replication in cell culture, but do not
produce infectious virions; and, efficient replication in cell culture is due to a series of
cell culture adaptive mutations (344). Initially, subgenomic replicons that expressed only
the NS3-5B proteins were constructed (Figure 5.6); however, replicons have since been
created that contain the entire HCV polyprotein (345, 346). HCV replicons are useful

tools for the study of HCV replication, viral protein function, and provide an excellent
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Figure 5.6 Schematic organization of the HCV subgenomic replicons used in
this study. The 5’- and 3°-NCRs and the NS3 to NS5B proteins are required
for viral RNA replication. Expression of the HCV non-structural proteins is
driven by the encephalomyocarditis virus (EMCV) IRES and the expression
of the luciferase (Luc) reporter gene (top) or the neomycin resistance (Neo®)
selection gene (bottom) are driven by the HCV IRES.
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system for the evaluation of antiviral agents in cell culture, including small RNA species

targeting the HCV genome (135).

5.1.6 Secondary Structure of the HCV RNA Genome

As for all positive-sense RNA viruses, the HCV genome contains many cis-acting
RNA elements that drive translation, replication and packaging. The large size of the
HCV genome is prohibitive to using standard computational and experimental methods
for identifying cis-acting RNA elements. As such, the known cis-acting RNA elements
have largely been identified through phylogenic comparison and local thermodynamic
RNA structure modeling (347-350), followed by structural probing and functional
studies.

The HCV OREF is flanked by 5° and 3° NCRs that contain cis-acting RNA
elements important for viral translation and replication (351). The 5° NCR contains the
IRES element that is responsible for cap-independent translation of the HCV polyprotein
(352-355). A stem-loop element upstream of the IRES in the 5° NCR has also been
identified that plays a role in viral replication (356, 357). The 3° NCR of the genome
contains three distinct 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 (358-
362).

In addition to the cis-acting RNA elements in the 5’ and 3° NCRs of the viral
genome, there is evidence that additional RNA structures exist within the polyprotein
coding sequence (189, 190, 347, 363-366). This includes well-defined conserved stem-

loop structures in the core and NS5B-coding regions (189, 190, 347, 363-366); as well as

132



Chapter 5: Screening for high affinity siRNA interactions using native HCV RNA

the less well-defined, extensive large-scale secondary structure collectively known as
GORS (discussed above), that spans the entire coding region of the HCV genome (324,
328). Reverse genetic analyses have also identified multiple long-range RNA-RNA
interactions between stem-loops in the NS5B-coding region and sequences in the
downstream 3’ X tail that seem to be essential for viral replication (189, 190, 366).

The complex and highly structured nature of the HCV genome could preclude the
design of effective nucleic acid-based therapeutics targeting the viral RNA, including
small RNA species such as siRNAs. In fact, a number of reports have already suggested
that target site accessibility can hamper efficient siRNA knockdown (367-372). For
example, a number of groups were largely unsuccessful in generating efficient siRNAs
against the regions of the highly-conserved IRES elements of various RNA viruses (373-
376), including HCV (136, 377); suggesting that the complex structure of the viral RNA
makes targeting'these regions especially difficult (378). Despite this, computational
methods cannot easily assess target site accessibility of large RNA targets and few

siRNA design algorithms currently account for target site accessibility.

5.1.7 siRNA Design

Many factors contribute to the overall efficiency of RNA silencing. Recent studies
have led to the establishment of eight 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%) (171, 172) (Table 5.1).

Firstly, siRNAs should have a G+C content between 30-52% (171, 172, 367). A

high G+C content can inhibit duplex unwinding, whereas a low G+C content is
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Table 5.1 siRNA design criteria.

Criterion’’ Reference(s)
30 - 52% G+C content (171, 172)
Three or more 'A/U' bases at positions 15-19 (sense strand’) (12,13,172)
Lack of internal repeats (potential hairpin structure has T,, <20 °C) (12,13, 172)
'A’ base at position 19 (sense strand®) (12,13, 172)
'A’ base at position 3 (sense strand’®) (172)

'U’ base at position 10 (sense strand®) (28, 172, 380, 381)
A base other than 'G’ or 'C' at position 19 (sense strand’) (12, 13,172)

A base other than 'G' at position 13 (sense strand’) 172)

'Adapted from reference (172). “All criteria assume siRNAs are 21-nt in length with a
19-nt duplex region and 3’ 2-nt overhanging ends. *Sense strand and antisense strand
refer to the passenger and guide strands, respectively.
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associated with decreased functionality, likely due to lower target affinity and specificity
(172, 379). Additionally, G+C contents between 30-64% have been demonstrated to
correlate with accessibility (171, 172), although relying on G+C content alone results in a
large number of predicted false negatives (173).

Designed siRNAs should also have a low internal stability of the 3’ terminus of
the sense (passenger) strand since this will determine which strand of the duplex is
incorporated into RISC to target complementary RNAs for degradation (12, 13, 172)
(Figure 5.7). In addition, siRNAs should lack inverted repeat sequences since
palindromes may foster internal secondary structures that could result in poor RISC
loading (172).

Finally, effective siRNAs have been demonstrated to have sense (passenger)
strand base preferences at positions 3 (A), 10 (U), 13 (#G) and 19 (A/U) (172). The
preference for a U at position 10 likely reflects the RISC endonuclease’ preference to
cleave the 3’ end of U over A, G, or to a lesser extent, C (28, 172), like other
endonucleases (380). The preference for an A/U at position 19 likely reflects which
strand is incorpora(ted into the RISC (12, 13, 172).

However, despite a rational approach to siRNA design, only a fraction of
siRNAs are effective at reducing the expression of their RNA targets and, the
efficiency of different siRNAs directed against the same target often varies
significantly (129, 367). Additional parameters must therefore affect the effiency of
siRNAs, such as target site accessibility or the presence of RNA-binding proteins
(Figure 5.7). These parameters are not taken into account by many currently

available siRNA design algorithms, despite the fact that target site accessibility is
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Figure 5.7 A model for efficient RNA silencing. Depending on the relative
stability of the two ends of a siRNA duplex, one of the two strands in
preferentially incorporated into the RNA-induced silencing complex (RISC).
Incorporation of the correct (antisense) strand can be achieved through
selection of a suitable target sequence and siRNA duplex design. The local
structure or the presence of RNA binding proteins can also influence
silencing. Target RNAs that are inaccessible impede silencing even if the
correct (antisense) strand has been incorporated into RISC. Figure adapted
and expanded from references (87, 378).
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known to hamper efficient siRNA knockdown (367-372). This may not be an important
parameter for design of siRNAs targeting the ORF's of relatively unstructured cellular
mRNAs, but for RNA viruses, such as HCV, that have been demonstrated to have a
complex and highly-structured genome, target site accessibility may be an important
consideration.

A few groups have now described algorithms that take into account local
secondary structure prediction in siRNA design that have greatly improved the
probability of designing effective siRNAs (173-176). However, for long RNA targets, the
prediction accuracy of currently available computational algorithms is still very low,
generating numerous alternative structures (378, 382). In addition, the prevalence of long
range RNA-RNA interactions in the genomes of RNA viruses is not yet amenable to
accurate modeling. Hence, reliable results of analysis based on target RNA secondary
structure prediction methods cannot be guaranteed for such targets (382). Also, for long
RNA targets, the demands on the computer are high, and in lieu of the long running time
needed to predict the secondary structure of large target RNAs, many siRNA design
algorithms still rely solely on the siRNA sequence characteristics described above.

Thus, there is a need for a high-throughput approach to screen for effective
siRNAs against long, highly-structured target RN As. In this chapter, native target RNA
microarrays are used to probe the accessibility of HCV replicon RNA to siRNA
hybridization. By spotting HCV replicon RNA in a native confirmation, hybridization of
the HCV-specific siRNAs (target site accessibility) can be correlated to their silencing
efficiency in cell culture. The technique described could be useful for screening highly

effective siRNAs against the highly-structured HCV RNA genome and has the potential
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to be applied to other RNA-RNA interactions, including the genomes of other highly-

structured positive-sense RNA viruses.

5.2  Hypothesis
Native target RNA microarrays may represent a high-throughput approach to

screen for high affinity siRNA interactions.

5.3  Results
5.3.1 Atomic Force Microscopy (AFM)

To investigate the physical nature of the highly-structured HCV replicon RNA,
the HCV replicon RNA transcripts were directly visualized by AFM. AFM has been
extensively used in the study of DNA (383-385) and, more recently, has been extended
by us (328, 336) and others (333-335, 385-388), to the investigation of large-scale
secondary structure of RNAs. In order to facilitate adhesion of the polyanionic HCV
replicon RNA to the anionic surface of freshly cleayed mica, a high concentration of Ni?*
was used to overcome the coulombic repulsion between the like charges (389, 390). The
Ni**-treated mica was then incubated with 0.5 to 2.0 ng/uL of HCV RNA in a buffer
containing sufficient quantities of Mg®* to facilitate folding of the RNA. It is assumed
that the HCV replicon RNAs take on random orientations upon deposition. Upon
imaging, the HCV replicon RNA transcripts uniformly adopted a tightly packed
condensed state that was largely maintained during the deposition process (Figure 5.8).
HCYV replicon RNAs had a regular unit size with a mean radii for the x and y axes of

approximately 30 nm and mean heights of 3.9 + 1.0 nm (» = 10). This indicates that,
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Figure 5.8 AFM of HCV RNA. HCV RNAs appeared as tightly packed
clusters upon deposition indicating that the tertiary interactions remain intact
in the collapsed state. HCV RNAs had diameters of approximately 80-120
nm. The Z-scale ranges from 0-10 nm.
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under appropriate conditions, HCV replicon RNA can be spotted onto surfaces in a
complex, highly folded conformation that may be representative of the native

conformation.

5.3.2 Design of siRNAs Against HCV Replicon RNA

Once it was demonstrated that the HCV replicon RNA could be spotted in a
native conformation, we wanted to further investigate whether hybridization to spotted
HCYV replicon RNAs could be used to predict the potency of HCV replicon-specific
siRNAs. Synthetic siRNAs were thus designed targeting different regions of the HCV
replicon RNA (Figure 5.9). siRNAs were designed using the rules outlined by Reynolds
and colleagues (172) (described above) and had similar G+C contents to ensure equal
binding strengths irrespective of the overall base composition of the siRNAs. siRNAs
were named according to their nucleotide location in the subgenomic replicon RNA
(Figure 5.9). As controls, two previously characterized HCV-specific siRNAs were used:
331 (IRES) siRNA directed against the IRES region of the HCV replicon RNA (137),
and NS5B-7256 siRNA, a highly potent siRNA directed against the NS5B region of the
replicon RNA (136). As a negative control, GL3 siRNA was used which has no sequence
complimentarity to the HCV replicon RNA. Finally, as a control for target site
accessibility, an siRNA (SL3.3-8589) was designed against the 5° arm of a known stem-
loop region (SL3.3) in the NS5B ORF (189, 190). All siRNAs were fluorophore-
conjugated at the 5’-end of their antisense (guide) strands so that hybridization to target

RNA microarrays could be monitored by fluorescence.
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Figure 5.9 Schematic diagram of the HCV subgenomic replicon showing the
approximate location of the HCV-specific siRNAs. The Cy5-labeled Luc988
DNA control probe location is indicated in purple.
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5.3.3 Preparation of Native Target RNA Microarrays

Native target RNA microarrays were prepared by spotting the HCV replicon RNA
under native conditions on epoxysilane-coated glass slides using a Nano-Plotter (NP2.1,
GeSiM, Germany). The target RNA was diluted in native spotting buffer and was printed
at room temperature. The HCV replicon RNA was spotted in quadruplicate in increasing
concentrations on the microarray from 5 to 500 ng/pL (Figure 5.10). As negative and
positive controls, oligonucleotides complementary to Campylobacter jejuni genes were
spotted in duplicate (negative control) or quadruplicate (positive controls) in the
microarrays at a concentration of 500 ng/uL (Figure 5.10). The average volume printed
was ~980 pL per spot. A representative image of hybridization of the NS5B-7256 siRNA
to the native HCV replicon RNA is shown in Figure 5.10. The Cy3 channel represents the
Campylobacter jejuni spike-ins and hybridization of the NS5B-7256 siRNA to the HCV
replicon RNA; whereas the Cy5 channel represents hybridization of the Luc988-42nt

DNA control probe to the HCV replicon RNA (Figure 5.10).

5.3.4 Validation of Native Target RNA Microarrays as an Assessment of Target Site
Accessibility
In order to investigate the ability of hybridization to native HCV replicon RNA
microarrays to differentiate between accessible and inaccessible target RNA sequences,
hybridization of the positive and negative control single-stranded fluorophore-labeled
antisense (guide) siRNAs was carried out under native and denaturing conditions (Figure
5.11). Under native conditions, regions of the HCV replicon RNA with a high degree of

stable internal base-pairing should adopt a closed configuration and be relatively
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Figure 5.10 Schematic diagram of microarray design and a representative
HCV replicon RNA microarray hybridization. After hybridization reactions
containing HCV-specific siRNAs, slides were scanned using a microarray
scanner, resulting in images of the siRNA and positive controls (spike-ins) in
the Cy3 channel (middle) and the Luc988-42nt control probe in the Cy5
channel (right). A representative hybridization of the NS5B-7256 siRNA is
shown.
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Figure 5.11 Native versus denaturing hybridization to HCV replicon RNA
microarrays. The normalized net intensities (Cy3/Cy5) of the positive control
NS5B-7256 siRNA and the negative control SL3.3-8589 siRNA are shown.
Error bars represent SE.
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inaccessible to siRNA hybridization. In contrast, the relatively unstructured regions of the
HCYV replicon RNA should be relatively accessible and lead to a greater degree of
hybridization under native conditions. Under denaturing conditions, the inaccessible
regions should become unpaired resulting in an open conformation that should have a
similar degree of hybridization to the accessible regions.

The NS5B-7256 siRNA has previously been described as a highly potent siRNA
against HCV replicon RNA (>90% reduction in HCV replicon RNA 72 h post-
transfection, (136)); as such, it is likely to have a highly accessible target in the native
HCYV replicon RNA. In agreement with this, hybridization of this siRNA to the native
HCYV replicon RNA microarray yielded similar normalized net intensities under native
and denaturing conditions (Figure 5.11). In contrast, the SL.3.3-8589 siRNA, which was
designed against the 5’ arm of a known stem-loop region (SL3.3) in the HCV replicon
RNA (189, 190), should be largely inaccessible to hybridization. This was confirmed by
the hybridizations under native and denaturing conditions (Figure 5.11). Under native
conditions the normalized net intensities of SL.3.3-8589 siRNA hybridization was
approximately 40% of that observed under denaturing conditions (Figure 5.11),
suggesting that hybridization of single-stranded siRNAs to HCV replicon RNA

microarrays is restricted by target site accessibility under native conditions.

5.3.5 Native Target RNA Hybridization and Image Analysis
Using the native target RNA microarrays, the accessibility of all of the HCV-
specific siRNAs were analyzed by quantifying their hybridization to the HCV replicon

RNA microarrays under native conditions (Figure 5.12). Hybridization intensities of the
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Figure 5.12 Hybridization of the HCV-specific siRNAs to native HCV
replicon RNA microarrays. The data represents the average of two
independent hybridizations and normalized net intensities (Cy3/Cy5) from a
single HCV replicon RNA concentration (125 ng/uL) are shown. Error bars
represent SE.
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different siRNAs were scaled according to standard amounts of DNA oligonucleotide
spike-in controls to give the normalized net intensities. All siRNAs were hybridized in
triplicate. The positive-control NS5B-7256 siRNA gave the highest signal intensity,
while the negative control GL3 siRNA, with no sequence complementarity to the HCV
replicon RNA, had negligible signal intensity similar to background (see Hyb Buffer,
Figure 5.12). The NS5B-8136, NSS5A-5567 and NS3-2904 siRNAs had the next highest
signal intensities, with normalized net intensities 78.7%, 72.6% and 62.2% of the positive
control NS5B-7256 siRNA, respectively. This was followed by the negative control for
target site accessibility SL3.3-8589 siRNA (49.2%) and the NS4B-5027 siRNA (30.3%).
The low signal intensity of the NS4B-5027 siRNA suggests that this siRNA is against an

inaccessible target site within the HCV replicon RNA.

5.3.6 Assessment of the Potency of the HCV-specific siRNAs in Cell Culture

In order to correlate the target site accessibility predictions from the native target
RNA microarrays to siRNA silencing in cell culture, the effect of each of the HCV-
specific siRNAs on HCV protein and replicon RNA levels was examined by Western and
Northern blot analyses from siRNA transfection of Huh-7 cells stably harbouring the
HCV subgenomic (neo™) replicon (Figure 5.13). Densitometry of three individual
replicate Western and Northern blots indicated that the patterns of silencing of the HCV-
specific siRNAs were consistent at the protein and RNA levels (Figure 5.14). Of the eight
siRNAs tested, the NS3-2904, NS5B-7256, and NS5B-8136 siRNAs were the most
potent, decreasing HCV replicon RNA levels by 96.8%, 93.2% and 96.8%, respectively,

when compared with the levels of HCV replicon RNA in control cells transfected in the
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Figure 5.13 Western and Northern blot analyses of siRNA knockdown in cell
culture. A) Western blot analysis of HCV NS5A protein levels in HCV
subgenomic replicon-harbouring cells 48 h post-transfection with HCV-
specific siRNAs. A sample from the parental Huh-7 cells (lane 1) and
replicon-harbouring cells (lane 2) are shown. Mock transfected samples (lane
3, transfection reagent only) and samples transfected with the negative control
(GL3, lane 4) and HCV-specific siRNAs (lanes 6-11) are shown. IFNy was
used as a positive control for knockdown of HCV NSS5A protein and replicon
RNA. B) Northern blot analysis of HCV replicon RNA levels in HCV
subgenomic replicon-harbouring cells 48 h post-transfection with HCV-
specific siRNAs. The samples analyzed by Northern blot are identical to those
described for (A).
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Figure 5.14 The effect of HCV-specific siRNAs on HCV protein and replicon
RNA expression in cell culture. A) Percentage of relative NS5A expression
and B) HCV replicon RNA expression from densitometry of Western and
Northern blots is shown. The cells transfected with transfection reagent only
(Mock) were defined as 100%, and the NS5A (A) and HCV replicon RNA (B)
levels are expressed as relative percentages. The data represent the average of
three independent experiments, and error bars represent SD.
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absence of siRNA (Figures 5.13B and 5.14B). The 331 (IRES), NS4B-5027, and NS5A-
5567 siRNAs reduced HCV replicon RNA levels only moderately by approximately
27.1%, 29.3% and 31.8%, respectively (Figure 5.14B). Not surprisingly, the SL3.3-8589
siRNA,ialso resulted in only a minor reduction in HCV replicon RNA levels of
approximately 14.7% (Figure 5.14). The negative control (GL3) siRNA did not have a
significant effect on the levels of HCV replicon RNA or the levels of the HCV NS5A
protein (Figures 5.13 and 5.14), indicating that the effects of the siRNAs on HCV protein
and RNA levels are sequence-specific and are not caused by induction of the non-specific
IFN response (Figures 5.13 and 5.14). This is consistent with other findings that dSRNAs
< 30-nt do not induce IFN responses (391, 392). Thus, the effects of the designed siRNAs
on HCV protein and RNA levels seem to be the result of siRNA-directed degradation of

the HCV replicon RNA by HCV-specific siRNA-loaded RISC.

5.3.7 Assessment of RISC Loading of HCV-specific siRNAs

The variations in silencing efficiency among the HCV-specific siRNAs could be
due to variations in their RISC-loading efficiencies. To test this, single-stranded
fluorophore-labeled HCV-specific siRNAs were incubated with recombinant affinity-
purified human AGO2 (191). Human AGO2 and siRNA have previously been
demonstrated to form a minimal human RISC (11, 191). The HCV-specific siRNAs were
incubated with or without recombinant hAGO?2 for 30 min at 37 °C to allow complexes to
form, and the reactions were analyzed by EMSA (Figure 5.15). After the 30 min
incubation period, the percentage of siRNAs bound by hAGO2 was >75% for all of the

HCV-specific siRNAs except for the NS5B-7256 siRNA, of which 46% was bound by
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Figure 5.15 HCV-specific siRNAs have similar efficiencies of RISC loading.
Single-stranded Cy3-labeled, HCV-specific siRNAs were incubated with or
without recombinant HA-tagged hAGO2 at 37 °C for 30 min. Samples were
then analyzed by EMSA to visualize complex formation. Gels were scanned
using a fluorescent image analyzer and the bands were quantified by
densitometry. % Bound indicates the percentage of siRNA in complex with
hAGO?2 after the 30 min incubation period. The EMSA was carried out in
duplicate and a representative image is shown.
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hAGO?2 (Figure 5.15). This may be due to the slightly larger length of the NS5B-7256
siRNA (23-nt) as opposed to the other HCV-specific siRNAs (21-nt) (see Table 2.3,
Chapter 2). Despite the fact that the environment within the cytoplasm of the cell is much
more complex, in this minimal in vitro system, the majority of the siRNAs were
efficiently loaded into the RISC after a 30 min incubation period, suggesting that
variations in silencing efficiency are unlikely to be explained by differences in RISC

loading efficiency.

5.4  Discussion
5.4.1 HCYV Replicon RNA Retains a Complex Folded Structure Upon Deposition

The high resolution possible with AFM provides a means to directly visualize
deposited HCV replicon RNA at the molecular level (332-336). Previous studies have
used AFM analyses to visualize specific RNA-RNA interactions such as kissing-loop
interactions (333) or RNA virus genome circularization (334), and more recently, we and
others have used it to visualize the larger-scale shape of RNA molecules (328, 335, 336)
(Figure 5.3). In the current study, it was demonstrated that the HCV RNA can be spotted
in a very regular, tightly-packed condensed state (Figure 5.8).

Despite the high resolution of this technique, AFM does introduce artefacts
associated with the deposition process, most notably the flattened appearance of the
RNAs (i.e. the measured x and y diameters are approximately 15 times greater than their
height) (332, 333). This is likely due to the partial dissolution of the condensed state due
to interactions with the surface divalent metal ions that become energetically more

favourable as the buffer is removed (328, 336). Nevertheless, the AFM imaging revealed
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a regular, tightly packed condensed structure of the HCV replicon RNA with many of the
tertiary structures remaining intact, despite the likely shape distortions arising from the

AFM method.

5.4.2 Native Target RNA Microarrays are Restricted by Target Site Accessibility

Traditional microarray experiments are based on duplex stability
(thermodynamics) between the nucleic acid probe and its target. They are typically
carried out close to the melting temperature of the specific nucleic acid probe-target
interaction under conditions which destroy less-stringent secondary structures that may
be present in the target. The native target RNA microarrays described herein differ from
traditional microarrays in that they are carried out under physiological conditions meant
to preserve the native structure of the target RNA. In this way, the native target
microarrays are a measure of hybridization speed (kinetics) of the siRNA-target
interaction and reflect the accessibility of the folded state of the RNA target.

In this study, HCV replicon RNAs were spotted into native target RNA
microarrays and the hybridization of HCV-specific siRNAs was used as a measure of
target site accessibility. The ability of the native HCV replicon RNA microarrays to
distinguish between known accessible and inaccessible sites within the viral RNA was
tested using two siRNAs: NS5B-7256 and SL3.3-8589. The NS5B-7256 siRNA was
previously demonstrated to be a highly potent siRNA against the HCV replicon (136),
and is therefore likely to be against an accessible region of the viral RNA; while SL3.3-
8589 siRNA, an siRNA directed against the 5° arm of a known stem-loop region (189,

190), targets an inaccessible site. Hybridization under native conditions was restricted by
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target site accessibility, with the SL3.3-8589 siRNA hybridizing much less efficiently
than the NS5B-7256 siRNA (Figure 5.11); however, under denaturing conditions, both
the SL3.3-8589 and NS5B-7529 siRNAs hybridized with similar efficiencies (Figure
5.11). This indicates that the native target RNA microarrays are restricted by target site
accessibility under native conditions. Subsequent hybridization of the HCV-specific
siRNAs demonstrated that three of the siRNAs (NS3-2904, NS5A-5567, and NS5B-
8136) had relatively high hybridization intensities under native conditions, similar to the
hybridization intensity of the NS5B-7256 siRNA (positive control), suggesting that their
target sites are likely to be relatively accessible in the native HCV replicon RNA (Figure
5.12). In contrast, the NS4B-5027 siRNA had a relatively low hybridization intensity
similar to that of the SL.3.3-8589 siRNA, suggesting that it is likely to have a relatively
inaccessible target site within the native HCV replicon RNA (Figure 5.12).

The minimal hybridization seen with the NS4B-5027 siRNA is likely to be due to
the highly-structured nature of the HCV replicon RNA. Alternatively, it cannot be ruled
out that the apparent inaccessibility of this siRNA could be a result of a ‘shell’ of folded
RNA shielding an unfolded core of unstructured RNA within the 3D conformation of the
HCYV replicon RNA. However, Simmonds and colleagues investigated this possibility for
the HCV RNA genome in their investigation of GORS (328). By creating chimeric viral
RNAs where a region of the relatively unstructured Bunyavirus (BV) RNA was inserted
into the HCV viral RNA, they were able to demonstrate that insertions into the RNA
genome did not affect the accessibility of the surrounding regions to probe hybridization

(328). The same was true for the reverse chimera (i.e. where regions of the HCV RNA
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genome were inserted into the BV RNA genome) (328); arguing against the ‘shell’

hypothesis.

5.4.3 Correlating Target Site Accessibility to Silencing in Cell Culture

The results from the native target RNA microarrays largely correlate with the
potency of siRNAs in cell culture (at least qualitatively; Figures 5.13 and 5.14). The
pattern of potency of the siRNAs is unlikely to be due to the kinetics of silencing since
Western and Northern blots prepared from 24, 48, and 72 h post-transfection resulted in
similar patterns of siRNA silencing (data not shown). The HCV-specific siRNAs with
high target site accessibility tended to silence HCV protein expression and replicon RNA
levels quite efficiently, while those predicted to be target inaccessible tended to have little
effect on HCV protein and replicon RNA levels (Figures 5.13 and 5.14; summarized in
Table 5.2).

A notable exception is the NS5A-5567 siRNA (Table 5.2). This siRNA was
predicted to have a relatively accessible target site based on native target RNA
microarray hybridization (Figure 5.12); however, it exhibited little silencing in cell
culture (Figure 5.13 and 5.14). This may indicate that the NS5A-5567 siRNA target site
is occupied by a novel protein-RNA or RNA-RNA interaction within the context of the
mammalian cell. Indeed, protein-RNA interactions have been suggested to preclude the
efficacy of siRNAs against HIV-1 (128) and human Tissue Factor (367). Thus, this
technique could be used as a starting point for the development of nucleic acid-based
probes to identify novel protein-RNA or RNA-RNA interactions within the HCV

replicon RNA genome. Notwithstanding this notable exception, the intensity of array
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Table 5.2 Summary of siRNA target site accessibility and silencing in cell culture.

Positi G+C Basic Target site Relative Rela.tl ve RISC
siRNA osition . tent Tm accessibility’ NSS‘? 2 Replicon s loading’
(nt) (%) ¢0) (%) expression® RNA level (%)
(%) ()

GL3 - 429 49 35 954 95.8 91.8
331 (IRES) 320-331 57.1 55 N/A 424 729 87.2
NS3-2904 2886-2904 38.1 47 62.2 4.0 32 80.1
NS4B-5027  5006-5027 38.1 47 30.3 43.6 70.7 76.0
NS5A-5567  5546-5567 429 49 72.6 47.9 68.2 85.9
NS5B-7256  7235-7256 435 52 100.0 32 6.8 46.1
NS5B-8136  8115-8136 429 49 78.7 6.3 32 76.1
SL3.3-8589  8568-8589 524 51 49.2 90.2 85.5 85.5

"Target site accessibility is based on hybridization intensities to native target RNA
microarrays and is expressed as a percentage of the highly potent NS5B-7256 siRNA
hybridization intensity. “Relative NS5A expression levels are based on Western blot
densitometry of siRNA knockdowns in cell culture and is expressed as a percentage of
mock-transfected cells. Relative replicon RNA levels are based on Northern blot
densitometry of siRNA knockdowns in cell culture and is expressed as a percentage of
mock-transfected cells. “RISC loading is expressed as a percentage of siRNA complexed to
the hAGO2 protein after a 30 min incubation at 37 °C. N/A, Not Available.
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hybridization under native conditions generally predicted the silencing of HCV protein
and replicon RNA levels in cell culture. Interestingly, preliminary results from native
hybridization of the HCV-specific siRNAs to HCV replicon RNA in a solution-based
system resulted in the same trend observed for the native target RNA microarrays
(personal communication, Neda Nasheri-Ardakan). This is despite the fact that in both
cases the composition of the hybridization buffer does not reflect the protein- rich
cytosolic environment of the cell. As a future direction, it may be interesting to include
host or viral proteins in the hybridization reactions to identify specific protein-RNA

interactions.

5.4.4 Kinetics of RISC Loading

Efficiency of loading into the RISC could potentially contribute to differences in
silencing efficiency of the HCV-specific siRNAs. To investigate this possibility, the
ability of hAGO?2 to load the HCV-specific siRNAs in vitro was explored (Figure 5.15).
The majority of the siRNAs were efficiently loaded into hAGO?2 after a 30 min
incubation period (>75% for 7 of the 8 siRNAs; Figure 5.15) and the slight variations in
loading did not correlate with silencing efficacy (Table 5.2), arguing against the
efficiency of RISC loading as a contributing factor to silencing efficacy in this case.
However, the contribution of other cellular RNA silencing pathway components on the
efficiency of RISC loading cannot be ruled out within the cell. Interestingly, the NS5B-
7256 siRNA, which was one of the most potent siRNAs in cell culture, was loaded much
less efficiently than the other siRNAs (Figure 5.15 and Table 5.2). This may be due to the

longer length (23-nt) of this siRNA, when compared to the other siRNA duplexes used in
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this study (21-nt). This seeming paradox, poor RISC loading but high silencing efficacy,
may be accounted for by recent studies which demonstrated that longer siRNA duplexes
(~27-nt) are up to 10-100-fold more potent than the canonical 21-nt siRNAs (393, 394).
This is thought to be due to the fact that these siRNAs, like miRNAs and shRNAs, are
initially processed by Dicer to give 21-nt siRNA duplexes and that the association with
the processing machinery aids in RISC loading. Co-purification experiments have indeed
indicated that Dicer is involved in the loading of siRNAs into RISC explaining the
improved potency of longer siRNA duplexes or shRNAs (395). However, this does not
suggest that ShRNAs (or miRNA mimics) are preferable to siRNAs since the requirement
for Dicer cleavage can inhibit natural miRNA processing, altering cellular gene
expression in the affected cell(s) or organism (396).

Due to the relatively fast kinetics of loading of the 5° fluorophore-labeled siRNAs
used in this study, we anticipate that the presence of the 5° fluorophore is unlikely to
inhibit RISC loading or cleavage. In agreement with this, Harborth and colleagues
demonstrated that silencing is not perturbed by conjugation of fluorescent chromophores
to the 5°- or 3’-end of the sense strand or to the 5’-end of the antisense strand, although
conjugation to the 3’-end of the antisense strand of the siRNA abolished gene silencing
(397). Additionally, the fact that the HCV-specific siRNAs were functional in cell culture
further supports the notion that the 5° fluorophore does not affect RISC cleavage activity
(Figure 5.13 and 5.14). Also, due to the rational design of the siRNAs with similar G+C
contents, it is unlikely that there are dramatic differences in the ability of the RISC to

unwind the siRNA duplexes in cell culture (Table 5.2).
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It has been previously demonstrated that hAGO2 alone can be programmed for
targeted RNA cleavage by pre-incubation with a single-stranded antisense (guide) siRNA
(11, 191). Attempts to perform in vitro RISC cleavage assays using recombinant affinity-
purified, His-tagged hAGO2, HCV-specific siRNAs, and in vitro transcribed HCV
replicon target RNA resulted in either no detectable cleavage products or, after longer
incubation periods, significant non-specific degradation of the HCV replicon RNA. There
are a few possible explanations for these observations. First of all, the encounter between
siRNA-loaded RISC and target RNA occurs through a diffusion controlled mechanism
whereby the complex binds to and dissociates from non-specific sequences until the
correct target sequence is found (372). The long length of the HCV replicon RNA (8858-
nt) and its highly-structured nature could therefore impede the capacity of siRNA-loaded
RISC to identify target sites through this mechanism (372). This suggests that long
incubation times may be required to facilitate specific cleavage of long, highly-structured
target RNAs. Additionally, a few groups have recently demonstrated that the minimal
RISC cannot resolve secondary structure on its own (14, 398-400), and that the overall
rate of structure displacement and product release can be dramatically affected by
secondary or higher-ordered structure of the target RNA (400). Unfortunately, longer
incubation times led to significant non-specific degradation of the target HCV replicon
RNA, suggesting the presence of a low level of contaminating RNase in the hAGO2
preparations (191). In the cell, the 3’ and 5° cleavage products are readily degraded by 3’
and 5’ exonucleases in the cytoplasm since they lack the stabilizing 5’ cap or poly(A) tail
(29). The presence of a contaminating RNase in the preparations may have impeded our

ability to observe these cleavage products for the long, highly-structured HCV replicon
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RNA and may have resulted in the non-specific degradation observed. As a future
direction, a RISC cleavage product trapping technique may be used to increase the

likelihood of detecting the cleavage products once they are released from the RISC (16).

5.4.5 Conclusion

Under appropriate conditions, the HCV replicon RNA can be spotted onto
surfaces in a conformation that appears to be representative of the native conformation.
Using native target RNA microarrays, hybridization efficiency (target site accessibility)
of HCV-specific siRNAs was correlated to their silencing in cell culture. The parallels
observed between native target RNA microarray hybridization and siRNA efficiency
suggest that secondary structure in the HCV replicon RNA is a major factor in
determining the efficiency of synthetic siRNAs. The technique described here represents
a rapid, high-throughput approach to screen for effective siRNAs directed against the
large, highly-structured HCV replicon RNA genome, based on target site accessibility.
This technique also has the potential to be applied to other RNA-RNA interactions,

including the highly-structured genomes of other important human pathogens.
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6.1 Development of Protein-based Tools for Studying RNA Silencing and Small
RNAs Using the Tombusvirus p19 Protein

Despite the importance of the RNA silencing pathway to molecular biology and
medicine, the underlying mechanisms and principles guiding efficient RNA silencing are
not yet fully understood. Since siRNAs are ubiquitously involved in RNA silencing,
development of novel tools for the detection, purification and quantification of small
RNAs are required. Additionally, the development of tools to facilitate the identification
of low abundance small RNAs are likely to be necessary to gain a more complete
understanding of RNA silencing in a wide range of organisms.

VSRs are a unique class of proteins that can be harnessed for their ability to
specifically inhibit the RNA silencing pathway. The ability of the Tombusvirus p19
protein to function as a VSR independently (in the absence of other viral proteins), and
also to sequester siRNAs size-selectively and relatively sequence-independently, in a
system- and/or organism-independent manner, makes it well suited for biotechnology
applications. Consequently, in this thesis, the Tombusviral p19 VSR was developed as a
tool to study small RNAs and RNA silencing. The recent use of p19 in a variety of
applications will be discussed as well as potential future directions regarding the use of

p19 as a tool in molecular biology and biotechnology.

6.1.1 pl9-siRNA Binding Interactions and Purification of siRNAs
In Chapter 3, the siRNA binding properties of p19 were investigated by arraying
p19 onto the surface of multi-well Ni**-NTA plates using a fluorescence detection assay.

The arrayed p19 maintained the ability to bind to siRNAs in a size-selective and
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relatively sequence-independent manner. In addition to its siRNA binding activity, the
results described in Chapter 4, and elsewhere (83, 180, 223, 275), indicated that p19 is
able to bind to irregularly-structured miRNAs in addition to the canonical 21-nt siRNAs,
albeit with a lower affinity. This indicates that p19 could be an attractive tool for the
isolation and purification of silencing-generated small RNAs, including both siRNAs and
miRNAs.

Current small RNA isolation procedures typically involve organic extraction and
enrichment of small RNAs based on differential precipitation of large RNAs (>200 nt) at
alcohol concentrations where the small RNAs (<200 nt) remain soluble. This typically
results in enrichment of small RNAs <200 nt in size including silencing-generated small
RNAs, tRNAs, rRNAs and other classes of small regulatory RNAs. By using p19 to
purify small RNAs, preparations should contain a more homogeneous population of
silencing-generated small RNAs with little contamination from other classes of RNA
species (<200 nt). Indeed, immunoprecipitations from p19 transgenic plants are highly
enriched for the silencing-generated small RNAs (siRNAs and miRNAs) (205, 223, 240);
indicating that p19 may be a useful tool for purifying endogenous small RNAs from a
variety of sources. In accordance with this, a few groups have now demonstrated that
expression of epitope-tagged p19 proteins can be used to immunoprecipitate silencing-
generated small RNA duplexes in transgenic plants (205, 223, 240, 292) as well as in
insect (69) and mammalian cells (223, 275). More recently, New England Biolabs
(Ipswitch, MA) has also developed a p19-based magnetic affinity purification system for

isolation of small RNAs from cellular extracts. This suggests that, in the future, p19 may
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be a useful tool for the identification and purification of small RNAs from diverse

sources, including those present in mammalian cells.

6.1.2 Development of Molecular Switches

In Chaprer 3, arrayed pl9 was used to screen a small molecule library to identify
inhibitors that may permit p19 to be used as a molecular switch. Two thiosulfanate
inhibitors were identified that act through the modification of one or more p19 cysteine
residues. These inhibitors could serve as a starting point for the development of reversible
inhibitors of p19 activity with enhanced target selectivity. The design of specific
inhibitors of the p19-small RNA interaction could permit p19 to be used as a molecular
switch to control the RNA silencing pathway. The RNA silencing pathway could be
turned off using p19, and a specific inhibitor could be used to control p19 activity,
turning the RNA silencing pathway back on. This may be useful in elucidating the
importance of the pathway in response to viruses (siRNA pathway) and in regulation of
gene expression and development (miRNA pathway) in diverse systems and under

various experimental conditions.

6.1.3 pl9 Cysteine Residues and Regulation of p19 Activity

Interestingly, the library screen unexpectedly revealed novel postulates regarding
the role of cysteine residues within the p19 protein. Mutational analyses indicated that the
cysteine residues of p19 participate in maintaining the overall structural integrity of the
protein. Since Cys110 is highly conserved across the entire p19 family and isoleucine

was capable of fulfilling the structural role of this residue, it is possible that Cys110 is
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required for a different type of biological function. In addition to its siRNA binding
activity, the p19 protein has been demonstrated to interact with a family of RNA
processing factors known as the ALY/REF proteins in plants (271, 288, 289). It is
hypothesized that interactions between p19 and ALY/REF proteins may result in
processing of siRNA bound by pl9, resulting in p19 turnover, or effects on viral transport
and defence-related gene silencing (271, 272, 288, 289). It is possible that the Cys110
residue is involved in this interaction, or yet undefined host-virus interactions, since our
results suggest that the cysteine residues are likely exposed in the apoprotein form.
Interestingly, plant viruses containing class I triple gene blocks of cell-to-cell movement
proteins (found in Peanut clump virus, several fungus-transmitted viruses, and the
Hordeiviruses), typically encode 14-20 kDa cysteine-rich proteins that have VSR activity
(222). This indicates that cysteine residues may play an important role in suppression of
RNA silencing by VSRs from distantly-related viruses. Alternatively, since the p19 ORF
is completely embedded within the cell-to-cell movement protein (p22) gene of
tombusviruses, it is possible that the cysteine conservation is due to sequence or amino
acid conservation of one or more residues of the tombusviral cell-to-cell movement
protein (274).

Additionally, modification of cysteine residues is a common post-translational
modification which occurs in plants. Disulfide bond formation, as well as
glutathionylation, play key roles in protein folding and in modulating plant stress
responses (401, 402), respectively. The presence of glutathione (and possibly other
physiological thiols) in plants could thus affect the p19-siRNA interaction within the

context of viral infections. This could lead to the reversible inactivation of p19 since our
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findings demonstrate that p19 function is compromised at high levels of thiol alkylation
or in an oxidizing environment. Such regulation could influence the site of action of p19
or its siRNA binding activity. In future, it will be interesting to test the importance of the

cysteine residues in the regulation of the p19 protein in planta.

6.1.4 Probing RNA Silencing Pathways

The unique binding properties of the p19 protéin have already led to its
widespread use for probing RNA silencing pathways in diverse eukaryotic organisms
from plants to mammals (83, 183, 208, 223, 275, 285-287). Since p19 provides the ability
to specifically block RNA silencing between Dicer processing and RISC assembly, p19
could be used to demonstrate the precise contribution of each of these components to
RNA silencing in various organisms under different experimental conditions. In addition,
using p19 in conjunction with other VSRs that target distinct steps of the pathway could
increase our understanding of the pathway and its components.

The p19 protein could also be used as a cellular imaging tool. In fact, p19-GFP
fusion proteins have already been used for localization and temporal studies during viral
infections in plants (288, 289). In addition, Forster resonance energy transfer (FRET)-
based p19 probes have recently been developed in our lab and can be used to detect p19-
siRNA interactions in solution (403). This represents a novel strategy for siRNA sensing,
and a starting point for the development of other FRET-based tools to report on siRNAs

without the necessity for labeling of the siRNA in vivo.
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6.1.5 Enhancement of Foreign Gene Expression and Elucidating Host-virus
Interactions

Currently, transient gene expression in plants is limited by the induction of the
RNA silencing pathway (287, 404). In theory, the p19 protein could be used to prevent
the onset of RNA silencing and increase the expression of foreign genes. In agreement
with this, Voinnet and colleagues found that co-expression with the p19 protein resulted
in >50-fold enhancement of foreign gene expression in Nicotiana benthamiana plants
(287). This suggests that p19 will be a useful tool for the high level expression of a broad
range of proteins without the need for generation of stably transformed plants. However,
a major hurdle may be the requirement of p19 to be expressed at relatively high levels for
VSR activity and the fact that in many plants, p19 is a pathogenicity determinant (240,
272,286, 292).

In addition to enhancement of foreign gene expression, p19 could be used to
increase the production of viruses defective in their own innate antiviral suppressor
genes. This could allow increased production of attenuated vaccine strains or viruses that
are currently difficult to culture. In accordance with this, Li and colleagues have
demonstrated that virus titres can be increased in insect cells by complementation with
cross-kingdom suppressor proteins, such as p19 (69); and this has recently been extended
to mammalian cells (83, 405). Lecellier and colleagues used p19 to demonstrate that a
cellular miRNA (miR-32) was able to restrict the accumulation of PFV-1 in human 293T
cells (83). More recently, Qian and colleagues used the p19 protein to demonstrate that
RNA silencing limits translation of the HIV-1 Gag protein and consequently restricts the

production of viral particles (405). This suggests that the p19 protein may not only be
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useful for enhancement of foreign gene expression, or for production of viruses defective
in their own innate antiviral suppressor genes, but may be helpful for elucidating novel

host-virus interactions involving the RNA silencing pathway.

6.1.6 Developing p19 Proteins with Substrate Specificity

It is obvious that the unique properties of the p19 protein make it a useful tool for
a broad range of applications. Interestingly, future biotechnology efforts might benefit
from p19 protein-engineering to introduce sequence-specificity or to create p19 variants
specific for different size classes of small RNAs. In this way, p19 could be used to
sequence-specifically suppress RNA silencing of target genes without interfering with the
regulation of host gene expression by miRNAs (406).

In Chapter 4, it was demonstrated that the p19 protein is able to bind to
irregularly structured miRNAs in addition to canonical 21-nt siRNAs. Since a number of
viruses have been demonstrated to encode their own viral miRNAs or interact with
cellular miRNAs (81, 82, 85), sequestration and silencing of specific miRNAs in vivo
could be a novel approach to inhibiting viral replication. The use of p19 in this way
would effectively turn a viral protein into an antiviral agent. This would necessitate site-
directed engineering of the p19 protein for introduction of greater specificity and higher
affinity for specific miRNAs. In addition, the suppression of specific miRNAs by p19
may serve as a unique approach to understanding the roles of miRNAs in development
and disease. Thus, it seems likely that a greater understanding of the p19 protein and its
further characterization will make it an increasingly valuable tool in molecular biology

and biotechnology.
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6.2 Developing an RNA-based Screening Tool to Predict the Efficiency of siRNAs
Against Highly-structured RNA Targets

The first step in designing successful RNA silencing approaches is the
identification of highly efficient siRNAs. The results presented in this thesis and
elsewhere suggest that target site accessibility is an important factor in the design of
siRNAs against large, highly-structured target RNAs (367-372). In accordance with this,
many groups have started to apply local target structure prediction algorithms in the
design of synthetic siRNAs (173-176). However, due to the highly-structured nature of
positive-sense RNA viruses, the presence of GORS, and the prevalence of long-range
RNA-RNA interactions in the genomes of viruses such as HCV, local structure prediction
may not yet be sufficient to predict the accessibility of these targets.

In Chapter 5, the importance of target site accessibility in the design of effective
siRNAs against the highly-structured HCV replicon RNA was investigated. A native
HCYV replicon RNA microarray-based in vitro screening tool was described that was able
to correlate hybridization efficiency (target site accessibility) of HCV-specific siRNAs to
their silencing efficiency in cell culture. Although a relatively small number of siRNAs
were screened, target site accessibility was found to be an important factor in determining
the efficacy of siRNAs against the HCV replicon RNA. The screening of a greater
number of siRNAs in the future will help validate this approach and improve the
predictive capacity of the native target RNA microarrays. Nonetheless, this represents a
rapid, high-throughput approach to screen for effective siRNAs against highly-structured

target RNAs in vitro. This technique also has the potential to be applied to other highly-
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structured RNAs, and in the investigation of protein-RNA and RNA-RNA interactions as

described below.

6.2.1 Targeting HCV Using RNA Silencing

HCV is a highly-structured positive-sense RNA virus that replicates in the
cytoplasm of host cells. This makes HCV susceptible to regulation by the RNA silencing
pathway. Indeed, a number of groups have already demonstrated the antiviral potential of
RNA silencing using the HCV replicon system (133, 135-137, 407). However, success
rates varied widely between studies and only approximately half of the siRNAs were at
least partially effective at silencing HCV, despite a rational approach to siRNA design
(133, 135-137, 407). This suggests that additional factors, such as the complex and
highly-structured nature of the HCV RNA genome could impede silencing.

The HCV sequences targeted in this thesis were not completely conserved across
HCYV genotypes. With the exception of the 331 (IRES) siRNA, all of the HCV-specific
siRNAs were directed against the coding region of the HCV replicon RNA. Since a
single nucleotide mismatch can affect the specificity with which siRNAs bind their
targets, for therapeutic applications, it will be important to identify optimal target sites
with high sequence conservation across the HCV genotypes. Additionally, because of the
error-prone HCV RdRp and the rapid evolution of quasispecies, it may be necessary to
use multiple siRNAs targeting different regions of the viral RNA to decrease the
likelihood of developing escape mutations, as was recently demonstrated (138).
However, the use of two highly active siRNAs simultaneously dramatically reduced the

emergence of escape mutations in HCV replicons (138).
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Interestingly, sequence divergence may not be the only route for resistance to
RNA silencing by HCV. Recently, the viral gene products core and E2 have been
suggested to be VSRs, inhibiting Dicer and hAGO?2 activities, respectively (248-250). In
contrast, there exists a genetic interaction between the highly abundant cellular miR-122
and the HCV RNA genome, which is required for viral replication in cell culture (85, 86).
This suggests that HCV may have two interactions with the RNA silencing machinery, an
inhibitory interaction through the core and E2 gene products (248-250), and a miRNA
interaction that facilitates viral replication (85, 86). However, recent studies using siRNA
knockdown of RNA silencing pathway components in full-length replicon harbouring
cells, and the recently described infectious model of HCV (408, 409), suggest that the
requirement for functional RNA silencing for replication (i.e. miR-122 biogenesis and
action) is dominant over any inhibitory action of the HCV gene product(s) (141). In
agreement with this, previous reports have demonstrated no differences in the
susceptibility of HCV genomic and subgenomic replicons to RNA silencing, suggesting
that the core and E2 gene products do not have a major affect on the susceptibility of
HCV to RNA silencing (135, 138, 377). Further studies will be needed to corroborate
these findings and clarify the effects of the core and E2 proteins on the RNA silencing
pathway within the context of HCV infection, since this may have implications for RNA
silencing-based therapy for HCV.

Despite obstacles associated with escape mutations and the need for effective
delivery strategies for siRNAs in vivo, RNA silencing represents an exciting new
approach for the treatment of HCV and potentially other viral diseases. The highly-

structured nature of many RNA viral genomes suggests that the method described here to
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screen for highly effective siRNAs based on target site accessibility will be useful in
selecting siRNAs for therapeutic applications that are capable of inducing extensive

silencing of their targets at low doses.

6.2.2 Investigating Protein-RNA and RNA-RNA Interactions

The HCV RNA genome is likely to have a dynamic structure able to readily
accommodate unwinding, elongation and exposure of different regions of the RNA to
viral and cellular proteins for translation and reblication of the viral genome. As a future
direction, it may be interesting to look at how specific viral or cellular proteins affect the
accessibility of the HCV replicon RNA in vitro. Addition of purified viral or cellular
proteins to the in vitro hybridization reactions could yield new information about direct
interactions with the viral genome. For example, addition of siRNA-hAGO2 complexes
could help us gain information on the accessibility of the HCV RNA to the larger RISC
rather than the just the siRNA itself. In addition, viral proteins could be added to identify
novel RNA-interacting domains. This could be particularly important for the elucidation
of packaging signals within the HCV genome since none have been identified to date.
However, the addition of proteins to the hybridization reactions may require a solution-
based approach to screening target site accessibility which would represent a more native,
less conformationally-restrained environment for protein-RNA interactions. Interestingly,
our lab has already extended this approach to a solution-based system whereby
fluorophore-labeled small RNAs are hybridized to 3° biotinylated HCV RNA in solution,
and then the complex is conjugated to streptavidin microbeads for measurement of the

relative fluorescence. This may represent a useful solution-based approach more
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amenable to addition of proteins that can avoid the surface effects that might result in
conformational restriction of protein-RNA interactions in the microarray-based approach.
Information gained from structural probing by native hybridization of nucleic
acids may also serve as a starting point for the design of nucleic-acid based probes to
pull-down or titrate out novel interacting partners with the viral RNA genome. For
example, where the hybridization of the siRNA probes in vitro disagrees with the
silencing efficiency in cell culture, this may indicate that the siRNA target site is
occupied by a novel protein-RNA or RNA-RNA interaction in vivo. RNA-based probes
could then be designed to pull-down or titrate out the interacting partners in the context
of viral replication. RNA-based probes have already been demonstrated to be useful for
elucidating protein-RNA or RNA-RNA interactions in a number of cellular systems
(reviewed in (410)). In fact, 3° biotinylated siRNA probes were used to pull-down the
human RISC and identify the AGO proteins as being at the center of RNA silencing
(411). Thus, structural probing and correlation with silencing efficiency may represent a
starting point for the design of RNA-based probes to identify novel protein-RNA or
RNA-RNA interactions with the HCV RNA genome in vivo. The native target RNA
microarray approach could also be extended to other RNA molecules, including cellular

mRNAs or the RNA genomes of other important human pathogens.

6.2.3 Elucidating miRNA-target RNA Interactions
The results presented here and elsewhere clearly demonstrate that target RNA
folding has major consequences for siRNA-induced gene silencing (367-372). Recent

studies have demonstrated that the structure of the target RNA or the binding of proteins
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can also dramatically affect miRNA recognition of RNA targets (412-416). Since
miRNA-target recognition is thought to require as little as 7-nt for targeting (seed region)
(47), hybridization of miRNAs to native target RNA microarrays may also be useful for
elucidation of the strict rules governing miRNA target site recognition as well as

conformation of bona fide miRNA target sites.

6.3  Conclusions

In this thesis, protein- and RNA-based tools were developed for studying the
RNA silencing pathway and small RNAs based on Tombusvirus p19 and native target
RNA microarrays. The p19 protein has the potential to be used in a number of molecular
biology and biotechnology applications to enhance foreign gene expression, dissect RNA
silencing pathways, investigate host-virus interactions, and for the study of small RNAs
in diverse in vitro and eukaryotic systems. The native target RNA microarray approach
described here can be used to predict highly effective siRNAs based on target site
accessibility. This approach has the potential to be applied to other RNA-RNA
interactions and for the identification of novel protein-RNA and RNA-RNA interactions

with large RNAs, such as the RNA genomes of important human pathogens.
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