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Abstract
Viruses exist as obligate intracellular parasites, with one of the largest classifications of
viruses being the positive single stranded RNA viruses ((+)ssRNA). Viral families in this group
are incredibly diverse in their replication schemes and host tropisms. Despite this, there exist
fundamental principles between them. Unravelling these common mechanisms can give rise to a
greater understanding of virus biology and lead to the development of novel antiviral therapies
and biotechnology. Members of the Dicistroviridae contain monopartite, (+)ssRNA genomes,
between 8 to 10 kilobases in size. Infectious to agriculturally and economically important
arthropods, these viruses have served as model systems to study fundamental cellular processes
such as translation and innate immunity. Dicistroviruses contain two open reading frames
(ORFs), which are translated by two distinct internal ribosome entry sites (IRESs). The 5’
untranslated region IRES drives translation of the viral non-structural proteins encoded in ORF1,
whereas the intergenic region (IGR) IRES directs translation of the viral structural proteins of
ORF2. The scheme by which these viruses replicate is poorly described. Here, we develop the
first infectious clones of the dicistrovirus type species, Cricket paralysis virus (CrPV), termed
CrPV-2 and -3. We demonstrate that this clone is fully infectious in Drosophila S2 cells and
causes mortality when injected into adult flies. Utilizing this clone, we examined how specific
mutations in the IGR IRES affect viral gene expression in vivo. Moreover, we demonstrate that
the CrPV IGR IRES uses an unusual mechanism for +1-frame translation of a hidden
overlapping ORF, which is important for viral pathogenesis. Finally, using a combination of
biochemical and mass spectrometry based approaches we show that CrPV may usurp cellular
pathways to obtain an envelope. This thesis offers insights into the complex replication scheme
of dicistroviruses and provides a foundation for future studies into the life cycle of these viruses.
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Lay Summary
Viruses rely on host cells to replicate. By studying the ways in which different viruses
replicate we gain a greater understanding of the core principles that govern them. This can lead
to the development of new antiviral therapies for humans and animals alike. Insect viruses, such
as dicistroviruses, are commonly used as models to study fundamental processes of life.
However, the life cycle of these viruses is poorly understood. This thesis provides additional
knowledge into how thesis viruses replicate in an effort to develop new tools and information to
combat emerging viral threats. Specifically, we developed the first genetic tool that allows
researchers to mutate and manipulate sequences in the viral genome. We then utilized this tool to
study the strategies implemented by dicistroviruses to synthesize their proteins in the host cell.
Finally, we investigated how these viruses hijack pathways in the cell to transfer new viruses
between cells.
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Chapter 1: Introduction
1.1

Overview of RNA viruses
Among its many roles, ribonucleic acid (RNA) can serve as the genetic material of

viruses. Viruses have been studied and characterized since the late 19th century. However, it was
not until the work of Bawden and Pirie in 1937 that RNA was found to be contained within the
viral particles of Tobacco mosaic virus (Bawden and Pirie, 1937). Roughly twenty years later,
through the combined efforts of multiple researchers it was revealed that RNA is the bona fide
genetic material of Tobacco mosaic virus (Fraenkel-Conrat and Singer, 1999). Fast-forward sixty
years, the field of RNA virus biology has expanded to include 70 distinct viral families
encompassing over 1500 viral species that exist as pathogens across all six kingdoms of life
(Adams et al., 2017).
All known viruses are classified into one of seven groups (Group I, II, III, IV, V, VI, or
VII) based upon the type of genetic material it bears (Figure 1.1)(Baltimore, 1971). Genuine
RNA viruses (i.e. those lacking a DNA intermediate) fall within Groups III, IV, and V. Group III
RNA viruses include those with double stranded RNA genomes such as the Reoviridae family
(e.g. Rotavirus). Group V encompasses viruses that contain a single stranded negative sense
RNA genome. Notable viruses from this family include Influenza A virus (Orthomyxoviridae)
and Ebola virus (Filoviridae). Finally, the largest group is the single stranded positive sense
RNA viruses comprising Group IV such as the Picornaviridae and Flaviviridae families.
Regardless of these classifications, RNA viruses continue to serve as a repository for
advancing our understanding of fundamental biological questions in cell biology and human
health. As the cause of several diseases that have reached epidemic proportions, such as the 1918
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Figure 1.1 Baltimore classification of viruses.
Devised by David Baltimore in 1971, this classification scheme groups viral families based on the genetic material
and replicative mechanism. Group I viruses consists of those with dsDNA genomes. The genetic material of Group
II viruses is ssDNA. Group III viruses harbor dsRNA genomes. Groups IV and V consist of positive (+) ad negative
(-) sense ssRNA genomes, respectively. Group VI viruses contain a positive sense ssRNA that is reverse transcribed
into DNA. Finally, Group VII viruses harbour dsDNA genomes that become single stranded RNA before being
reverse transcribed and finally transcribed into mRNA.
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Spanish flu and more recently the 2013 Ebola virus outbreaks, this class of viruses has plagued
human health throughout history.
The challenges surrounding RNA viruses lie in the unique properties they exhibit as the
most rapidly evolving entities currently known. During infection, mutations are incorporated into
the viral RNA at a high frequency (10-4 mutations per nucleotide)(Sanjuan et al., 2010). The
incredible plasticity in their genomes leads to quasi-species in any given population of RNA
viruses (Lauring and Andino, 2010). As a result, RNA viruses offer a challenging obstacle for
the development of vaccines and antiviral treatments. This underscores the need for novel drug
targets and by understanding fundamental mechanisms common to RNA viruses it would be
possible to develop broad range antiviral therapies. Despite the destructive nature of these
viruses, they have contributed substantially to our understanding of modern molecular biology
and advances in biotechnology. For example, reoviruses (a Group III dsRNA virus) were used to
elucidate the mechanism of TLR3 (Toll-like Receptor 3), which was a crucial step towards our
understanding of the human innate immune system (Alexopoulou et al., 2001). Additionally,
genomic RNA from phages served as some of the first mRNA templates for in vitro translation
systems, expanding our knowledge of protein synthesis. Finally, multiple tools we use in modern
biology to investigate cellular processes are derived from RNA viruses, such as internal
ribosome entry sites and ‘stop-go’ sequences (Jang et al., 1988; Lee et al., 2005; Pelletier and
Sonenberg, 1988; Takahashi et al., 2007; Telpalo-Carpio et al., 2015).
Overall, RNA viruses continue to play a major role in science and society. It is of utmost
importance to fully grasp how these viruses replicate and transmit between hosts. Understanding
the common underlying principles that are central to the replication processes of RNA viruses
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not only impacts our abilities to limit the continuing toll and emerging threat of viral diseases,
but can lead to new innovative tools for use in modern molecular biology and industry.

1.1.1

Positive-sense single stranded RNA viruses
Infecting all kingdoms of life except possibly archaea, positive sense single stranded

RNA [(+)ssRNA] viruses are the largest group within the RNA virus classifications. In general,
(+)ssRNA viruses contain compact genomes ranging from 5 to 32 kilobases (kb) in size. The
genomes typically encode relatively few proteins, usually ranging from three to ten, one of which
is always an RNA-dependent RNA polymerase (RdRp). Although each virus tends to have a
unique replication cycle, there remain some parallels between all of these viruses: (1) the
genomic RNA functions as both genetic material and messenger RNA, allowing it to be
translated by host ribosomes immediately upon infection; (2) they replicate through a negative
sense RNA intermediate where the positive strand RNA is produced in substantial excess
compared to the negative strand; (3) (+)ssRNA viruses form membrane associated replication
complexes.
Due to the broad host range within this class of viruses, they impact all aspects of life
globally including agriculture (discussed more in Section 1.4), ecological activity, and human
health. Studies in recent years have demonstrated the (+)ssRNA virosphere greatly influences
both the marine and terrestrial ecosystems (Culley et al., 2003; Shi et al., 2016; Suttle, 2007).
These viruses contribute to the large turnover of biomass that occurs daily in oceans around the
world, and help to shape the biological network of invertebrates globally. It cannot be
understated how significant of an impact (+)ssRNA viruses have had on human health and
disease. Of note, members of the flaviviridae (e.g. dengue virus) and picornaviridae (e.g.
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Poliovirus) have caused substantial burdens on human health and healthcare systems over the
past few hundred years (Murray et al., 2013; Nathanson and Kew, 2010). To understand these
viruses, model systems have been developed to investigate their mechanisms of replication and
unearth common principles among the (+)ssRNA viruses. In particular, poliovirus has served as
a model for the past 50 years to study the life cycle of (+)ssRNA viruses and has provided
fundamental insights into the replication of picornaviruses (Leveque and Semler, 2015).
Additionally, the global emergence of arthropod-borne viruses (e.g. Zika virus, dengue virus) has
thrust insect RNA viruses into the spotlight as more relevant models of the viral life cycle in an
insect host.

1.1.1.1

Picornavirus life cycle – Poliovirus as a model
As this thesis focuses primarily on characterizing the life cycle of a (+)ssRNA virus, it is

prudent to understand the replication of one of the most well-understood viruses in this group,
Poliovirus. Discovered in 1908, Poliovirus (PV) is a member of the picornaviridae family and is
the etiological agent of poliomyelitis in humans. It possesses a genome size of ~7.5 kb that
containing a single open reading frame (ORF). The single ORF is flanked by highly structured 5’
and 3’ untranslated regions (UTR) followed by a poly(A) tail at the 3’ end of the genome. Unlike
traditional eukaryotic mRNAs, PV does not harbour a 5’ cap on its genome; instead it encodes a
viral protein genome-linked (VPg) that binds the 5’ end and functions in replication (Jang et al.,
1988; Lee et al., 1977; Pelletier and Sonenberg, 1988; Sarnow, 1989; Spector and Baltimore,
1974). In addition to VPg, PV encodes ten additional proteins all of which are expressed as a
single polypeptide. Translation of the polypeptide occurs via an internal ribosomes entry site
(IRES) in the 5’UTR, after which it is proteolytically processed into seven non-structural and
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four structural proteins by a virally encoded proteinase. The viral structural proteins VP1, VP2,
VP3, and VP4 assemble to form the icosahedral capsid of PV. Meanwhile the non-structural
proteins include those vital for viral replication and disruption of the host cell processes such as
VPg, 2C (a putative helicase), 3C (the viral proteinase), and the RdRp (3Dpol; Figure
1.2)(Hanecak et al., 1982; Lee and Wimmer, 1988; Pfister and Wimmer, 1999; Toyoda et al.,
1994).
Mature poliovirus particles (160S particle) attach to the host cell through their cognate
receptor, glycoprotein CD155 (Figure 1.3)(Mendelsohn et al., 1989). Attachment triggers
receptor mediated endocytosis and causes the virion to undergo dramatic rearrangements of the
capsid proteins leading to the porous A or 135S particle. The virus-to-135S transition
externalizes VP4 and the amino-terminal extension of VP1 (De Sena and Mandel, 1977; Fricks
and Hogle, 1990). These extensions insert into the host cell membrane, distorting it and leading
to the formation of an ion channel (Danthi et al., 2003; Fricks and Hogle, 1990). The RNA is
then thought to exit the viral capsid into the cytoplasm at the axis of two-fold symmetry in a 3’to-5’ manner; however, the exact trigger of RNA release remains unclear (Harutyunyan et al.,
2013). Upon delivery of the viral RNA into the cytoplasm, VPg is removed and host ribosomes,
translation initiation factors, and IRES trans-acting factors (ITAFs) are recruited to the 5’UTR
IRES to facilitate translation (discussed more in Section 1.2)(Andreev et al., 2012; de Breyne et
al., 2009; Svitkin et al., 2001). Following translation initiation, the nascent polypeptide is
translated and concurrently processed by the viral proteinases to generate the individual viral
proteins (Figures 1.2 & 1.3).
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Figure 1.2 Poliovirus genome organization and polyprotein processing.
The viral RNA genome a VPg protein covalently linked to the 5’ end and a 3’ poly(A) tail. An IRES element in the
5’UTR facilitates translation of the viral polyprotein. The polyprotein is organized into structural and non-structural
proteins located at the N- and C-termini, respectively. The viral 2A and 3C/3CD proteases cleave the polyprotein
into 3 main precursors P1-3. Black triangles represent 3C cleavage sites, while magenta triangles are 2A cleavage
sites. The processing of VP0 to VP4 and VP2 occurs through an unidentified protease, but is required for maturation
of the virus.
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Figure 1.3 Overview of the poliovirus replication cycle.
The life cycle begins as the virus attaches to its cognate receptor, CD155. After receptor-mediated endocytosis, the
virion undergoes conformational changes that facilitates export of the genomic RNA. The genome is then translated
by host ribosomes and the polyprotein is cleaved into the individual viral proteins. These proteins act to shut off
nuclear export and translation (2A), remodel membranes (2B, 2C, 3A, 3B), and replicate the viral RNA (3C/3CD).
Replication of the viral RNA occurs at replication complexes on membrane vesicles. Negative strand RNA serves as
a template for positive strand synthesis. Newly synthesized genomic RNA is co-packaged into capsids and the virus
is released via lysis or non-lytic means. Adapted from ViralZone (www.expasy.orf/viralzone; Swiss Institute of
Bioinformatics).
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As infection progresses, two hallmark activities occur: (1) there is a massive
rearrangement of host cellular membranes into a ‘membranous web’ like structure and (2) host
cell protein synthesis is shutdown. Hijacking of the host cell components to form a membranous
web acts to block nuclear transport, release host proteins for viral use, and to serve as a platform
for viral RNA replication complexes (Belov et al., 2007; Belov et al., 2000; Gustin and Sarnow,
2001; Hsu et al., 2010). PV replication complexes are formed through the action of proteins 2B
and 2C to co-opt Golgi-associated protein complexes and distort the cellular membranes (Cho et
al., 1994). The exact origin of the membranes anchoring PV replication is not completely
understood; however, it is thought to come from the endoplasmic reticulum (ER)(Jackson, 2014).
As host proteins are commandeered for PV replication, viral RNA and proteins are
simultaneously targeted to replication complexes (e.g. 3Dpol). Replication commences with
negative (-) strand synthesis. Here, the (+) strand viral RNA is first bound by proteins 3AB and
anchored to the membrane to serve as a template for replication. Following this, VPg is
uridylylated at a Tyr residue (Y3) near the N-terminus by the precursor protein 3CD while bound
to a stem loop structure located within the PV genome (known as the cis-acting replication
element). Uridylylated VPg (VPg-pUpU) relocates to the 3’ poly(A) tail of the (+) strand RNA
where it is used as a primer to synthesize the (-) strand viral RNA by 3Dpol (Flint and American
Society for Microbiology., 2009; Paul et al., 2000). Newly synthesized (-) strand is then used to
produce (+) strand RNA that is used as both a template for protein synthesis and genomic RNA
(Figure 1.3). While RNA replication occurs, PV (+) strand RNAs are utilized to produce large
amounts of viral proteins. This is achieved by shutting down host protein synthesis, allowing for
preferential translation of viral RNA. In the case of PV, this is achieved in part by cleavage of
eukaryotic initiation factor 4G (eIF4G) by the 2A protease (Etchison et al., 1982; Liebig et al.,
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1993). This causes cap-dependent translation of the host cell to be inhibited while the C-terminal
fragment of eIF4G, along with other factors, binds the 5’UTR of the viral RNA allowing for
IRES-dependent translation to occur (discussed in more detail below).
The highly-orchestrated process of poliovirus RNA replication and protein synthesis
culminates in association of the structural proteins with the (+) strand RNA into a newly
assembled viral capsid. Following maturation of progeny virions, they are primarily released
from the cell through lysis of the membranes; however, recent reports have shown that viral
release is not exclusive to lysis and can occur through a non-lytic pathway whereby viruses can
be packaged en bloc and released in extracellular vesicles (discussed more in Section 1.3)(Bird
and Kirkegaard, 2015; Chen et al., 2015b).
The past 50 years of study on poliovirus has revealed substantial insights into the life
cycle of (+)ssRNA viruses. Being the first animal RNA virus to have its genome sequenced, the
first for which an infectious clone was made, and the first to have its X-ray crystal structure
solved, PV continues to enable researchers to generate hypotheses about the other (+)ssRNA
viruses and use it as a model to understand their replicative mechanisms within the host cell.

1.2

Translation initiation
Protein synthesis is principally regulated at the initiation step to allow for rapid,

reversible, and spatial control of gene expression. In eukaryotes, initiation is characterized by the
assembly of elongation-competent 80S ribosomes where the initiation codon base-pairs with the
anticodon loop of an initiator Met-tRNA in the ribosomal P site. Moreover, initiation serves as
the most prominent step that RNA viruses exploit to translate their genomes. Since this thesis
addresses an unusual mechanism of viral translation it is requisite to understand general
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eukaryotic translation mechanisms. Thus, the following section will outline the process of capdependent eukaryotic translation initiation and how viruses have circumvented this pathway
using internal ribosome entry sites to achieve their required protein synthesis.

1.2.1

Cap-dependent eukaryotic translation initiation
Eukaryotic translation initiation occurs via a cap-dependent scanning mechanism that

requires at least nine eukaryotic initiation factors (eIFs)(reviewed in (Hinnebusch et al., 2016;
Hinnebusch and Lorsch, 2012)). Eukaryotic messenger RNA is comprised of two hallmark
features that play an intrinsic role during initiation: the 5’ cap and poly(A) tail (Figure 1.4). The
5’cap is the defining structural feature of eukaryotic mRNAs; it consists of a 7-methyl-guanosine
that is co-transcriptionally linked through an inverted 5’-5’ triphosphate bridge to the initiating
nucleotide of the transcript (reviewed in (Shuman, 2002)). The capping pathway is conserved in
all eukaryotic organisms that have been examined. The cap moiety itself serves to: 1) protect the
RNA message from degradation by exonucleases, 2) promote pre-mRNA splicing, and 3)
support a pioneer round of translation for mRNA quality control (Edery and Sonenberg, 1985;
Konarska et al., 1984; Lewis and Izaurralde, 1997; Maquat et al., 2010; Schwer et al., 1998).
Initiation begins with recognition of the 5’ cap by the cap-binding complex, eIF4F, and
assembly of the 43S pre-initiation complex (PIC; Figure 1.4). eIF4F is comprised of three
factors: the cap-binding protein, eIF4E; the RNA helicase, eIF4A; and the adaptor protein,
eIF4G. Meanwhile the 43S PIC consists of methinoyl-initiator tRNA (Met-tRNAi) in a ternary
complex (TC) with GTP-bound eIF2 and eIF1, eIF1A, eIF3, and eIF5 (Hinnebusch et al., 2016;
Hinnebusch and Lorsch, 2012). The subsequent attachment of the 43S PIC to m7G-capped RNA
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Figure 1.4 Pathway of canonical eukaryotic translation.
Canonical eukaryotic translations occurs in a series of eight steps (1-8). The stages follows as: (1) formation of the
ternary complex (TC) of eIF2×Met-tRNAi×GTP; (2) binding of the TC to the 40S ribosomal subunit and eIF1, 1A,
and 3 to form the 43S pre-initiation complex (PIC); (3) mRNA activation by binding of eIF4F; (4) attachment of the
43S PIC to the mRNA through the cap-binding complex; (5) ATP-dependent scanning in the 5’ to 3’ direction by
the 43S complex; (6) start codon recognition and formation of the 48S initiation complex by switching the scanning
complex to a ‘closed’ conformation; (7) 60S subunit joining and displacement of initiation factors; (8) hydrolysis of
GTP by eIF5B and release of eIF1A to form elongation-competent 80S ribosomes. Adapted with permission from
(Jackson et al., 2010).

is facilitated by interactions eIF3 with eIF4G. Additionally, eIF4G serves as an important
scaffold to mediate circularization of the mRNA through interactions with the poly(A) binding
protein (PABP) bound to the 3’ poly(A) tail. Once binding and circularization are complete, the
entire PIC scans 5’ to 3’ directionally along the 5’UTR in search of an AUG initiation codon.
The helicase activity of eIF4A acts to unwind local RNA secondary structure while factors eIF1
and eIF1A induce a scanning-competent ‘open’ conformation of the ribosome (Passmore et al.,
2007). Due to the nature of scanning, the initiation codon is frequently the AUG closest to the 5’
end. However, some transcripts contain multiple AUGs in the 5’UTR. Thus, to ensure fidelity in
translation initiation and proper usage of the authentic initiation codon, the scanning complex
discriminates between AUG codons in favorable sequence context and those which are not.
Termed the ‘Kozak’ sequence in mammals, an initiation codon that is within an optimal
consensus sequence of GCC(A/G)CCAUGG, where a purine is at the -3 position and a guanine
is at the +4 position, will allow for preferential assembly of the initiation complex (Kozak, 1986,
1991).
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Upon recognition of the start codon through Watson-Crick base pairing between the MettRNAi and AUG codon, eIF1 is displaced, placing the 40S ribosomal complex into a ‘closed’
conformation that remains engaged on the mRNA (Passmore et al., 2007). Following stalling at
the start codon, the GTPase-activating protein, eIF5, stimulates the GTP hydrolysis activity of
GTP bound-eIF2 (Paulin et al., 2001). This reduces the affinity of eIF2 for Met-tRNAi and it
dissociates from the 40S subunit (Kapp and Lorsch, 2004). eIF5B then induces the release of the
remaining initiation factors (eIF1, eIF1A, and eIF3) and promotes 60S ribosomal subunit joining
(Pestova et al., 2000). Subsequent hydrolysis of GTP from eIF5B alters the structure of the
newly formed 80S ribosomes into an elongation-competent state. With the Met-tRNAi positioned
at the P site of the ribosome, the adjacent A site is vacant for the delivery of the next aminoacyltRNA and elongation proceeds.
It is apparent now that translation initiation is a highly complex process requiring precise
timing and execution. This attribute makes it amenable to tight regulation. Mechanisms of
regulating initiation fall into two broad categories: those that impact the eIFs, and those that
impact the mRNA. The latter category falls outside the scope of this discussion, but is wellreviewed elsewhere (Jackson et al., 2010). The most well characterized examples of the first type
are the phospho-regulation of eIF2 and eIF4F. The availability of the ternary complex (TC;
eIF2×Met-tRNAi×GTP) is critical for delivery of the intiator Met-tRNA. eIF2 is a trimeric factor
comprised of a-, b-, and g-subunits. The g-subunit is responsible for binding GTP and MettRNAi while the a-subunit is subject to regulation by phosphorylation at serine 51 during times
of cellular stress. When phosphorylated, eIF2 sequesters eIF2B and effectively inhibits its ability
to recycle GDP to GTP (Rowlands et al., 1988). Consequently, eIF2 levels in the ternary
complex fall and most translation is halted. In mammalian cells, there are four known kinases
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that post-translationally modify the eIF2 a-subunit upon cellular stress: PKR (protein kinase R)
is stimulated by double stranded RNAs, PERK (PKR-like endoplasmic reticulum kinase) is
activated by ER stress, GCN2 (general control non-derepressible-2) is activated upon amino acid
depletion, and HRI (heme-regulated inhibitor kinase) activates during heme deficiency (Jackson
et al., 2010). As expected, viral infection triggers the phosphorylation of eIF2 through PKR
stimulation from virally-derived dsRNAs, ER stress from overloaded protein synthesis, or GCN2
due to consumption of cellular resources (Sonenberg and Hinnebusch, 2009).
Intracellular concentrations of eIF4F are also indirectly affected through posttranslational modifications of the eIF4E-binding proteins (4E-BP). When hypo-phosphorylated,
4E-BP outcompetes eIF4G for the binding site on eIF4E. This impedes the binding of eIF4E with
the eIF4G scaffold protein and disrupts recognition of the 5’ m7G cap by the 43S PIC. Activation
of the kinase mTOR (mammalian target of rapamycin) leads to hyper-phosphorylation of 4E-BP,
releasing eIF4E, and allowing it to assimilate into the cap-binding complex (Ma and Blenis,
2009; Richter and Sonenberg, 2005). Multiple cellular signals such as nutrient availability,
cellular energy status, and growth factors or hormones activate mTOR signaling placing it at the
nexus for several major regulatory networks. This allows cells to integrate multiple stimuli
simultaneously, thereby triggering growth during favorable conditions or inhibiting translation
when cell survival outweighs growth such as during times of viral infection.

1.3

Translation mechanisms in RNA viruses
As a main component in the Central Dogma of Molecular Biology, protein synthesis is an

essential process in all forms of life. Including initiation, elongation, termination, and ribosome
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recycling, translation is a highly-orchestrated process whereby the genetic information stored in
messenger RNAs is transformed into a nascent polypeptide by ribosomes.
Viruses exist as obligate intracellular pathogens and therefore must repurpose at least
some host cell machinery for their own use. No known virus encodes its own ribosome, leaving
the hijacking of this cellular component as a unifying feature for the success of all viral
propagation. As viruses co-evolve with their hosts, a molecular arms race arises between the two
where the host evolves mechanisms to restrict viral gene expression and the virus counters
through antagonizing factors or by circumventing the pathway altogether. Since translation is a
critical step in the viral life cycle, viruses have evolved numerous mechanisms to circumvent
cellular pathways of translation including molecular mimicry, appropriation of host components,
and alternative means of translation (reviewed in (Jan et al., 2016)).
Alternative modes of translation or non-canonical translation is pronounced within RNA
viruses (Au and Jan, 2014; Firth and Brierley, 2012). Canonical, 5’-end dependency in
eukaryotic translation poses a major challenge for RNA viruses as it typically results in
translation of a single mRNA to a single protein sequence. Due to constraints on genome size,
RNA viruses, in general, must express multiple proteins from a single transcript to facilitate
replication; thus, they have evolved a variety of solutions to overcome this obstacle. A subset of
viruses simply conform to the 5’ dependency; e.g., generating subgenomic RNAs containing a
single ORF (e.g. coronaviruses) or harboring segmented genomes where each segment encodes
one ORF (e.g. orthomyxoviruses). Conversely, a common strategy of (+)ssRNA viruses is to
encode long polyproteins that are post-translationally cleaved into their individual parts via a
viral protease (e.g. picornaviruses). Regardless, caveats exist with each of these strategies.
Segmented genomes can be inappropriately packaged during viral assembly, leading to non-
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infectious progeny virions; and polyprotein synthesis can be considered an inefficient use of the
plentiful cellular resources as there is typically no control over stoichiometric quantities of each
protein being expressed. Thus, non-canonical translation mechanisms present a unique way to
exploit the host machinery to express multiple proteins from a single ORF.
Constraints in the size of RNA virus genomes due to limitations in particle size impart
strong selective pressures, forcing RNA viruses to maximize coding capacity. The presence of
overlapping open reading frames is a common mechanism to achieve multi-functionality from a
limited RNA message. To express these ORFs, RNA viruses employ mechanisms of noncanonical translation at the initiation, elongation, and terminations steps of translation such as
leaky scanning, ribosomal frameshifting (discussed in Section 1.2.2), and re-initiation,
respectively (Figure 1.5). Although there exist multiple mechanisms for non-canonical
translation, only a few will be briefly discussed here (all are reviewed in various places (Au and
Jan, 2014; Firth and Brierley, 2012; Jan et al., 2016; Miras et al., 2017)).

1.3.1

Leaky scanning and re-initiation of translation
Leaky scanning is perhaps the most prominent translation mechanisms observed in RNA

viruses (e.g. see Tombusvirus and Hepevirus). It allows for the expression of proteins with
identical C-termini, overlapping ORFs, and even distinct sequential ORFs (Graff et al., 2006;
Herzog et al., 1995; Turina et al., 2000). Leaky scanning is the process where the 40S ribosomal
subunits bind near the 5’ end, scan along the RNA, fail to initiate at the first AUG codon,
allowing a significant portion to initiate translation at an alternative AUG codon downstream
(Figure 1.5)(Kozak, 2002).
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Figure 1.5 Known non-canonical translation mechanisms utilized by RNA viruses.
Top panel displays canonical eukaryotic translation. Red arrows indicate the translation initiation site at the
beginning of the ORF or continuation of translation by 80S ribosomes. The thicker arrow shows the predominant
path taken by 80S ribosomes. Green arrows display the suggest the non-canonical movement of 40S ribosomal
subunits. Instances where two polypeptides are synthesized are indicated by different shades of blue. For
frameshifting, since it generally leads to C-terminal extensions of the same polypeptide it is shown in the same
colour. Stop-Carry on mechanisms are non-canonical at the termination and initiation steps as indicated by the red
square and green circle. Reproduced with permission from (Firth and Brierley, 2012).
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The frequency at which downstream initiation occurs is largely due to the nucleotide context at
the initiation site (Kozak, 1986). If the context of the first AUG codon is sub-optimal there is
potential for leaky scanning. However, some cases have been observed where initiation first
occurs at an upstream non-AUG codons as well (Castano et al., 2009; Turina et al., 2000).
Furthermore, leaky scanning can occur as a result of two initiation codons being within close
proximity of one another (e.g. within ~10 nt). The data surrounding this model suggest that
scanning may occur via alternating forward thrusts and backwards relaxations allowing
downstream AUG codons to capture some ribosomes that would otherwise initiate at the first
upstream AUG (Matsuda and Dreher, 2006; Williams and Lamb, 1989).
Re-initiation occurs at the termination step of translation elongation. Typically, upon
termination of translation the 40S and 60S ribosomal subunits dissociate and are recycled for
further use. Although in some cases with a short ORF (e.g. less than 30 codons) the 40S subunit
may remain associated with the transcript, resume scanning, and re-initiate translation at a
downstream AUG codon (Figure 1.5)(reviewed by (Jackson et al., 2012)). How the 40S subunit
remains attached to the mRNA is unknown, but is thought to rely on two criteria: (1) specific
initiation factors remain bound to the ribosome during translation of the short ORF and (2) the
ribosome must scan for some distance before becoming fully competent to re-initiate (Poyry et
al., 2007; Poyry et al., 2004). Use of short ORFs such as this is thought to be prominent in the
cell for the regulation of downstream ORFs during times of stress (Ingolia et al., 2011; Morris
and Geballe, 2000). As it is utilized by both viruses and eukaryotic cells, this mechanism of noncanonical translation appears to be widespread in nature.
Irrespective of the mechanism, viruses have evolved numerous strategies to bypass the
need for canonical translation to express their proteins. Commonly RNA viruses will, in fact,
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employ multiple non-canonical mechanisms at once to ensure proper translation of their
genomes. By studying these mechanisms, we gain a deeper understanding of viral gene
expression. This led to the development of extremely valuable tools for molecular biology and
biotechnology applications such as viral internal ribosome entry sites that are often used to coexpress reporter genes.

1.3.2
1.3.2.1

Cap-independent translation initiation by RNA viruses
Internal ribosome entry sites
Cap-dependent translation exists as the primary mode by which cellular transcripts recruit

the translational machinery. Although some viruses adopted this mechanism, numerous viruses
(especially (+)ssRNA viruses) utilize internal ribosome entry as an alternative form of translation
initiation. Internal ribosome entry sites, or IRESs, are cis-acting structured RNA elements that
can recruit the translational machinery independent of the 5’ cap and typically reside within
untranslated regions.
IRESs were first described in picornaviruses, specifically poliovirus (PV) and
encephalomycoarditis virus (EMCV) (Jang et al., 1988; Pelletier and Sonenberg, 1988). Since
picornaviral genomes lack the conventional 5’ m7G cap and have highly structured 5’UTRs
containing multiple non-initiating AUG codons, they were initially studied for their ability to
mediate cap-independent translation. Using a bicistronic vector system where pieces of the viral
RNA were placed in the intergenic space of two reporter genes it was found that internal
initiation of translation was possible (Jang et al., 1988; Pelletier and Sonenberg, 1988). This
discovery was definitively proven after observing the expression of a reporter gene from a
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Figure 1.6 The classes of viral internal ribosome entry site (IRES) RNA elements.
Depending on the required initiation factors, IRES trans-activating factors, and phylogenetic features, viral IRESs
can be classified into one of four groups (I, II, III, and IV). Group IV IRESs represent the most streamlined
mechanism that dispenses the need for all canonical translation initiation factors and Met-tRNAi. Group III IRESs
directly bind the 40S ribosomal subunit and require eIF2 and 3, and tRNAi. Group II and Group I IRESs require
Met-tRNAi and all canonical initiation factors except eIF4E. The distinguishing feature between Group III and IV is
that IIIs directly position the ribosome at the translational start site, while IVs must undergo 40S scanning before
initiating downstream. Reproduced with permission from (Plank and Kieft, 2012).
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circularized RNA harbouring the EMCV IRES (Chen and Sarnow, 1995). Since the discovery of
these IRESs, they have been found to be encoded in numerous viral genomes and even a subset
of cellular mRNAs (reviewed in (Kieft, 2008; Lacerda et al., 2017; Yamamoto et al., 2017). The
field of cellular IRESs is beyond the scope of this thesis and as such will not be discussed.
Viral IRESs are classified into four groups: I, II, III, or IV (Figure 1.6). Classification is
grounded on the requirements for translation initiation factors and IRES trans-activating factors
(ITAFs), and phylogenetic similarities (Kieft, 2008). The Group I IRESs require Met-tRNAi,
ITAFs, and the full allotment of initiation factors except for eIF4E. These IRES recruit the 43S
PIC to the IRES which then scans the mRNA for the downstream initiation site. The best
described examples of these IRESs are within poliovirus and hepatitis A virus. Group II IRESs
are functionally equivalent to Group I IRESs, with the exception that Group IIIs positon the
initiation complex directly at the translation start site. EMCV and foot-and-mouth disease virus
(FMDV) best exemplify this group of IRESs. Group III IRESs, such as those found in hepatitis C
virus (HCV) and classical swine fever virus (CSFV), bind the 40S ribosomal subunit directly in
conjunction with Met-tRNAi and a small subset of initiation factors (eIF2 and 3). With these
IRESs, the 40S subunit binds and the initiation codon is positioned within the P site of the
ribosome, removing the need for scanning (Pestova et al., 1998). Finally, IRESs belonging to
Group IV have only been described within the Dicistroviridae family of viruses. These IRESs
utilize the most streamlined mechanism known to date as they dispense of the need for all
canonical translation initiation factors and Met-tRNAi. Remarkably, these IRESs directly bind
the ribosome and initiate translation from the ribosomal A site at a non-AUG codon (Figure 1.6;
discussed more in Section 1.6.2.2)(Jan and Sarnow, 2002; Sasaki and Nakashima, 1999, 2000;
Wilson et al., 2000a).
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DNA-based bicistronic constructs are the classical tools for investigating viral or cellular
IRESs. However, the use of these as research tools has been contentious. When using DNAbased constructs, potential IRES elements can contain cryptic promoters or splice sites that
misconstrue experimental results (reviewed in (Kozak, 2003, 2005)). These artefacts can
generate shorter or separate monocistronic RNAs that encode the second cistron, leaving it to be
expressed through cap-dependent translation (Riley et al., 2010). Thus, rigorous control
experiments must be conducted to verify a bona fide IRES element (reviewed in (Thompson,
2012)). To control for these potential pitfalls, Northern blotting or quantitative real-time PCR
can be used to measure levels of each cistron and presence of aberrant transcripts. Additionally,
co-transfecting siRNAs targeting the upstream reporter gene of the bicistronic construct can be
used. A similar reduction in the expression of both cistrons should be observed if the transcript
remains intact. To avoid these potential caveats altogether, an RNA-based reporter system can be
used in place of a DNA-based construct (Thompson, 2012).

1.3.2.2

3’ cap-independent translation elements
Although they are not considered IRES sequences, some viruses encode RNA elements

that initiate translation from the 3’ end of the genome (comprehensively reviewed in (Simon and
Miller, 2013)). Many plant RNA viruses (e.g. Tombusviridae and Luteoviridae) contain
sequences known as 3’ cap-independent translation elements (3’-CITE) in their 3’UTR that take
on different forms as I-shaped, Y-shaped, T-shaped, pseudoknotted structures, or radiating
helices from a central RNA hub. Moreover, in most cases there is a long-distance RNA:RNA
interaction that transfers bound factors at the 3’ end to the 5’ end. Implied by their name, 3’CITEs functionally substitute for the 5’ cap by recruiting translation initiation factors to the 5’
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end of the viral genome, followed by scanning to the initiation codon. The most wellcharacterized CITE is found within Barley yellow dwarf virus (Guo et al., 2001; Wang and
Miller, 1995). This CITE binds to eIF4E and 4G to directly recruit the 43S PIC along with eIF4A
and 4B (Sharma et al., 2015). A long distance RNA:RNA kissing loop interaction then directs
the initiation complex towards the 5’UTR of the viral genome allowing scanning to ensue.
However, the exact mechanism by which 3’CITEs direct ribosomes to the 5’ end of the RNA is
unknown. Although 3’CITEs have only been characterized in plant viruses, it would seem
unlikely that such an efficient 3’ translational mechanism would not be utilized by mRNAs as
well.
Overall, viruses have evolved a plethora of RNA structures to achieve the same goal:
recruitment of ribosomes to the viral RNA for gene expression. Utilizing these unique capindependent mechanisms have been co-opted as research tools for investigating fundamental
biological questions. For example, the streamlined Group IV IRESs have been used to
understand movement of the ribosome in relation to tRNAs (Butcher and Jan, 2016). Studying
these mechanisms will continue to reveal unique viral gene expression strategies and uncover
parallels between canonical and non-canonical translation processes.

1.4

Recoding mechanisms
Genetic decoding, the process of translating genetic material to protein sequences, is not

static, but dynamic. Nature continues to surprise us with unconventional forms of decoding
termed ‘recoding’ (REprogrammed deCODEing). Recoding refers to the active or passive
change to the information stored in an organism’s genetic code on a global (codon
reassignments) or local (codon redefinition) scale. Moreover, recoding extends to translational
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processes with mechanisms that disrupt decoding of nucleotide triplets (e.g. ribosomal
frameshifting and translational bypassing). As this thesis focuses on an unusual viral mechanism
for expanding its genomic capacity it is prudent to review some aspects of recoding. Multiple
recoding mechanisms have been observed in nature (reviewed in (Baranov et al., 2015)),
however, only ribosomal frameshifting and translational bypassing will be discussed here.

1.4.1

Programmed ribosomal frameshifts
Ribosomal frameshifting is an especially common form of viral decoding. As viruses

have limited coding capacities due to constraints on genome size, frameshifting allows for the
expression of multiple proteins giving rise to proteoforms with alternative C-termini and
different functional properties. Often ‘programmed’ ribosomal frameshifts (PRF) occur at
specific sites, implying that the distinct properties or sequences in the mRNA trigger the
frameshift. PRFs occur during the elongation of a ribosome on the mRNA template whereby it is
displaced in the translational reading frame either in the 5’ (-1 frameshift) or 3’ direction (+1
frameshift)(Figure 1.7). Frameshift elements are critical in regulating protein translation in the
life cycle of numerous viruses. Specifically, in retroviruses such as HIV-1, the expression of the
RNA-dependent RNA polymerase is reliant on a frameshift signal in the viral genome (Jacks et
al., 1988a; Jacks et al., 1988b; Jacks and Varmus, 1985). Through a -1 PRF, the upstream Gag
protein is translationally fused to the overlapping downstream Pol sequence generating Gag-Pol
that functions in viral assembly (Brierley and Dos Ramos, 2006). The incidence at which the
frameshifting occurs largely impacts the ratio of viral structural and non-structural proteins: any
deviation from the optimal ratio results in decreased viral loads (Shehu-Xhilaga et al., 2001). Indepth characterization of retroviral and other frameshift elements has helped to define the
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Figure 1.7 Example mechanisms of recoding.
Nucleotide sequences are displayed as horizontal lines signifying three open reading frames. Start codons and stop
codons are depicted as green and red vertical lines, respectively. Canonically translated protein sequences are
displayed as thick purple lines, while non-canonically translated protein sequences are shown as thick orange lines.
The N- and C-termini are labeled. Transitions between reading frames are indicated with a dashed line. Adapted
with permission from (Baranov et al., 2015).
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parameters necessary for -1 PRFs. Each element involves a slippery heptanucleotide motif
X_XXY_YYZ, where X, Y, and Z are three distinct nucleotides, and a stimulator located six to
eight nucleotides downstream that is typically a pseudoknot or hairpin (Brierley et al., 1992; Kim
et al., 1999; Yu et al., 2011).
Programmed ribosomal frameshifts are not restricted to shifts in the ‘minus’ or 5’ end
direction. Plus one (+1) frameshifts have be described in the regulation of cellular mRNAs and
yeast transposable elements. Much like in retroviruses, the yeast Ty1 and Ty3 retrotransposons
generate a Gag-Pol fusion protein that results from a programmed +1 frameshift. Ty1
frameshifting occurs at a CUU_AGG_C sequence that consists of overlapping Leu codons in the
0- and +1-frame. Slippage of the tRNA at the two leucine codons forces the ribosome to shift
into the next frame and continuation of translation occurs after re-pairing of the tRNA with the
+1-frame Leu codon (Belcourt and Farabaugh, 1990). In the case of Ty3, the PRF occurs at the
GCG_AGU_U minimal element and does not involve tRNA slippage. Instead, the presence of a
rare 0-frame serine codon (AGU) causes the ribosome to stall and the P site peptidyl-tRNA
obstructs the neighboring 3’ base, forcing decoding of the +1-frame codon (Farabaugh et al.,
1993).
Frameshifting represents a powerful mechanism for the regulation of gene expression and
to increase the coding capacity of an RNA message. As bioinformatics algorithms are further
refined, frameshifting elements are found to be increasingly widespread throughout viruses and
cellular mRNAs. For example, a -2 PRF element was recently discovered in arteriviruses that
permits the synthesis of an alternative viral nsp 2 protein required for viral replication (Fang et
al., 2012). Frameshifting, however, is not limited to RNA sequence motifs or structures. Recent
reports have demonstrated that viral and cellular proteins can trans-activate PRFs in viral
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genomes (Li et al., 2014b; Napthine et al., 2017; Napthine et al., 2016). During EMCV infection
it was found that there is a temporal increase in frameshifting as infection progresses.
Specifically, the viral protein 2A binds to a stem-loop structure 3’ of the slippage site to induce a
-1 frameshift with efficiency up to 70% (Napthine et al., 2017). Determining the features of RNA
elements and proteins that mechanistically facilitate frameshifting will undoubtedly aid in our
understanding of viral infection and development of new antiviral targets in addition to
answering fundamental questions in translation.

1.4.2

Translational bypass
Perhaps one of the strangest and most unique mechanisms of recoding, translational

bypassing could be thought of as a stochastic +50 frameshift. Unlike ribosomal shunting that is a
form of translation initiation, translational bypass occurs with actively elongating ribosomes.
Discovered in 1988, the most comprehensively described instance of this recoding mechanism
occurs in bacteriophage T4 gene 60 (Huang et al., 1988). Here, ribosomes translate the first 45
codons of gene 60 up to a glycine GGA codon. Fifty percent of the translating ribosomes then
halt at the adjacent stop codon; however, the other half then skips 50 nucleotides (nt)
downstream and resumes translation at a downstream Gly codon (Maldonado and Herr, 1998). In
an incredible case of molecular acrobatics, the peptidyl-tRNAGly disengages from the mRNA at
the stop codon (‘take-off’), the ribosome jumps the 50 nt gap landing at the downstream GGA
codon (the ‘landing site’) where the peptidyl-tRNAGly re-pairs to the mRNA (Herr et al., 1999;
Herr et al., 2000). Translation then continues to create a single polypeptide chain (Figure 1.7).
Extensive analysis both in vitro and in vivo has identified essential requirements and
elements for bypassing to occur in gene 60: (1) the tRNAGly and the matching GGA codons at
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the take-off and landing sites flanking the 50 nt ‘gap’, (2) an upstream nascent peptide signal that
potentially interacts with the ribosomal exit tunnel, (3) a 3’ stem-loop structure (bypassing
tetraloop) that contains the take-off GGA codon and adjacent stop codon, and (4) a ShineDalgarno-like sequence 6 nt upstream of the landing site to ensure proper re-initiation (Herr et
al., 2000). Interestingly, all the determinants for bypassing are specified in the mRNA itself.
Until recently there was no mechanistic understanding of how the ribosome traverses the gap and
resumes translation downstream; however, using single molecule fluorescence resonance energy
transfer methodology, Chen et al. (2015a) discerned movements of the ribosome in relation to
the mRNA that drive bypassing. In this model, as the ribosome approaches the GGA take-off
codon, the tRNAGly is delivered while the 5’ stem-loop of the gene 60 mRNA is refolded. The
ribosome remains in a rotated state after peptide bond formation and the nascent peptide interacts
with the exit tunnel ‘pulling’ on the peptidyl-tRNA. This, combined with the propensity of the
bypassing tetraloop to re-fold, drives the ribosome to slip forward and leads to un-coupled
translocation. This allows the bypassing tetraloop to completely refold and since the 5’ stem-loop
blocks backward movement the ribosome is launched forward. The ribosome then scans forward
looking to resume translation (Chen et al., 2015a).
The complexity and number of sequence elements required for efficient bypassing
detracts from the likelihood of its existence throughout nature. However, recent studies have
identified bypassing elements in bacteriophages of Streptomyces species and in the mitochondria
of the yeast Magnusiomyces capitatus termed ‘byps’ (Lang et al., 2014; Smith et al., 2013).
Despite similarities to gene 60 between features at the primary and secondary structure level,
when byps are expressed in Escherichia coli no bypassing occurs. This may reflect specialized
features of the M. capitatus translational machinery that are necessary for bypassing to occur.
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Whether bypassing elements are functional in other organisms or not remains
unambiguous. However, given these examples it is apparent that recoding is a dynamic process
and investigation into these mechanisms will undoubtedly challenge the ways in which we
interpret genomic sequence and protein-coding information.
1.5

Mechanisms of non-enveloped RNA virus release
Following gene expression and successful host takeover, assembly and release of the

viral particles are the next steps in fulfilling the replicative cycle of viruses. The release of
infectious progeny virions is critical to the transmission to naïve cells as well as between host
organisms. Indeed, viruses utilize a plethora of mechanisms to egress; however, each one
traditionally falls into either a lytic or non-lytic release pathway. As this thesis is focused on nonenveloped RNA viruses, this section will provide a brief overview on the predominant pathways
that these viruses manipulate in the host cell to liberate virions.

1.5.1

Lytic release
Cell lysis is the primary pathway by which non-enveloped viruses exit the host cell. It

consists of a disruption of cellular membranes, leading to cell death and the release of
cytoplasmic compounds into the extracellular milieu. Lysis is actively induced by many viruses
as cells seldom trigger it on their own. In general, the mechanisms of how RNA viruses disrupt
cell membranes and enact lysis is not well understood; however, there exist a few cases for
which a mechanism has been deciphered.
Some eukaryotic lytic viruses utilize specialized proteins, termed viroporins, to induce
membrane permeability and disrupt cellular membrane structures (Carrasco, 1995). Viroporins
are small 60-120 amino acid proteins that contain a highly hydrophobic domain capable of
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forming an amphipathic helix. Insertion into the host membrane leads to oligomerization forming
a hydrophilic pore that functions as channel for ions or small molecules (reviewed in (Nieva et
al., 2012)). As well, some viroporins contain additional hydrophobic regions that interact with
membranes (or a membrane) and may disturb the organization of lipids in the bilayer. The
picornavirus 2B protein serves as a model to study viroporins in non-enveloped viruses. Encoded
by poliovirus and coxsackievirus, 2B oligomerizes as dimers and tetramers in the membrane and
enhances membrane permealibilization (Agirre et al., 2002; van Kuppeveld et al., 2002). In
addition to permeabilizing membranes, 2B functions in intracellular membrane remodeling that
leads to disruption of vesicle and glycoprotein trafficking (Cho et al., 1994; Jackson, 2014).
Alternative methods of lytic release include the use of polyhedral occlusion bodies or
potentially lytic phospholipids. Cypoviruses are dsRNA viruses belonging to the family
reoviridae that infect insects. At late stages during infection, these viruses induce the formation
of crystalline polyhedral structures that embed several thousand viral particles (Coulibaly et al.,
2007). The exact mechanism of how cypoviruses induce lysis upon polyhedral formation is
unclear. The concept of lytic phospholipids has been observed in dsDNA phycodnaviruses that
infect phytoplankton. Phycodnaviruses encode a cluster of biosynthetic genes that are involved
in the synthesis of viral glycosphingolipids which subsequently induce programmed cell death
(Vardi et al., 2009). Sphingolipids, particularly ceramides, serve as potent inducers of apoptosis
in animals and plants (Hannun and Obeid, 1995; Liang et al., 2003). Therefore, since many nonenveloped RNA viruses utilize and interact with host cell lipids/membranes it is tempting to
think that they too manipulate this pathway to trigger viral release (Konan and Sanchez-Felipe,
2014).
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1.5.2

Non-lytic release
Viruses are categorized into enveloped or non-enveloped classes depending on the

presence or absence of a lipid membrane surrounding the capsid. Enveloped viruses escape the
host cell via budding from distinct host cell membranes such as the ER, Golgi, or plasma
membrane (e.g. hepatitis C virus, hantavirus, and influenza virus, respectively). On the other
hand, as discussed in section 1.5.1, non-enveloped viruses have predominantly been thought to
trigger lysis for viral release. However, evidence demonstrating the non-lytic spread of classical
‘naked’ viruses continues to accumulate, challenging this paradigm.
Early observations that non-enveloped viruses could spread through a non-lytic pathway
came from studies examining cell lines persistently infected with poliovirus (Colbere-Garapin et
al., 1989; Lloyd and Bovee, 1993). Consistent with these observations, poliovirus was found to
be released exclusively from the apical surface of polarized intestinal epithelial cells with no
apparent cell lysis. This prompted the authors to hypothesize that poliovirus was released
through a ‘vectorial secretory mechanism’, which was supported by electron micrographs of the
virus associated with vesicles on the apical surface (Tucker et al., 1993). The idea of non-lytic
release of picornaviruses serves as an attractive hypothesis for multiple viruses in this family.
Theiler’s virus spreads from infected neurons to surrounding glial cells in mice harboring
neurons highly resistant to axonal degradation (Roussarie et al., 2007). Coxsackievirus B3
(CVB3) can be transmitted between cells in the presence of neutralizing antibodies (Paloheimo
et al., 2011). Lastly, HAV does not lyse infected cells in tissue culture or in humans like most
picornaviruses (Lemon, 1985). In fact, HAV particles isolated from tissue culture cells exhibited
three distinct buoyant densities after centrifugation suggest that different populations of the virus
could exist (Lemon et al., 1985). Indeed, from the initial observations, HAV, poliovirus, and
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CVB3 have all been found to exit host cells non-lytically by varying mechanisms (Bird et al.,
2014; Chen et al., 2015b; Feng et al., 2013; Jackson et al., 2005).
For some time now, poliovirus has been found to modulate the host autophagy pathways
during infection. Originally it was presumed that this pathway was involved in the re-structuring
of cellular membranes for viral replication. However, knockdowns of critical autophagosomal
components, such as LC3 and ATG12, only modestly decreased intracellular viral loads. In the
same study however, depletion of LC3 or ATG12 led to drastic decreases in extracellular virus
(Jackson et al., 2005). This was followed by the detection of extracellular poliovirus at early time
points during infection (Taylor et al., 2009). It was not until live-cell imaging was combined with
single cell analysis that poliovirus was confirmed to spread to cells through a non-lytic
mechanism dependent on autophagic vesicles (Bird et al., 2014). It was proposed that poliovirus
exits the cell in one of two mechanisms after being engulfed by a double-membraned autophagic
vesicle: (1) the inner membrane degrades and the outer membrane fuses with the plasma
membrane, releasing the virus, or (2) the double-membraned vesicle fuses with the plasma
membrane discharging virions encased in a microvesicle (Bird et al., 2014). Supporting the
second model, poliovirus and CVB3 have been observed to be released from cells in
microvesicles (Chen et al., 2015b; Robinson et al., 2014). Both viruses were found to be released
en bloc in phosphatidylserine-rich vesicles and are infectious in naïve cells contingent on the
viral receptor being present. Multiple copies of viral particles or RNA within a given vesicle is
thought to enhance the infectivity through increasing genetic diversity (Chen et al., 2015b).
Different from its related picornavirus family members, HAV exploits the host exosome
pathway to acquire an envelope and mediate non-lytic release (Figure 1.8)(Feng et al., 2013).
Exosomes are small vesicles (30-100 nm) that are derived from endosomes. They are released by
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Figure 1.8 Exosome biogenesis and HAV hijacking.
(A) Exosomes derive from invagination of an endosomal membrane to form multivesicular bodies (MVBs). MVBs
contain intraluminal vesicles (i.e. exosomes) that hold cargo of ubquitylated cytoplasmic and membrane proteins,
mRNAs, micro RNAs, and metabolites. MVBs by Rab proteins where it fuses with plasma membrane, releasing the
exosomes. After which, exosomes are delivered to recipient cells via direct membrane fusion (1) or receptormediated endocytosis (2). (B) hepatitis A virus (HAV) typically exits the cell in a lytic manner that deems the virus
non-enveloped. However, a subset of virus can commandeer the exosome pathway to acquire an envelope and infect
adjacent cells in the body. This exosome-derived envelope protects the virion from neutralizing antibodies.
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all mammalian cell types and carry active enzymes, mRNAs, and regulatory micro RNAs for
transport to adjacent cells (Figure 1.8). Over the past years, the role of exosomes has become
increasingly evident in viral pathogenesis (reviewed in (Meckes and Raab-Traub, 2011)).
Exosomes are generated after invagination of membrane into the lumen of a late endosome. This
produces a multi-vesicular body (MVB) that is trafficked, with the help of Rab proteins, to the
plasma membrane where it fuses with it, releasing the vesicles into the extracellular milieu. The
most well understood mechanism for biogenesis of the vesicles is through the endosomal sorting
complex required for transport (ESCRT)(reviewed in (Colombo et al., 2014)). Over thirty
proteins that compose four main complexes (ESCRT-0, -I, -II, and -III) work together to
facilitate membrane deformation, cargo recruitment, and vesicle scission (Figure 1.9). ESCRT-0
works to recruit ubiquitylated proteins to the endosomal membrane, while the component HRS
recruits the ESCRT-I complex via TSG101. ESCRT-I and –II act to deform the endosomal
membrane. Finally, ESCRT-III is recruited through ESCRT-II or ALIX and facilitates vesicle
scission. The entire complex is then disassembled and recycled by the AAA-ATPase VPS4
(Figure 1.9)(Colombo et al., 2014). The ESCRT pathway has shown to be important for the life
cycle of numerous viruses. For example, HIV-1 usurps this pathway to aid in viral budding from
the host cell plasma membrane. HIV-1 encodes ‘late’ domains in the viral protein p6. Late
domains are amino acid sequence motifs characterized by P(S/T)XP, YPX1-3L, or PPXY that
enable proteins to bind TSG101 or ALIX (Freed, 2002). The HIV-1 late domain in p6 allows the
virus to bind TSG101 and recruit the ESCRT machinery for budding (Fujii et al., 2007).
Interestingly, HAV encodes two tandem ‘late’ domains in the viral capsid protein VP1.
Disruption of these domains perturbs hijacking of the exosomal pathway and development of
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Figure 1.9 ESCRT-mediated vesicle biogenesis.
Each row of panels represents the perspective of the distinct components of vesicle formation: the membrane,
ESCRT machinery, and cargo. ESCRT-0 initiates the pathway by engaging ubquitylated cargo (i). Clustering of the
cargo following binding of ESCRT-I and –II results in a ESCRT-cargo-enriched zone (ii). ESCRT-II nucleates the
assembly of ESCRT-III which triggers recruitment of de-ubquitylation machinery (iii). The vesicle neck is
constricted and cargo is sequestered through the action of ESCRT-III (iv). Final budding and scission occurs after
ESCRT-III complex disassembly by the AAA-ATPase, VPS4 (v). Reproduced with permission from (Henne et al.,
2011).
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enveloped HAV. Thus, it is presumed that HAV utilizes these domains to bind ALIX and
facilitate sorting into exosomes (Feng et al., 2013).
Why non-enveloped viruses invoke non-lytic release pathways during infection is not
well understood. In the case of HAV, enveloped virions are found to circulate in the blood of
infected patients while naked virions reside in the stool (Feng et al., 2013). It may be that
adopting a biphasic viral lifecycle is evolutionary advantageous. Intrinsic advantages exist to
both enveloped and non-enveloped virions. Envelopes provide a means to readily manipulate the
contents of the lipid shell allowing for flexibility in receptors and evasion of the immune
response. Capsids, on the other hand, offer a robust protein cage that protects against
environmental hazards such as desiccation and detergents. Whatever the reason for evolving the
ability to acquire an envelope, understanding the mechanisms behind viral egress for both
enveloped and non-enveloped viruses is critical for answering fundamental questions and
developing novel antiviral therapies.

1.6

The Dicistrovirdae family of viruses
Originally classified as Picorna-like viruses, the Dicistroviridae are a rapidly expanding

family of (+)ssRNA viruses within the order Picornavirales that infect arthropods. At the time of
writing, Dicistroviridae contains 15 viruses classified into three genera: Cripavirus, Aparavirus,
and Triatovirus (Adams et al., 2017). Classification within each genus is determined through
phylogenetic distances and distinct differences in the intergenic region IRES (discussed more in
Section 1.4.3.2). Notable members of the Dicistroviridae include Cricket paralysis virus (CrPV)
and Drosophila C virus (DCV) both of which infect the genetically amenable Drosophila and
have provided excellent models of virus host interactions in insect cells. The type species, CrPV,
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was first isolated in 1970 from Australian field crickets (Bonning and Miller, 2010; Reinganum,
1970). Consequently, many studies have used CrPV as a model to delineate translational control
mechanisms and antiviral immune mechanisms in insects, such as the RNAi and Imd
(Immunodeficiency) pathways (Sabin et al., 2010). Furthermore, the unique dicistronic
organization of its genome has led to insights into an unprecedented mechanism of translation
initiation. The IGR IRES contains domains that functionally mimic a tRNA to recruit ribosomes
and initiate translation in a factor-independent manner (Costantino et al., 2007; Jan et al., 2003;
Pestova and Hellen, 2003; Pfingsten et al., 2006; Wilson et al., 2000a).
Other members of this family have been linked to the health of beneficial organisms. For
example, Israeli acute paralysis virus (IAPV) and Kashmir bee virus (KBV) have been linked to
the health of honeybees (Cox-Foster et al., 2007b; de Miranda et al., 2010). This is especially
vital for crops reliant on honey bee pollination, which have an estimated worth of US$215 billion
worldwide (Gallai et al., 2009). In addition, as the causative agent of Taura syndrome in panaeid
shrimp, Taura syndrome virus (TSV) has devastated the shrimp farming industry throughout the
Americas (Bonami et al., 1997; Lightner and Redman, 1998). Dicistroviruses can also be
potentially advantageous. Eight of the currently known dicistroviruses are known to be
pathogenic to pests of agricultural or medical importance (i.e. CrPV, ALPV, RhPV, PSIV, HiPV,
HoCV-1, SINV-1, TrV). RhPV, ALPV, and PSIV are all pathogens of phytophagous insects that
are major issues in crop production due to their feeding habits and transmission of plant viruses.
Moreover, the host of TrV is the vector of the protozoan parasite Trypanosoma cruzi, which is
the etiological agent of Chagas disease, afflicting an estimated 8 to 11 million people in Latin
America (Muscio et al., 1987). Due to growing amount of invasive species being introduced into
the United States, dicistroviruses have been considered for use as bio-pesticides. For example,
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the red fire ant, Solenopsis invicta, causes an estimated $5 billion USD in annual costs due to
crop and livestock losses, control measures, and medical treatment of victims. Solenopsis invicta
virus 1, which was identified in a sequence library of S. invicta and with infection rates as high
as 88% in all developmental stages, has been proposed as a potential method to control the
spread of S. invicta (Hashimoto and Valles, 2007; Valles et al., 2004; Valles et al., 2008).
Lastly, dicistroviruses and discistro-like viruses have been identified in metagenomic
surveys in from marine environments, invertebrates, and even the human gut (Culley et al., 2003;
Shi et al., 2016; Victoria et al., 2009). Therefore, dicistroviruses are likely to be ubiquitous and
exist in vast quantities in the environment. Taken together with their impact on economically and
medically important arthropods, understanding their biology is vital.

1.6.1

Characteristics and Genome organization
Genomes in the dicistroviridae are monopartite, linear (+)ssRNA and range from 8 to 10

kb in size. Each genomic RNA copy contains a 5’ viral protein cap (VPg), and a 3’ poly(A) tail
(Figure 1.10)(Bonning and Miller, 2010). The origin of the name for this viral family derives
from its unique dicistronic genome arrangement consisting of two non-overlapping open reading
frames. In addition to having two ORFs, a key distinguishing feature from the picornaviridae
family is the location of structural proteins encoded at the 3’ end of the dicistrovirus genome.
Nonetheless, comparison between the two families reveals significant similarities at the amino
acid level; e.g., in the chymotrypsin-like viral proteases (3C) and the super group type I RNAdependent RNA polymerases.
Distinct IRESs drive translation of each open reading frame. The 5’UTR IRES directs
translation of ORF1, which encodes viral non-structural proteins such as the suppressor of RNA
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Figure 1.10 Genome organization of dicistroviruses.
Displayed is the genome organization of dicistroviruses using CrPV as a model. The genome is capped at the 5’ end
by VPg along with a 3’ poly(A) tail. Translation of the two non-overlapping ORFs is differentially regulated by two
distinct internal ribosome entry sites. The 5’UTR IRES facilitates translation of ORF1, which encodes the viral nonstructural proteins including the suppressor of RNAi (1A), helicase (2C), protease (3C), and RNA-dependent RNA
polymerase (RdRp). Translation of the 3’ proximal ORF is driven by the intergenic region IRES and encodes the
viral structural proteins, VP1 to VP4. In a subset of dicistroviruses, namely the honey bee and fire ant viruses, there
exists a hidden overlapping ORF termed, ORFx.
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Figure 1.11 Morphology and structure of the dicistrovirus virions.
(A) Illustration demonstrating the packing surface of the viral structural proteins VP1, 2, and 3. VP4 is located on
the inner surface of the capsid. (B) Rendered X-ray crystal structure of the full CrPV virion. Surface colour depicts
the distance from the center of the virion. (C) Negative stain electron micrograph of the Triatoma virus. (D) Crosssection of a CrPV pentamer. VP1, 2, 3 and 4 are shown in blue, green, red, and yellow, respectively. The major
interactions are formed by VP1 along the 5-fold axis. The N-terminus of VP3 coils around the axis beneath VP1 to
form a rigid b-cylinder. VP4 forms a disk-like structure beneath VP3 at the interface of the protein shell and encased
viral RNA. All figures are reproduced with permission from (Adams et al., 2017) and (Tate et al., 1999).
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interference (RNAi), RNA helicase, 3C protease, and the RdRp. Interestingly, the arrangement
of this ORF mimics the organization of non-structural proteins in picornaviruses; from N- to Ctermini the order in both families is the superfamily 3 helicase (2C), VPg for priming viral
replication, the 3C protease, and lastly the RdRp. The second open reading frame (ORF2)
encodes viral structural proteins and is translated via the IGR IRES (Bonning and Miller, 2010).
The X-ray crystal structure of CrPV shows that VP1, VP2, and VP3 assemble to form the
characteristic icosahedral capsid while VP4 resides on the inside (Figure 1.11). VP1-3 each have
a jellyroll core composed of eight beta sheets that assemble to form the capsid protomer, similar
to picornaviruses. Sixty copies of each structural protein assemble to form the full viral capsid,
roughly 30 nm in size. VP4 is packaged as a fusion protein with the N-terminus of VP3 and
cleavage of the fusion protein is thought to mature the virion (Tate et al., 1999).
Individual differences in the capsid proteins likely contribute to the wide host and tissue
tropism for dicistroviruses. To date, each dicistrovirus has been found to infect a single order of
host (e.g. Diptera or Hymenoptera), apart from CrPV which can infect over 20 species in 5
different orders (Bonning and Miller, 2010). Recent work examining the tissue tropisms of DCV
and CrPV in a Drosophilia melanogaster host has revealed insights into the pathogenesis of
these viruses. While both viruses infect the midgut, it was discovered that DCV, but not CrPV,
infects the smooth muscles surrounding the crop. This leads to intestinal obstruction,
accumulation of food in the crop of fruit flies, and eventual death of the host (Chtarbanova et al.,
2014). Conversely, CrPV infection of adult flies paralyzes them, eventually leading to death
through starvation or dehydration (Reinganum, 1970).
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1.6.2

Dicistrovirus virus host interactions
Currently there is very limited knowledge on how dicistroviruses usurp the host cell

processes to facilitate infection. In general, the replication of these viruses is thought to occur
much like picornaviruses where the genomic RNA serves as both a template for the synthesis of
viral proteins and RNA replication. The life cycle of dicistroviruses is on the order of hours; for
instance, the CrPV life cycle is 8 to 10 hours in tissue culture cells. How these viruses enter the
host is unclear, as the receptor(s) remains to be determined. However, it was shown that DCV
enters the cell through a vesicular pathway that is dependent on clathrin-mediated endocytosis
(Cherry and Perrimon, 2004). Following entry, the genome uncoats and the RNA is translated
through two distinct IRES elements (discussed in more detail below). Non-structural proteins are
translated first via the 5’UTR IRES and remain constitutively expressed throughout infection
(Khong et al., 2016). These proteins act to facilitate viral replication and disrupt cellular process
such as the antiviral response. Specifically, the CrPV protein 1A has a multifunctional role
during infection. First, it binds to Argonaute 2 and prevents its ability to slice target RNA, thus
inhibiting the antiviral RNAi response in host cells (Nayak et al., 2010b). Secondly, it acts to
inhibit the formation of stress granules (SGs) during replication (Khong and Jan, 2011; Khong et
al., 2017). Stress granules are RNA-protein aggregations that form under times of cellular stress
and exhibit antiviral activity. Rapid shutoff of host translation during CrPV infection through the
dissociation of eIF4G and 4E in addition to eIF2a phosphorylation creates a cellular
environment amenable to SG formation. SGs formed early during infection may sequester
nascent viral RNA or protein that slows replication. Indeed, when SG formation is inhibited prior
to CrPV infection there is an increase in intracellular viral loads (Garrey et al., 2010; Khong et
al., 2017). Akin to picornaviruses, dicistrovirus non-structural proteins facilitate the formation of
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a membranous web structure during infection. The exact mechanism of how this occurs is
unknown although DCV was shown to remodel the Golgi apparatus into viral replication vesicles
in a process that is dependent on the coat protein complex I and fatty acid biosynthesis pathways
of the host cell (Cherry et al., 2006). At roughly three hours post infection, synthesis of the
structural proteins from the IGR IRES begins. Non-structural proteins translated earlier during
infection act to promote the production of structural proteins in supra-molar excess (Khong et al.,
2016). Subsequently, progeny virions are assembled and viral release is presumed to occur
through disruption of the host cell plasma membrane and lysis.

1.6.2.1

The 5’ untranslated region internal ribosome entry site
The dicistrovirus 5’UTR IRESs vary considerably in sequence and size, and to date there

have been very few studies examining the mechanism(s) they use to initiate translation. In vitro
reconstitution experiments with the 5’UTR IRES from RhPV have demonstrated that it has a
complete reliance on eIF2, eIF3, and eIF1 for translational activity. This activity is enhanced
with the addition of eIF1A, eIF4A, and eIF4G. Nevertheless, the exact mechanism remains
undefined as 5’- and 3’-deletions of the UTR still support IRES activity. It has been proposed
that it functions through non-specific binding of initiation factors near the AUG initiation codon
(Terenin et al., 2005). Recently, a report suggested that the 5’UTR IRES from the dicistro-like
Halastavi árva virus (HaIV) may employ a similar mechanism as RhPV. The HaIV 5’UTR IRES
does not rely on structural integrity of the RNA like a typical IRES element. Instead the
ribosome is recruited to an unstructured region flanking the AUG start codon of the IRES where
it undergoes retrograde scanning before initiating translation (Abaeva et al., 2016). In this case,
eIF2 and eIF3 are essential for IRES activity while it is enhanced in the presence of eIF1 and
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eIF1A. Interestingly, both RhPV and HaIV utilize unstructured sequences proximal to the
initiation codon to recruit the ribosome and demonstrate cross-kingdom activity (Abaeva et al.,
2016; Royall et al., 2004; Woolaway et al., 2001). This suggests that this mode of translation
initiation may be conserved throughout discistroviruses.
Challenging this hypothesis, the CrPV 5’UTR IRES was revealed to be highly structured,
have a defined element, and resembles a Group III IRES (Figure 1.6 )(Gross et al., 2017). Using
SHAPE (selective 2’ hydroxyl analysis by primer extension), the CrPV 5’UTR was found to be
comprised of three distinct domains. Domain I precedes the IRES element and is dispensable for
translational activity: it is proposed that the stem loop structures in this region may be involved
in replication of the viral RNA or in assembly of the viral capsid. Conversely, Domains II and III
are essential for IRES activity and are arranged into several hairpins with three- and four-way
junctions, in addition to a pseudoknot structure. These elements recruit both the ribosome and
eIF3 to direct translation initiation at the cognate viral AUG codon without any scanning akin to
the HCV IRES (Gross et al., 2017). Additionally, both the HCV IRES and CrPV 5’UTR IRES
require the auxiliary ribosomal protein RACK1 (Receptor of Activated Protein C Kinase 1) for
function; further supporting the notion that the CrPV 5’UTR IRES falls into the Group III class
(Majzoub et al., 2014).

1.6.2.2

The intergenic region internal ribosome entry site
As one of the most well studied and arguably simplest IRES, the IGR IRES has provided

a wealth of insights into not only fundamental viral translation strategies but also into general
translation mechanisms such as ribosome-tRNA functions and ribosome reading frame selection
(Butcher and Jan, 2016). The IGR IRES is ~190 nucleotides in length, is highly structured with

45

Figure 1.12 The Dicistroviridae intergenic region internal ribosome entry site.
(A) The secondary structure of Type I and Type II IGR IRESs from CrPV (left) and IAPV (right) as determined by
empirical data. Type II IRESs harbor two additional stem-loops (SLIII and SLVI), a larger L1.1 loop, and lack a
‘shoulder’ between SLIV and PKII. Each IRES is modular with PKII and III comprising the ribosome binding
domain, while PKI is involved in ribosome position and reading frame selection. (B) Cryo-EM structure of the CrPV
IGR IRES bound to the yeast Kluyveromyces lactis 80S ribosome solved at 3.7 Å. The IRES spans the entire
ribosome across the A, P, and E sites with PKI (green) occupying the A site, SLIV and V (blue and purple,
respectively) binding the 40S subunit, and L1.1 (yellow) and PKII (red) interacting with the 60S subunit. Inset:
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superposition of the IRES with A, P, and E site tRNAs displaying the location of PKI in the decoding center.
Reproduced with permission from (Fernandez et al., 2014). (C) Comparison of the anticodon:codon-like interactions
of the CrPV PKI to authentic P site tRNA-mRNA interactions. Analogous bases are highlighted in the same colour.
Adapted with permission from (Costantino et al., 2008).

multiple RNA:RNA contacts, and is in general conserved throughout the Dicistroviridae. The
IRES are classified into two subgroups, Type I and Type II, which are best represented by the
CrPV and IAPV IRESs, respectively (Figure 1.12). The main distinguishing features between the
subgroups include a larger L1.1 loop, a lack of ‘shoulder’ in the ribosome-binding domain, and
an extra stem-loop (SLIII) in tRNA-like domain of Type II IRESs (Figure 1.12). Nevertheless,
IRESs in each subgroup adopt a similar fold, thus are modular allowing for chimeric IRESs to be
generated (Au and Jan, 2012; Hertz and Thompson, 2011b; Jang and Jan, 2010).
Several biochemical and structural studies employing crystallography and cryo-electron
microscopy have revealed that the IGR IRES is comprised of three pseudoknots (termed PKI, II,
and III) (Fernandez et al., 2014; Pfingsten et al., 2006; Schuler et al., 2006); PKII and PKIII
together form the core ribosome-binding domain that recruits both the 40S and 60S ribosomal
subunits, while PKI acts to position the 80S ribosome at the correct initiation codon (Figures
1.12 and 1.13). The most remarkable aspect of the IGR IRES is that it requires no translation
initiation factors or initiator Met-tRNA to recruit the ribosome and initiate translation from a
non-AUG codon (Figure 1.12) (Jan and Sarnow, 2002; Pestova and Hellen, 2003; Wilson et al.,
2000b). The IGR IRES binds with high affinity to the conserved core of the ribosome and spans
all three tRNA binding sites (A/P/E sites; Figure 1.12). IRES binding to the ribosome promotes a
rotation of the 40S subunit head domain and the formation of latch interactions between helices
18 and 34 of the 18S rRNA near the mRNA channel entrance (Fernandez et al., 2014; Schuler et
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al., 2006; Spahn et al., 2004). In an extraordinary case of molecular mimicry, the PKI domain
adopts a tRNA-like fold to mimic the anticodon stem of a tRNA, thereby enabling access to the
ribosome decoding center (A site; Figure 1.12) (Au et al., 2015; Costantino et al., 2008;
Fernandez et al., 2014; Koh et al., 2014). However, PKI strays from the canonical
codon:anticodon interaction of a tRNA and instead harbours five base-pairing interactions. After
positioning, the IRES undergoes a pseudotranslocation step that involves the movement of the
PKI domain to the P site thereby allowing the delivery of the first aminoacyl-tRNA to the nonAUG codon in the A site, essentially setting the ribosome into an elongation competent state
(Figure 1.13) (Fernandez et al., 2014; Muhs et al., 2015). By mimicking a fundamental step in
the host translation cycle, the dicistrovirus IGR IRESs can entirely bypass the heavily regulated
initiation step of translation. Indeed, the IGR IRES can direct translation in eukaryotes, from
yeast to human, and in prokaryotes, suggesting a universal translation mechanism across
kingdoms (Colussi et al., 2015; Thompson et al., 2001).
How does the IGR IRES manipulate the ribosome? The IGR IRES makes extensive
contacts with the 80S ribosome to recruit both the 40S and 60S subunits. Recruitment of the
ribosomes to the IRES occurs largely through a sequential pathway where the 40S subunit is
assembled prior to 60S subunit joining (Figure 1.13). Although at a significantly lower
frequency, the fully assembled 80S ribosome can be recruited to the IRES in vitro (Petrov et al.,
2016). In canonical eukaryotic translation initiation, it is proposed that the dynamics of the 40S
head play an import role in correctly positioning the initiator Met-tRNA (Aylett et al., 2015;
Llacer et al., 2015). For the CrPV IRES, conformational flexibility of the 40S head is restricted
through insertion of SLIV and SLV in the cleft between the head and body of the 40S subunit
where they make contacts with uS7, uS11, and eS25. This conformation allows PKI to bind
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Figure 1.13 Translation initiation pathway of the IGR IRES.
Beginning at the bottom left, the 40S subunit is bound to the IGR IRES through SLIV and V; restricting the
conformational flexibility of the 40S head. This allows for decoding of PKI and recruitment of the 60S subunit by
binding the L1.1-PKII region. Following this, the binary IRES-80S complexes alternates between canonical and
rotated states with PKI residing in the A site (top; ‘pre-translocated states’). eEF2 binding triggers an additional ~ 3°
rotation of the 40S, forcing the L1 stalk of the 60S subunit into a wider conformation. Domain IV of eEF2 interacts
with PKI forming a translocation intermediate, reminiscent of an A/P site hybrid state. GTP hydrolysis induces
conformational changes in eEF2 and the ribosome. PKI translocates to the P site while the original contacts made by
SLIV and V with 40S are disrupted (bottom; ‘post-translocated state’). Reproduced with permission from (Murray et
al., 2016).
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tightly to the decoding center and mimic interactions that occur during canonical decoding. For
instance, the conserved bases A1755 and A1756 in the 18S rRNA interact with the minor groove
of the PKI codon:anticodon minihelix (Fernandez et al., 2014; Koh et al., 2014; Muhs et al.,
2015; Murray et al., 2016). Despite the striking resemblance to tRNAs, the IRES still maintains
specific contacts in the decoding center. In standard decoding, C1273 of the 18S rRNA interacts
with the wobble base pair in the tRNA anticodon loop. With the CrPV IRES, a rotation about the
glycosidic bond of C1273 allows this nucleotide to engage in tight stacking with the first
nucleotide in the initiation codon of the IRES (Abeyrathne et al., 2016; Murray et al., 2016).
Intriguingly, except for PSIV, all known IGR IRESs have a guanine residue as the first
nucleotide of the initiation codon, suggesting that this base pair may play an important role in
interacting with the 18S rRNA.
Upon recruitment of the 60S subunit, pseudotranslocation ensues (Figure 1.13). The
binary IRES:80S complex oscillates between a canonical and rotated state that is reminiscent of
hybrid state tRNAs (Koh et al., 2014; Muhs et al., 2015; Murray et al., 2016). The rotated state
involves a counter-clockwise rotation of the 40S subunit relative to the 60S along with 40S head
domain swiveling and movement of the L1 stalk. Since the L1.1 loop of the IRES interacts with
the L1 stalk, it couples the IRES to the movements of the ribosome and forces it to adopt
multiple dynamic conformations that are directly dependent on the rotational state of the
ribosome. In the rotated state, eEF2-GTP binds and induces a further ~3-degree rotation of the
40S subunit. This extra rotation is also a feature observed with canonical tRNAs; however, in the
case of the IRES the L1 stalk is pushed to a wider conformation. At this stage, Domain IV of
eEF2 contacts PKI of the IRES and stabilizes it in an intermediate A/P site hybrid state. Delivery
of the first aminoacyl-tRNA only occurs following pseudo-translocation of PKI to the P site. In
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the absence of eEF1A and cognate aminoacyl-tRNA the IRES is vulnerable to a spontaneous
back-translocation event unless it is stabilized by an A site ligand. Following GTP hydrolysis,
there is a conformational change in eEF2 and the ribosome, PKI translocates to the P site, and
the original contacts made by SLIV and SLV with the 40S are broken while interactions with the
L1 stalk are maintained. Once in the P site, interactions of SLIV and SLV with uS7 and eS25 are
restored (where ’u’ and ‘e’ denote universally and eukaryotic conserved ribosomal proteins,
respectively)(Abeyrathne et al., 2016; Ban et al., 2014; Murray et al., 2016). This cycle of
conformational states during rotation of the ribosome continues until the IRES has fully
translocated through the ribosome and elongation ensues.
Generally, the IRES is thought to mechanistically exhibit an ‘inchworm-like’ movement
through this process where it varies from extended (initiation state), to compact (pretranslocation), and back to extended conformations (post-translocation) as it translocates (Figure
1.13)(Abeyrathne et al., 2016). Recent kinetic studies have shed light into the details of this
mechanism (Zhang et al., 2016). They illustrate clearly that the first two cycles of elongation are
retarded compared to subsequent steps due to the slow, rate-determining, pseudo-translocation
and translocation steps. After displacement of the IRES from the ribosome and translocation of
the tripeptidyl-tRNA the pace of peptide synthesis increased substantially (Zhang et al., 2016).
Interestingly, there is slow rate observed on the second elongation cycle after the IRES has
presumably exited the E site of the ribosome. While the consequences of stalling or slowing are
not understood, it may be that this occurrence contributes to positioning of PKI for proper
reading frame selection.
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1.6.2.3

IGR IRES-mediated alternative reading frame selection
As viral genomes are extremely compact with limited sequence space, viruses have

evolved a variety of strategies to expand the coding capacity. Recently, bioinformatic analyses
identified an +1-frame overlapping open reading frame within a subset of dicistrovirus genomes
(Figure 1.10 )(Firth et al., 2009; Sabath et al., 2009). A subset of IGR IRESs have been shown to
facilitate the translation of this +1-frame overlapping ORF, termed ORFx, in addition to
translation in the 0 frame (Au et al., 2015; Ren et al., 2012). Translation of +1-frame ORFx
occurs at ~20% of that of ORF2 in IAPV and initiates through a U:G wobble base-pair directly
adjacent to the IRES translational start site. Specific mutations within the tRNA-like PKI
domain uncouple 0 and +1 frame translation, that is correlated with distinct, subtle
conformations, which may drive reading frame selection (Au et al., 2015; Ren et al., 2014).
Unlike most viral RNA signals that shift reading frames of translating ribosomes, such as -1
frameshift signals in retroviruses and coronaviruses, IGR IRES-mediated 0 and +1 frame
translation represents a novel translation initiation strategy to increase the coding capacity of a
viral genome. Normally, translation is highly accurate and the ribosomal reading frame is
maintained. As the IGR IRES adopts a tRNA-like domain that recruits the ribosome directly and
sets it into a specific reading frame, it provides a unique yet powerful model for not only
elucidating RNA-driven recoding strategies in virus infections but also into fundamental
mechanisms of ribosome reading frame maintenance.

1.6.2.4

Significance of the IGR IRES
While the IGR IRES serves as a powerful model for other viral IRESs, it has also proven

to be an important tool for studying other aspects of translation. Since the IGR IRES bypasses
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the canonical translation initiation process, which would otherwise require at least 9 core
translation factors, the IGR IRES can be exploited in a simple purified system for studying
translation elongation and termination and its initiation factor-independent nature permits
investigations into whether a process is initiation factor-dependent. For example, the use of the
IGR IRES has provided significant insights into miRNA-dependent translational control and
nonsense-mediated mRNA decay (Isken et al., 2008; Petersen et al., 2006). It is anticipated that
IGR IRES translation can be utilized to probe many aspects of translational regulation.
Studies of the IGR IRES mechanism have also provided new insights into ribosome
heterogeneity. As mentioned above, ribosomal protein eS25 interacts with a specific IGR IRES
domain to mediate function (Landry et al., 2009; Muhs et al., 2011). However, it has also been
shown that when other ribosomal proteins are depleted (e.g. eS6) there is a specific block in IGR
IRES-dependent translation but not overall cap-dependent translation, thus hinting that the
ribosome may have specificity for specific mRNAs (i.e. ribosome filter hypothesis) (Cherry et
al., 2005). Indeed, this process extends past IGR IRES translation. Depletion of ribosomal
proteins also affects other viral and cellular IRESs such as the more complex hepatitis C virus
IRES (Landry et al., 2009). In addition to ribosomal proteins, the IGR IRES has also expanded
our understanding of the role of pseuoduridylation (pseudoU), an RNA modification within the
rRNA (Jack et al., 2011). PseudoU of rRNA is highly specific and conserved, however, the exact
biological impact was elusive. Jack et al demonstrated that lack of pseudoU resulted in reduced
ribosome binding to the IGR IRES and a decrease in IGR IRES-mediated but not cap-dependent
translation. These experiments suggest that ribosomes may be heterogeneous in nature and may
be regulated via RNA modification and/or post-translational modification to modulate translation
of specific mRNA. It is likely that the regulatory effects of ribosomal proteins and modifications
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extend beyond IRES-mediated translation, however this has given an initial hint into their
biological roles.
Overall, many different RNA structures have defined functions to facilitate viral
infection. Remarkably, the ~190 nucleotide IGR IRES is an unprecedented minimal RNA
structure that can hijack a 3 MDa molecular machine to facilitate translation and does so without
the need of any additional factors, all while directing translation from two reading frames. The
IGR IRES continues to prove invaluable for understanding mechanisms of viral IRES-dependent
translation initiation as well as serving as a useful research tool. Finally, this IRES truly
highlights the ingenuity and diverse means that viruses have evolved to exploit host processes for
expression of their genomes.

1.7

Thesis investigation
Although dicistroviruses have served as models for studying cellular immune pathways

and the deep understanding that we have of the IGR IRES mechanism, very little is known about
the life cycle of these viruses. Much of our current understanding of various viral elements in
dicistroviruses has been conducted in vitro with very few studies examining the contribution to
in vivo pathogenesis. Thus, in my thesis I look to further elucidate how dicistroviruses usurp
cellular pathways to facilitate the viral life cycle. In Chapter 2, I hypothesized that the 5’UTR of
Cricket paralysis virus is indispensable for viral replication. To examine this, I utilized molecular
biological methods to construct an infectious clone of Cricket paralysis virus, the first of the
dicistroviridae family, and explored the role of a duplicated nucleotide sequence in the 5’UTR in
viral infection. In Chapter 3, I hypothesized that functional and structural regions of the IGR
IRES are critical for successful viral infection. By transferring established in vitro mutants of the
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IGR IRES to the infectious clone developed in Chapter 2, I defined the importance of specific
features in the IGR IRES for CrPV replication. Chapter 4 revolves around the hypothesis that the
CrPV IGR IRES is capable of +1-frame translation and the encoded +1-frame protein is
necessary for viral infection. To this end, I utilized a combination of biochemical techniques to
explore the role of the CrPV protein, ORFx, in viral infection and the mechanism by which it is
translated from the IGR IRES. Finally, in Chapter 5, I hypothesized that extracellular vesicles
promote CrPV infection in Drosophila. Using quantitative proteomics and biochemical methods,
this chapter investigates the release mechanism of CrPV from insect cells. In summary, my thesis
strives to illuminate the different aspects of the CrPV life cycle and its host interactions and
strengthens the understanding of the Dicistroviridae family of viruses.
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Chapter 2: The 5’UTR of a Cricket paralysis virus infectious clone modulates
viral infection
2.1

INTRODUCTION
The Dicistroviridae are a family of non-enveloped, single-stranded RNA viruses that

infect arthropods (Bonning and Miller, 2010). Dicistrovirus genomes range from 8 to 10
kilobases (kb) in size, contain 5’ a viral protein cap (VPg), a 3’ poly(A) tail, and are
characterized by a unique dicistronic genome arrangement. Distinct internal ribosome entry sites
(IRES) drive translation of each open reading frame (ORF). The 5’UTR IRES directs translation
of ORF1, which encodes viral non-structural proteins such as the suppressor of RNA interference
(RNAi), RNA helicase, 3C protease, and the RNA-dependent RNA polymerase (RdRp). The
intergenic region IRES (IGR IRES) facilitates expression of the viral structural proteins (ORF2)
(Bonning and Miller, 2010).
These viruses are of economic and medical importance. Studies have linked a subset of
bee dicistroviruses to the decline in North American honeybee populations and panaeid shrimp
worldwide (Bonami et al., 1997; Cox-Foster et al., 2007b; de Miranda et al., 2010; Lightner and
Redman, 1998). The type species, Cricket paralysis virus (CrPV), was first isolated in 1970 from
Australian field crickets and has a wide host range, including Drosophila melanogaster (Bonning
and Miller, 2010; Reinganum, 1970). Consequently, many studies have used CrPV and other
dicistroviruses as models to delineate translational control mechanisms and antiviral immune
mechanisms in insects, such as the RNAi and Imd (Immunodeficiency) pathways (Sabin et al.,
2010). Furthermore, the unique dicistronic organization of its genome has led to insights into an
unprecedented mechanism of translation initiation. The IGR IRES contains domains that
functionally mimic a tRNA to recruit ribosomes and initiate translation in a factor-independent
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manner (Costantino et al., 2007; Jan et al., 2003; Pestova and Hellen, 2003; Pfingsten et al.,
2006; Wilson et al., 2000a). In general, the 5’UTR IRES of dicistroviruses is not well
understood, however recently the mechanism of the CrPV 5’UTR IRES was shown to be similar
to IRESs in the Type III family, such as the HCV IRES, and that translation is RACK1dependent (Gross et al., 2017; Majzoub et al., 2014).
Despite the importance of dicistroviruses, the molecular mechanism and replication life
cycle during infection are not completely understood. This is primarily due to a lack of an
established infectious clone for any member of the Dicistroviridae family. In vitro transcripts
derived from PCR amplicons of the Black queen cell virus (BQCV) RNA were reported to be
infectious, however cloned infectious cDNA was not obtained (Benjeddou et al., 2002). The
genomic sequence of RhPV was cloned, but it harbored a mutation in its first open reading frame
that prohibited infection (Boyapalle et al., 2008; Pal et al., 2014). Here, we report the generation
of an infectious full-length clone of the CrPV genome, which compared to the published
sequence (Wilson et al., 2000b), contains unique nucleotide changes including a 196-nt
duplication in the 5'UTR. In vitro transcribed RNA of the CrPV clone transfected into
Drosophila S2 cells recapitulates CrPV infection and produces virions that infect and replicate in
Drosophila S2 cells. Furthermore, we demonstrate that the duplication in the 5'UTR is not an
artifact of cloning, but occurs within viral stocks and can stimulate translational activity of the
5'UTR IRES. Using reverse genetics, an infectious clone containing the duplicated element in the
5'UTR is less fit than one containing a single copy of the element in S2 cells. Finally we show
evidence that infection of virus generated by the CrPV infectious clone causes mortality in adult
flies. To our knowledge, this is the first established infectious clone of the Dicistroviridae
family.
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2.2
2.2.1

MATERIALS & METHODS
Cell culture and virus
Drosophila Schneider line 2 (S2) cells were maintained and passaged in Shield’s and

Sang medium (Sigma) supplemented with 10% fetal bovine serum. Kc167 Cells were maintained
in passaged in Sf-900 III medium (Invitrogen) and supplemented with 10% fetal bovine serum.
Propagation of CrPV in Drosophila S2 cells has been previous described (Garrey et al.,
2010). CrPV was isolated from Drosophila S2 cells using an adapted protocol (Krishna et al.,
2003) with cesium chloride (CsCl) gradients. Briefly, S2 cells were infected with CrPV and
incubated for 24 h. Cells were dislodged into the media, treated with 0.5% Igepal CA-630
(Nonidet P-40) and 0.1% 2-mercaptoethanol, and incubated on ice for 10 min. Cell debris was
cleared by centrifugation at 13,800 RCF for 15 min at 4°C. The supernatant was then treated
with RNase A (100 µg/mL) for 30 min at 27°C. Viral particles were then pelleted through a 30%
(w/w) sucrose cushion in VP buffer (50 mM HEPES, 0.1% 2-mercaptoethanol, and 5 mM CaCl2)
by ultracentrifugation at 141,000 RCF for 2.5 h at 11°C. The pellet was resuspended in VP
buffer and added to a 50% CsCl gradient in VP buffer. The gradient was ultracentrifuged at
274,000 RCF for 18 h at 4°C. The viral band was extracted and dialyzed with phosphatebuffered saline (PBS) overnight. Viral titres and yield were performed as previously described
(Garrey et al., 2010).
Virus was inactivated by UV light for 30 minutes on ice with a Stratagene 1800 UV
crosslinker. Lack of cytopathic effects upon infection verified inactivation of the virus.
2.2.2

CrPV cDNA construction
RNA was extracted from CsCl purified CrPV using TRIzol (Invitrogen). The

construction of the full-length infectious clones was generated as follows. First strand CrPV
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cDNA was synthesized through reverse transcription (RT)-PCR using Superscript III Reverse
Transcriptase (Invitrogen) and an Oligo dT primer at 50°C for 2 h (Figure 3A). The CrPV cDNA
was amplified using primers P1 (5’ – GAGGGTACCATGTCTTTTCAACAAAC AAACAAC –
3’ [KpnI site is underlined]) and P3 (5’ – GGAGCTCAGA
AAACAACTATTAATCAAAAACCAAATTG – 3’ [SacI site is underlined]), which introduces
KpnI and SacI sites. The resulting PCR product, which contains the CrPV genome from the
beginning of ORF1 to the end of the 3’UTR, was cloned into pAC5.1/V5 His B (Invitrogen)
using KpnI and SacI sites to create pCrPV-Δ5’UTR (Figure 3A). Amplification of the CrPV
genomic cDNA in its entirety was performed using primers P3 and P2 (5’ GAGGGTACCTTTAATAAGT GTTGTGCAGATTAATCTG – 3’ [KpnI site is underlined]).
To create the full-length clone of CrPV, a KpnI/HindIII fragment from the P2/P3 PCR product
was cloned into the pCrPV-Δ5’UTR using the same restriction sites. The resulting plasmid was
denoted as pCrPV-1 (Figure 3A). A T7 RNA polymerase promoter flanking the 5’ end of the
CrPV genome was incorporated into pCrPV-1 using primer incomplete polymerase extension
(PIPEs; (Klock and Lesley, 2009)) with primers P4 (5’ GAAGATTAATACGACTCACTATAGGGAGATTTAATAAGT GTTGTGCAGATTAATCTG –
3’ [T7 promoter is underlined]) and P5 (5’ –
TCTCCCTATAGTGAGTCGTATTAATCTTCTCTCCCTATAGTGAGTCGTATTAATCTTC – 3’
[T7 promoter is underlined]) to create pCrPV-2 (Figure 3A). Primers P2 and P6 (5 –
TGTAAGCTTTGTTCTTAAGTTCTCTG – ‘3 [HindIII site is underlined]) were used to amplify
the 5’UTR(ΔDup) and part of ORF1 from the 2006 CrPV stocks (Figure 1). This was inserted in
between KpnI and HindII sites of pCrPV-2 to generate pCrPV-3 (Figure 3A). Finally, a T7
promoter was added to pCrPV-3 using primers P4 and P5.

59

Stop codon mutations in either ORF1 or ORF2 of pCrPV-2 (pCrPV-2-ORF1-STOP and
pCrPV-2-ORF2-STOP, respectively) were introduced via PCR-based site-directed mutagenesis.
UAA stop codons were introduced by mutating nucleotides C775T(C971T) and G778T(G974T)
of ORF1 and nucleotide A6232T(A6428T) of ORF2. The numbering of the nucleotides is based
on CrPV-3, with CrPV-2 in parentheses.
2.2.3

Bicistronic and minigenome constructs
For the bicistronic reporter construct, a PCR-derived fragment containing the CrPV or

CrPV-2 5’UTR plus 54 nt of ORF1 was ligated into the EcoRI and NcoI sites of pMC53
upstream of the firefly luciferase open reading frame. Subsequently, the 5’UTR-firefly luciferase
fragment was inserted into EcoRI and XbaI sites of pEJ551 (Wang et al., 2013). For the
minigenome construct, a PCR-derived fragment containing the IGR IRES and a short region of
VP2 (nucleotides 6413-6571) was inserted between EcoRI and NcoI restriction sites in pEJ551.
Subsequently, overlapping PCR was used to insert the CrPV 5’UTR (without the duplication) in
front of Renilla luciferase open reading frame. Lastly, a synthesized CrPV 3’UTR (Integrated
DNA Technologies) was inserted between XbaI and BamHI sites downstream of the firefly
luciferase open reading frame. The resulting plasmid is called pMG-ΔDup. The minigenome
containing the 5'UTR duplicated element was constructed using the Gibson Assembly approach
(New Enlgand Biolabs). The CrPV 5’UTR containing the duplication was amplified using
pCrPV-2 as a template with primers P10 (5’ –
ACGACTCACTATAGGGTTTAATAAGTGTTGTGCAGATTAATC – 3’) and P11 (5’ –
TAAACTTTCGAAGTGATCACATTGTAAGAATCGG – 3’). The minigenome containing the
Renilla Luc-IGR IRES-Firefly Luc-3'UTR was amplified with primers P12 (5’ –
CATGACTTCGAAAGTTTATGATC – 3’) and P13 (5’ –
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CCCTATAGTGAGTCGTATTAAAG – 3’). The CrPV 5’UTR amplicon was mixed with the
minigenome amplicon and incubated for 15 min at 50°C in the Gibson Assembly mix (NEB).
The reaction was transformed into competent E. coli DH5α cells and sequenced to confirm that
the 5'UTR duplication was present.
2.2.4

In vitro transcription and RNA transfection
Purified plasmid was linearized with either Ecl136II (pCrPV-2 and derivatives) or

BamHI (minigenome constructs). RNA was transcribed in a T7 RNA polymerase reaction and
subsequently purified with a RNeasy kit (Qiagen). The integrity and purity of the RNA was
confirmed on a 1.2% denaturing formaldehyde agarose gel.
Transfection of in vitro synthesized RNA into S2 cells was performed using
Lipofectamine 2000 (Invitrogen) as per the manufacturer’s instructions. 3 µg of RNA derived
from either the full-length CrPV clone or its cognate mutants and 1 µg of reporter RNA were
used for transfection using 2.5 x 106 cells.
2.2.5

RT-PCR and Northern blots
Total RNA was isolated from cells using TRIzol reagent. RT-PCR was performed on 5

µg of RNA using Superscript Reverse Transcriptase III (Invitrogen) at 55°C followed by DNase
I treatment for 30 min at 37°C. For reverse transcription of the negative sense CrPV viral RNA,
tagged primer P7 (5’ – CTATGGATCCATGGGAGAAGATCAGCAAAT – 3’ [tag is
underlined]) was used. Primers P8 (5’ – CTATGGATCCATGGGAGAAG – 3’) and P9 (5’ –
GTGGCTGAAATACTATCTCTGG – 3’), were used for PCR amplification of the negative
sense strand of the CrPV genome. The 5’UTR of CrPV was RT-PCR amplified using primers P2
and P14 (5’ – GAGCCATGGCTCAAGGGAGTTGATGTTGTT – 3’ [NcoI site is underlined]).
Diagnostic RT-PCRs of Drosophila C virus (DCV), Drosophila X virus (DXV) or Flock house
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virus (FHV) cDNA was detected using the following primers: DCV genome, P15 (5’ –
TCTGCAGGAGTTCCCGATG – 3’) and P16 (5’ – CAATGCGCTTCCGGAGAC -3’);
Segment B of DXV, P17 (5’ – TGGACATCGAAACAGGGTACAC – 3’) and P18 (5’ –
CCGCGGATAGAGTTTGGTAACC – 3’); FHV RNA1, P19 (5’ –
CGCCAATGATAAGAAACCAAGCG – 3’) and P20 (5’ –
GGTCCACAAATACACGAGACAGG – 3’). Actin was amplified using primers P21 (5’ –
CGACAACGGCTCTGGCATGTGCA – 3’) and P22 (5’ – ACGCAGCTCATTGTAGAAGGTG
– 3’).
Northern blots were performed by loading 5 µg of RNA on a denaturing agarose gel and
subsequently transferred to Zeta-probe blotting membrane (Bio-Rad). DNA probes were
radiolabelled with a DecaLabel DNA labeling kit (Fermentas) and hybridized overnight.
Radioactive bands were detected via phosphoimager analysis (Typhoon; GE Healthcare).
2.2.6

Western blots
Equal amounts of S2 protein lysates (20 µg) were resolved on a 12% SDS-PAGE gel and

then transferred to a polyvinylidene difluoride Immobilon-FL membrane (Millipore).
Membranes were blocked for 30 min at room temperature with 5% skim milk in TBST. Blots
were incubated for 1 h at room temperature with the following antibodies: CrPV ORF1 (raised
against CrPV RdRp) rabbit polyclonal (1:10,000) or CrPV ORF2 (raised against CrPV VP2)
rabbit polyclonal (1:10,000)(Garrey et al., 2010). Membranes were washed 3 times with TBST
and incubated with either IRDye 800CW goat anti-rabbit IgG (1:20,000; LI-COR Biosciences)
or donkey anti-rabbit IgG-horseradish peroxidase (1:20,000; GE Healthcare) for 1 h at room
temperature. An Odyssey imager (LI-COR Biosciences) and enhanced chemiluminescence
(Thermo Scientific) was used for detection.
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2.2.7

Electron microscopy
Negative stained specimens were prepared by adsorbing samples to glow discharged

carbon-coated copper grids and subsequently staining with uranyl formate. A Tecnai Spirit
transmission electron microscope (FEI) operated at an accelerating voltage of 120 kV was used
to examine these specimens. Images were acquired using a 4K x 4K Eagle charge-coupled
device (CCD) camera (FEI) at a nominal magnification of 49,000x.
2.2.8

Transwell assay
S2 cells were transfected with in vitro transcribed viral genomic RNA for 24 h at 25°C.

Untreated cells were seeded onto a coverslip pre-treated with concanavalin A (0.5 mg/mL).
Transfected cells were washed 3 times with PBS and then seeded onto a transwell insert within
the 6-well plate. The coverslips were washed with PBS and treated with 3% paraformaldehyde
for 15 min followed by methanol treatment for 10 min. The cells were washed with PBS and
incubated with anti-ORF2 antibody (1:500 in 5% bovine serum albumin [BSA] in PBS) for 1 h at
room temperature. Cells were washed 3 times with PBS and incubated with goat anti-rabbit
Texas Red IgG (1:200 in 5% BSA in PBS; Invitrogen) for 1 h at room temperature, followed by
0.5 µg/mL Hoechst to stain the nuclei. Slides were imaged using a confocal microscope
(Olympus FV1000 using Olympus Fluoview, version 2.0a) with a 60X oil immersion lens.
Images shown represent a single Z-section and were processed in Photoshop CS6.
2.2.9

In vitro and in vivo translation assays
S2 cell translation extracts were obtained using an adapted protocol (Brasey et al., 2003;

Roy et al., 2004). Briefly, 2.0 x 109 cells were resuspended in PBS and either mock infected or
infected with CrPV (MOI = 10). Cells were then diluted to 1.0 x 107 cells/mL and incubated at
25°C for 6 h. Cells were pelleted (1000 g, 8 min), washed once with PBS, and resuspended in
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hypotonic buffer (10 mM HEPES-KOH [pH 7.4], 10 mM KOAc, 0.5 mM MgOAc, 1 mM DTT)
and subsequently incubated on ice for 5 min. Cells were lysed by extrusion 25 times through a
23-gauge needle. Resulting extracts were adjusted with 50 mM KOAc. Cell debris was cleared
by centrifugation (16,000 RCF 5 min at 4°C) and the supernatant was stored at -80°C.
Bicistronic or minigenome RNA (90 nM) were incubated in either mock-infected or
CrPV-infected S2 cell extracts for 30 min at 30°C. Luciferase activity was measured using a dual
Luciferase assay (Promega). In vitro translation of the full-length viral RNA genome (uncapped)
was performed in Spodoptera frugiperda 21 (Sf-21) cell extract (Promega) in the presence of
[35S]-methionine/cysteine. Reactions were loaded on a SDS-PAGE. Gels were dried and
radioactive bands were monitored by phosphoimager analysis.
For in vivo translation assays, mock- or CrPV-infected S2 cells were incubated with
[35S]-methionine/cysteine for the last 30 minutes of the infection. Equal amounts of lysate (10
µg) were then loaded on a SDS-PAGE. Gels were dried and radioactive bands were monitored
by phosphoimager analysis. For luciferase assays, S2 cells (1.5 x 106 cells) were transfected with
vitro transcribed RNA for 2 h, followed by mock- or CrPV infection (MOI 10) for 6 h. Cells
were harvested and lysed and luciferase activity was measured (Promega) using a microplate
luminometer (Berthold Technologies, Centro LB 960).
2.2.10 Fly stocks and viral injections
Isogenic w1118 flies were maintained on standard cornmeal food at 25°C and 70%
humidity with a 12 h light-dark cycle. Freshly eclosed virgin males and females were separated
and collected in five groups of 10 each. Flies (10 males and 10 females) were injected with 200
nL of PBS, CrPV-2, or CrPV-3 (500 or 5000 FFU) using a Neurophore BH-2 Injection System
(Harvard Apparatus) and transferred to standard food and flipped to fresh food every 3 days.
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2.2.11 Nucleotide sequence accession numbers
The sequences of pCrPV-2 and pCrPV-3 have been deposited in GenBank under
accession numbers KP974706 and KP974707, respectively.
2.3
2.3.1

RESULTS
Selection of a 196-nucleotide element within the CrPV 5’UTR that augments

translation
In general, the mechanism underlying CrPV 5'UTR IRES translation is poorly
understood. To address this, we initially RT-PCR cloned the 5'UTR from CrPV stocks that have
been propagated in our S2 tissue culture cells. Using a CrPV stock from 2006 (CrPV-2006), an
RT-PCR product corresponding to the published predicted size of the CrPV 5’UTR plus 54-nt of
ORF1 (763 nucleotides) was detected (Figure 1A). Interestingly, using a CrPV stock from 2013
(CrPV-2013), RT-PCR analysis detected a band corresponding to the 5’UTR that was larger in
size by roughly 200 bp (Figure 1A). Moreover, a CrPV stock from 2009 (CrPV-2009) produced
a product that is consistent with the size of the 5’UTR of CrPV-2006 as well as a very weak band
consistent with that of the 5’UTR of CrPV-2013 (Figure 1A). Sequencing analysis revealed that
CrPV-2013 acquired a tandem duplication of nucleotides 76-271 (196 nt) in the 5’UTR that was
not previously described in the original CrPV sequence (Figure 1B; NC_003924). As RNA
viruses largely exist as quasispecies (Lauring and Andino, 2010), we surmised that the
duplication in the 5’UTR likely arose due to selection during infection which presumably
increased viral fitness.
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Figure 2.1 RT-PCR and sequence of the CrPV 5’UTR from different viral stocks.
(A) RT-PCR analysis of the CrPV 5'UTRs from cells that were infected with different CrPV stocks from circa (ca.)
2006, 2009, or 2013 for 24 hours. (B) Sequence of the first 500 nucleotides of the 5'UTR from CrPV-2013, which
contains the tandem 196-nt duplication (italics and bolded).
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We next investigated the mechanism by which the 196-nucleotide duplication affects
CrPV infection. As the duplication occurred within a known IRES sequence, we hypothesized
that the duplication may influence the translational activity of the 5’UTR IRES. To address this,
we generated a minigenome reporter construct that encodes Renilla and firefly luciferase genes
in lieu of CrPV ORF1 and ORF2, respectively (Figure 2.2A). Consequently, expression of
Renilla luciferase (RLuc) is driven by the 5’UTR IRES while firefly luciferase (FLuc)
expression is directed by the IGR IRES (Figure 2.2A). In vitro transcribed minigenome RNA
with (5’UTR+Dup) or without (5’UTRΔDup) the 5’UTR duplication was incubated in translation
extracts derived from mock- or CrPV-infected S2 cells and luciferase activities were measured.
In both mock and CrPV-infected cell extracts, the 5’UTR+Dup containing reporter RNA resulted
in greater than 4-fold more Renilla luciferase activity than the 5’UTRΔDup RNA (Figure 2.2B). In
all cases, IGR IRES-mediated translation of the firefly luciferase ORF was similar in mock and
CrPV-infected lysates. To determine whether this effect is similar in vivo, the same minigenome
RNAs were transfected into S2 cells followed by mock or CrPV infection. Cells were harvested
at 6 h post infection and luciferase activities were measured. We previously determined that the
luciferase activities increased linearly from 1-6 h after transfection of the reporter RNAs,
suggesting that the RNA is intact and engaged in translation during this time (Wang et al., 2013).
Similar to the in vitro results, the 5'UTR containing the duplication resulted in higher Renilla
luciferase activity as compared to that without the duplication (Figure 2.2C), indicating that the
duplication within the 5'UTR stimulates translation in the context of the minigenome reporter
RNA.
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Figure 2.2 Translational control mediated by the duplication in the CrPV-2 5’UTR.
(A) Schematics of reporter constructs. Minigenome reporter RNAs (top) contain Renilla and firefly luciferase genes
in lieu of the CrPV ORF1 and ORF2, respectively, but maintain the untranslated regions of the CrPV genome. The
bicistronic reporter RNA (bottom) contain a 5’-m7G cap structure and a 3’-poly(A) tail. Renilla luciferase is
translated via 5'end scanning-dependent translation while firefly luciferase is IRES-dependent. Gray triangles
represent the duplicated sequence element. (B) In vitro translation. in vitro transcribed minigenome RNA containing
the 5'UTR with (5'UTR+Dup) or without (5'UTR-Dup) the 196 bp duplication were incubated in mock- or CrPVinfected S2 cell extracts for 30 min at 30°C. The Renilla and firefly luciferase activities monitor 5'UTR- and IGR
IRES-dependent translation, respectively. Luciferase activity is normalized to the minigenome reporter construct
containing the 5’UTR-Dup. (C) Translational activity in S2 cells. S2 cells, transfected with the indicated
minigenome RNAs for 2 h at 25°C, were either mock- or CrPV-infected (MOI 10) for 6 h. Luciferase activity is
normalized to the minigenome reporter construct containing the 5’UTR-Dup. (D) IRES activity. Bicistronic RNAs
containing either the CrPV 5'UTR+Dup or 5'UTR-Dup 5’UTR or an empty intergenic region were incubated in
mock- or CrPV-infected S2 cell extracts for 30 min at 30°C. Renilla luciferase measures scanning-dependent
translation while firefly luciferase measures IRES-mediated translation. The ratios of firefly to Renilla luciferase
activities were normalized to the IGR IRES activity. Shown are averages from at least three independent
experiments (±S.D.)

The 5'UTR of dicistroviruses has been reported to contain IRES activity (Masoumi et al., 2003;
Shibuya and Nakashima, 2006; Woolaway et al., 2001). To determine whether the duplication
has an effect on IRES translation, we inserted the 5’UTR with (5’UTR+Dup) or without
(5’UTRΔDup) the duplication into the intergenic region of a bicistronic reporter construct (Figure
2.2A). Here, the 5’UTR directs translation of firefly luciferase while Renilla luciferase
translation occurs by a 5’end-dependent scanning mechanism (Wang et al., 2013). In vitro
transcribed bicistronic RNAs were incubated in S2 cell extracts and the ratio of FLuc/RLuc
activities were measured. As shown previously, the IGR IRES directed translation of the
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luciferase ORF as compared to a no IRES control (Figure 2.2D). Translation driven by both the
5’UTR+Dup and 5’UTRΔDup was approximately 20% and 10% of IGR IRES translation in mockand CrPV-infected lysates, respectively (Figure 2.2D), indicating that the duplication within the
5'UTR does not affect IRES activity. This result is in contrast to that observed in the minigenome
reporter RNA where the 5'UTR+Dup stimulated translation compared to the 5'UTR without the
duplication (Figure 2.2B, 2.2C). These results show an important distinction of the location of
the 5'UTR within the reporter RNA and the mechanism of translation via the 5'UTR.
2.3.2

Construction and characterization of a CrPV infectious clone
To determine the role of the 5’UTR duplication during CrPV infection, we constructed an

infectious clone of CrPV with (pCrPV-2) and without (pCrPV-3) the 5’UTR duplication (Figure
2.3A). Viral RNA isolated from pure CrPV virions was used to RT-PCR amplify a partial CrPV
cDNA lacking the 5’UTR using primers P1 and P2. The resulting PCR product was cloned into
the pAC5.1/V5 His B plasmid creating pCrPV-Δ5’UTR with KpnI and SacI restriction sites
flanking the genomic sequence (Figure 2.3A). Attempts to clone the full-length CrPV cDNA
using a primer that hybridizes to the 5’ end of the CrPV genome were unsuccessful. Therefore,
we took advantage of a unique endogenous HindIII site in the CrPV genome in order to construct
a full-length clone. An RT-PCR product of CrPV cDNA that contains the 5'UTR was ligated into
the KpnI-HindIII sites of pCrPV-Δ5’UTR, thus generating pCrPV-1 (Figure 2.3A). A T7 RNA
polymerase promoter was inserted between the KpnI site and the 5’ end of the CrPV genome to
create the construct pCrPV-2 (Figure 2.3A). To construct pCrPV-3, a PCR fragment from CrPV2006 was inserted into the HindIII and KpnI sites of pCrPV-2 (Figure 2.3A).
Propagation of pCrPV-2 and pCrPV-3 plasmids was performed in E. coli DH5α cells at 30°C.
The entire sequence of each CrPV genomic clone was confirmed by sequencing. When grown at
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37°C, all plasmids containing the CrPV genome contained deletions or insertions within the viral
cDNA. Previous reports have shown that clones of viral genomic sequences can be highly
unstable (Khromykh and Westaway, 1994; Lai et al., 1991; Ryan et al., 1989; Sumiyoshi et al.,
1992). This is attributed to the fact that propagation of viral cDNA clones in E. coli can result in
toxic products that prevent cloning efforts or accumulation of mutations in the genomic sequence
causing clones to become defective (Boyer and Haenni, 1994; Li et al., 2011). Accordingly, the
CrPV genome lacking the 5’UTR was stable (pCrPV-Δ5’UTR; Figure 2.3A), however during
propagation of the full-length clone (pCrPV-2 and pCrPV-3; Figure 2.3A) in E. coli DH5α at
37°C it acquired large nucleotide insertions (up to ~1kb) within the genome (data not shown). To
overcome this issue, we found that growth of E. coli cells harboring pCrPV-2, pCrPV-3 or other
clones at 30°C permitted propagation with no apparent aberrations.
Sequence analysis of CrPV-2 and CrPV-3 revealed 34 nucleotide substitutions that differ
from the previously published CrPV sequence (NC_003924; (Wilson et al., 2000b))(Table 2.1).
Of these, 2 nucleotide changes are located in the 5’ and 3’ UTRs and 32 are within ORF1 and
ORF2. No changes were found within the IGR IRES, reflecting the importance of this element
for viral IRES activity. Inspection of ORF1 and ORF2 nucleotide changes revealed that 14 are
synonymous while 19 are non-synonymous (Table 2.1; Figure 2.3B). In addition to the
nucleotide substitutions, insertion and deletion events occurred at 4 positions: nucleotides 3671
(insertion of a G), 3678 (deletion of an A), 5245 (insertion of an A), and 5270 (deletion of a C)
which resulted in an alternative amino acid sequence, but maintained the reading frame (Table
2.1; Figure 2.3B). The numbering refers to the nucleotides within the published CrPV sequence
(NC_003924; (Wilson et al., 2000b)).
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Figure 2.3 Construction and map of the full-length cDNA clones CrPV-2 and CrPV-3.
(A) RNA from CsCl purified CrPV was reverse-transcribed using an oligo-dT primer. Primers P1 and P3 were used
to clone the CrPV genome without the 5’UTR into pAC5.1/V5 His B while primers P2 and P3 containing KpnI and
SacI restriction sites, respectively, were used to amplify the CrPV genome. CrPV contains an endogenous HindIII
site in ORF1. Therefore, to clone the 5’UTR, both the P1+P2 amplicon and pCrPV-Δ5’UTR were digested with
HindII and KpnI. The resulting fragments were ligated together to generate pCrPV-1. A T7 polymerase promoter
was added to pCrPV-1 via primer incomplete polymerase extension (PIPEs) to create pCrPV-2. To create pCrPV-3,
a PCR fragment derived from the 2006 stock of CrPV was inserted into the KpnI and HindIII sites of pCrPV-2
followed by a T7 promoter. (B) Top: Organization of the CrPV-2 and CrPV-3 cDNA genomic sequences showing
all annotated proteins. Arrowheads denote either synonymous (black) or non-synonymous (white) changes that
differ from the published CrPV sequence (NC_003924). Insertion-deletion events are indicated by an asterisk. A
gray triangle depicts the location of the 196-nt duplication in CrPV-2. See Table 1 for specific nucleotide changes.
Bottom: Sequence of the 5’ and 3’ ends of the cloned viral genomes. Nucleotides corresponding to the viral genome
are bolded. Arrows indicate the beginning and end of the in vitro transcript obtained from using T7 polymerase with
Ecl136II-linearized plasmid.

Altogether, the changes within CrPV-2 and CrPV-3 resulted in 31 alterations of the amino acid
sequence, of which 26 occurred in ORF1 and 5 occurred in ORF2 with no differences occurring
in the predicted conserved motifs of the non-structural proteins (Table 2.1; Figure 2.3B). As
mentioned previously, a tandem duplication of nucleotides A76-A271 (196 nt) is present in the
5’UTR of CrPV-2 that is not in CrPV-3 or the previously published CrPV genome (Table 2.1;
Figure 2.3B).
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Table 2.1 Nucleotide and amino acid sequence differences between CrPV-2 and CrPV Sequencesa
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2.3.3

Transfection of in vitro transcribed CrPV-2 and CrPV-3 RNA resembles CrPV

infection
To validate the infectious clones of CrPV, we first determined whether viral proteins are
expressed using in vitro translation in Sf-21 extracts. Incubation of in vitro transcribed RNA
from pCrPV-2 or pCrPV-3 in the presence of [35S]-methionine/cysteine resulted in the
expression of proteins ranging from <25 kDa to >170 kDa (Figure 2.4, lane 4). If unprocessed,
ORF1 and ORF2 polyproteins are 1771 and 895 amino acids in length with predicted molecular
weights of 203.8 and 100.4 kDa, respectively. To determine whether the proteins are translated
from ORF1 or ORF2, we introduced stop codons into the CrPV-2 cDNA. Stop codons at
nucleotides C971T and G974T within ORF1 of CrPV-2 (CrPV-2-ORF1-STOP) should prevent
the synthesis of viral non-structural proteins, including the viral protease, the RNA helicase, and
RNA-dependent RNA polymerase (RdRp). We inserted two stop codons to prevent translational
read-through. Conversely, a stop codon at nucleotide C6428T within ORF2 (CrPV-2-ORF2STOP) should halt synthesis of viral structural proteins. In vitro translation using Sf-21 extracts
demonstrated that the stop codons introduced into ORF1 or ORF2 of CrPV-2 prevented synthesis
of the viral non-structural or structural proteins (Figure 2.4, lanes 5 and 6). Specifically,
compared to reactions containing CrPV-2 or CrPV-3, the CrPV-2-ORF1-STOP resulted in loss
of expression of all proteins except for a protein that migrated at ~110 kDa (Figure 2.4, lanes 4
and 5). Because CrPV-2-ORF1-STOP prevents expression of all ORF1 proteins and in particular
the 3C-like protease, the ~110 kDa protein is presumably the unprocessed ORF2 polyprotein.
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Figure 2.4 CrPV-2 and CrPV-3 RNA produces viral proteins in vitro.
In vitro synthesized RNA from CrPV-2, CrPV-3, CrPV-2-ORF1-STOP, or CrPV-2-ORF2-STOP were incubated in
Sf-21 translation extracts for 2 h at 30°C in the presence of [35S]-methionine/cysteine. Reactions were resolved by
SDS-PAGE and radioactive proteins were visualized by phosphoimager analysis. As a control, lysates from [35S]methionine/cysteine-labeled mock- and CrPV-infected S2 cells were resolved by SDS-PAGE in parallel (lanes 1 and
2). Shown is a representative gel from at least three independent experiments.
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Furthermore, the proteins expressed in reactions containing CrPV-2-ORF2-STOP likely
represents a combination of processed and unprocessed ORF1 proteins (Figure 2.4, lane 6).
Moreover, the lack of expression of proteins at 70 and 35 kDa in the CrPV-2-ORF2-STOP
reactions confirms that these proteins represent ORF2 structural proteins. Importantly, we
annotated the viral proteins expressed in vitro based on [35S]-labeled lysates from CrPV-infected
cells and previous reports showing the migration of CrPV structural proteins (Figure 2.4, lane 2)
(Garrey et al., 2010; Moore et al., 1980; Wilson et al., 2000b). Thus, we conclude that CrPV-2
and CrPV-3 can express all known CrPV proteins in vitro.
We next asked whether CrPV-2 and CrPV-3 are infectious. Transfection of S2 cells with
in vitro transcribed CrPV-2 and CrPV-3 RNA resulted in cytopathic effects (CPE) that include
membrane blebbing, detachment of cells from the substratum, cell clumping and cell lysis at 48 h
post transfection (h.p.t), which are phenotypes also observed in cells infected with CrPV (Figure
2.5A). Northern blot analysis showed CrPV-2 and CrPV-3 viral RNA accumulated over time,
strongly suggesting that the infectious clones can replicate in S2 cells. Interestingly, transfection
of CrPV-3 RNA reproducibly accumulated at an earlier time point than that of CrPV-2 (Figure
2.5B). Furthermore, RT-PCR analysis using tagged primers specific to the negative strand
followed by nested PCR using a primer specific to the primer tag demonstrated that cells
transfected with CrPV-2 or CrPV-3 RNA or infected with CrPV result in synthesis of negative
sense viral RNA at 24 h.p.t (Figure 2.5C). The use of the tagged primer RT-PCR approach was
necessary as the infectious CrPV-2 and CrPV-3 RNA led to false-priming in the RT reaction in
the absence of a primer, thus producing an RT-PCR product (data not shown), which is similar to
that observed for dengue virus, hepatitis C virus, and alphavirus RNA (Gunji, 1993; Peyrefitte et
al., 2003; Plaskon et al., 2009). Finally, expression of both nonstructural (3CD) and structural
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(VP2) viral proteins was detected by immunoblot analysis at 48 h.p.t (Figure 2.5D). In summary,
these results collectively demonstrate that CrPV-2 and CrPV-3 can replicate and produce viral
proteins in S2 cells.
To determine whether replication by the infectious clones is dependent on the synthesis
of viral proteins, we transfected the CrPV-2 stop codon mutant RNAs and assessed the formation
of CPE, viral RNA replication, and viral protein synthesis. As expected, S2 cells transfected with
CrPV-2-ORF1-STOP RNA failed to display CPE as this mutation prevents expression of
nonstructural proteins (Figure 2.4, 2.5A). Interestingly, transfection of CrPV-2-ORF2-STOP
RNA resulted in CPE, suggesting that expression of ORF1 proteins can still induce CPE (Figure
2.5A). To confirm these results, Northern blot analysis showed no accumulation of viral RNA
over time for CrPV-2-ORF1-STOP. However, transfection of the CrPV-2-ORF2-STOP led to a
constant level of viral RNA, presumably due to the ongoing translation of the RdRp within
ORF1 (Figure 2.5B). Accordingly, RT-PCR analysis detected negative sense viral RNAs in
CrPV-2-ORF2-STOP transfected cells (Figure 2.5C). By contrast, CrPV-2-ORF1-STOP RNAtransfected cells produced very low levels of negative strand viral RNA (Figure 2.5C). The faint
negative sense band observed in CrPV-2-ORF1-STOP reactions is likely attributed to the fact
that negative sense RNA is also detected by RT-PCR using in vitro transcribed RNA only as a
template (data not shown). Thus, these results suggest that replication is not occurring in CrPV2-ORF1-STOP transfected cells. Viral non-structural (3CD antibody) and structural proteins
(VP2 antibody) were not detected by Western blot analysis in both CrPV-2-ORF1-STOP and
CrPV-2-ORF2-STOP transfected cells (Figure 2.5D). The observation that the non-structural
protein RdRp (3CD) is absent in CrPV-ORF-2-STOP RNA-transfected cells despite displaying
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Figure 2.5 Transfection of in vitro transcribed CrPV-2 and CrPV-3 RNA in S2 cells.
(A) Phase contrast images of S2 cells mock-transfected, CrPV-infected (MOI 0.4) or transfected with in vitro
transcribed CrPV-2, CrPV-3, CrPV-2-ORF1-STOP, or CrPV-2-ORF2-STOP RNA at 48 h post transfection (h.p.t)
or post infection (h.p.i). (B) Northern blots of CrPV RNA genome from RNA isolated from CrPV-infected S2 cells
or cells transfected with the indicated CrPV genomic RNA. Methylene blue staining of blots are shown below. (C)
RT-PCR analysis of CrPV negative (-) strand synthesis from RNA of cells transfected with the indicated CrPV
genomic RNA or CrPV-infected at 24 h.p.t. Reactions in the presence (+RT) or absence (-RT) of reverse
transcriptase are shown. (D) Western blots of viral 3CD (ORF1) and VP2 (ORF2) from lysates of cells transfected
with the indicated CrPV genomic RNA or CrPV-infected at 48 h.p.t.

negative strand synthesis and CPEs reflects that multiple rounds of infection after transfection
are needed to detect viral proteins whereas RT-PCR analysis is sensitive enough for detection. In
fact, in cells transfected with CrPV-2 or CrPV-3, viral proteins are not detected until 48 h.p.t.
(Figure 2.5D). In summary, transfection of the CrPV-2 and CrPV-3 clones in S2 cells can lead to
CPE, viral negative strand synthesis, and viral protein expression.
2.3.4

S2 cells transfected with CrPV-2 or CrPV-3 RNA produce infectious virions
To determine whether virions are produced, particles were isolated from CrPV-2- or

CrPV-3-transfected S2 cells at 24 h post transfection. Transmission electron microscopy revealed
the presence of virus-like particles in both cases with a diameter of approximately 26 nm and an
icosahedral shape, which is similar to particles isolated from CrPV-infected S2 cells (Figure
2.6A).
To address whether the CrPV-2 and CrPV-3 viral particles produced by cells are infectious, we
employed a two-pronged approach. First, a transwell assay coupled with immunofluorescence
was used to determine if cells transfected with CrPV-2 or CrPV-3 RNA can infect naïve cells.
Transfected or infected cells were seeded on the top of the transwell insert, which overlays naïve
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S2 cells at the bottom of the well. Particles produced by the transfected cells will traverse the
transwell membrane and infect the naïve cells. We monitored infection of naïve cells by
expression of the structural VP2 protein using immunofluorescence analysis. As expected, cells
transfected with CrPV-2 RNA, CrPV-3 RNA, or infected with CrPV displayed VP2 expression
whereas mock-transfected cells or cells transfected with CrPV-2-ORF1-STOP or CrPV-2-ORF2STOP RNA did not (Figure 2.6B). Second, we measured viral titre over time of cells transfected
with CrPV-2 or CrPV-3 RNA (Figure 2.7). As expected, clones containing stop codons in either
ORF1 or ORF2 produced no detectable titre up to 48 h.p.t. By contrast, infectious virions could
be detected as early as 24 h.p.t for cells transfected with CrPV-2 or CrPV-3 RNA. Interestingly,
a significantly higher amount of CrPV-3 was detected than CrPV-2 at both 24 and 48 h.p.t
(Figure 2.7). This may reflect the earlier accumulation of CrPV-3 viral RNA observed previously
by Northern blot analysis (Figure 2.5B). Altogether, these results strongly demonstrate that the
CrPV-2 and CrPV-3 RNA are infectious in S2 cells.
2.3.5

Infection by CrPV-2 and CrPV-3 clones is not dependent on helper viruses
Insect RNA viruses are notoriously difficult to clone as illustrated in a recent review

(Carillo-Tripp et al., 2015). A main challenge is that insect cells lines are commonly persistently
infected with RNA viruses, such as Flock house virus (FHV) and Drosophila X virus (DXV),
which can lead to artifacts in the development of infectious viral clones (Carillo-Tripp et al.,
2015). To determine if CrPV-2 and CrPV-3 can recapitulate infection in the absence of other
viruses, we first tested for the presence of three viruses commonly found in S2 cells lines, DXV,
FHV, and Drosophila C virus (DCV; another dicistrovirus) (Flynt et al., 2009; Huszar and Imler,
2008; Nayak et al., 2010a; Wu et al., 2010).
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Figure 2.6 Transfected CrPV RNA clones produce infectious viral particles.
(A) Negative stain electron micrographs of viral particles purified from CrPV-infected S2 cells (left panel) or from
S2 cells transfected with CrPV-2 or CrPV-3 RNA at 48 h post transfection (right panel). Scale bar represents 100
nm. (B) Transwell assay. S2 cells transfected with the indicated in vitro transcribed CrPV genomic RNA or infected
with CrPV at an MOI of 0.4 for 24 h were seeded on a 0.4 µm transwell insert, which overlay naive S2 cells at the
bottom of the well. Cells were then incubated for 24 or 48 h. Cells were analyzed by indirect immunofluorescence
using an anti-CrPV VP2 (red) and the nuclei stained with DAPI (blue). Shown are representative images from at
least three independent experiments.
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Figure 2.7 S2 Cells transfected with in vitro transcribed CrPV-2 and CrPV-3 RNA accumulate infectious
virions over time.
2.5 x 106 S2 cells were transfected with 3 µg of the indicated in vitro transcribed genomic RNA or infected with
CrPV (MOI 0.4). Titres were measured as described in the Materials and Methods at 3, 12, 24, and 48 h.p.t. Shown
are averages from at least 3 independent experiments (±S.D.). *P < 0.05, **P < 0.005. N.D. = Not detected.
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RT-PCR analysis of S2 cells within our lab (UBC S2 cells) against the DCV genome, DXV
genome segment B, or the FHV genome segment RNA1 tested positive for the presence of DXV
and FHV (Figure 2.8A). By contrast, another Drosophila cell line, Kc167, tested positive for
only DXV while S2 cells from Invitrogen were negative for all three viruses, as previously
reported (Figure 2.8A) (Nayak et al., 2010a). We next tested the capacity for CrPV-2 and CrPV3 to replicate in Kc167 and Invitrogen S2 cells. In both cases, cells transfected with either CrPV2 or CrPV-3 RNA accumulated viral RNA over time as analyzed by Northern blot, albeit the
accumulation was delayed compared to our stock of S2 cells (UBC S2 cells) (Compare Figure
2.5B to 2.8B). Conversely, cells transfected with CrPV-ORF1-STOP RNA did not accumulate
viral RNA over time for either Kc167 or Invitrogen S2 cells (Figure 2.8B). Viral titres of Kc167
and Invitrogen S2 cells transfected with CrPV-2 or CrPV-3 RNA produced infectious virions
(Table 2.2). In agreement with UBC S2 cells, CrPV-3 had a reproducibly higher titre than CrPV2. Taken together, the replication of CrPV-2 and CrPV-3 in S2 cells is not dependent on these
viruses.
2.3.6

CrPV-2 and CrPV-3 virions are infectious in Drosophila melanogaster flies
CrPV can infect Drosophila, which has served as a model system to study virus host

interactions (Costa et al., 2009; Kemp et al., 2013; Nayak et al., 2010a; van Rij et al., 2006;
Wang, 2006). To determine whether CrPV-2 and CrPV-3 is infectious in adult Drosophila other
than in tissue culture cells, we first propagated CrPV-2 and -3 virus after transfection in S2 cells.
We also used CrPV that has been propagated in S2 cells. 5000 fluorescent focus forming units
(FFU) of CrPV, CrPV-2 or CrPV-3, UV-inactivated viruses or PBS were injected
intrathroacically into D. melanogaster (iso-w1118). Mortality was observed in adult flies injected
with CrPV, CrPV-2, and CrPV-3 at two days post-injection (Figure 2.9).
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Figure 2.8 CrPV infectious clones can infect Drosophila S2 cells devoid of Drosophila C virus, Flock house
virus and Drosophila X virus.
(A) Detection of Drosophila C virus (DCV), Flock house virus (FHV) and Drosophila X virus (DXV) by RT-PCR
analysis in UBC S2 cells, Kc167 cells, Invitrogen S2 cells, and S2 cells from DGRC. (B) Northern blots of CrPV
RNA genome from RNA isolated from Kc167 cells and S2 cells from Invitrogen that were transfected with the
indicated CrPV genomic RNA. Methylene blue staining of blots are shown below.
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Table 2.2 Titre of CrPV-2, CrPV-3, and CrPV-ORF1-STOP in Invitrogen S2
cells and Kc167 cells.
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By day 4, all flies injected with either CrPV, CrPV-2, or CrPV-3 succumbed to death, however
those injected with PBS, or UV-inactivated virus survived and remained healthy (Figure 2.9).
These results strongly suggest that like CrPV, CrPV-2 and -3 virions are infectious in adult D.
melanogaster.
2.3.7

The duplication in the 5’UTR of CrPV-2 is stable and reduces viral fitness
The observation that the 5'UTR containing the duplication stimulated translation

prompted us to test the hypothesis that CrPV may have acquired this duplication to influence
viral fitness. Strikingly, cells transfected with CrPV-3 RNA accumulated viral RNA much earlier
and had significantly higher viral titres than those cells transfected with CrPV-2 RNA (Table 2.2;
Figures 2.5B and 2.7). Altogether, the duplication within the 5’UTR of CrPV-2 retarded viral
RNA synthesis and overall production of infectious virions as compared to CrPV-3 despite
having a stimulatory effect on translation.
It is possible that the fitness loss seen in CrPV-2 is due to either a defect in viral RNA
replication, translation, egress, or entry. To determine if the fitness loss is due to a disruption in
the first replication cycle of CrPV, we infected S2 cells with CrPV-2 or CrPV-3 at an MOI of 10
and monitored viral protein and RNA synthesis (Figure 2.10A). Viral protein synthesis was
similar for both CrPV-2 and CrPV-3 as detected by [35S]-met/cys pulse-labeling (Figure 2.10A).
Despite the enhanced translation from the 5’UTR+dup observed with reporter constructs, there
was no visible enhancement in the production of ORF1 proteins during CrPV-2 infection by
immunoblot analysis (Figure 2.10A). Furthermore, there was no detectable difference in RNA
accumulation between CrPV-2 and CrPV-3 as visualized by Northern blot analysis (Figure
2.10A). Altogether this suggests that there is no defect in viral RNA replication or translation
between CrPV-2 and CrPV-3 infections in S2 cells.
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Figure 2.9 Injection of CrPV-2 and CrPV-3 virions into adult Drosophila melanogaster flies.
Virgin Iso w1118 flies (10 males and 10 females) were injected intrathoracically with 5000 FFU of CrPV, CrPV-2,
CrPV-3 or UV inactivated CrPV-2 and CrPV-3 or PBS. Subsequently, flies were flipped onto standard media and
survival was monitored daily. Shown is a representative graph from at least three independent experiments.
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Figure 2.10 The CrPV-2 5’UTR reduces viral fitness.
(A) S2 cells were mock-infected or infected with CrPV-2 or CrPV-3 (MOI 10). Cells were metabolically labeled
with [35S]-methioine/cysteine for the last 30 minutes of infection. Lysates were subjected to SDS-PAGE,
immunoblot or Northern blot analysis. Accumulation of viral RNA was monitored by probing for CrPV RNA
genome. Expression of CrPV ORF1 was assessed by anti-RdRp antibody. (B) S2 cells were infected with CrPV-2 or
CrPV-3 (MOI 1) and viral titres were measured as described in the Materials and Methods at 6, 9, 12, and 24 h.p.i.
**P < 0.005, ***P < 0.0005. Shown are averages from at least 3 independent experiments (±S.D.). (C) RT-PCR
analysis of the CrPV-2 and CrPV-3 5’ UTRs after serial passage in S2 cells. Cells were transfected with either
CrPV-2 or CrPV-3 RNA and virus was harvested (passage 0 [P0]). Cells were then infected at an MOI of 10 and
passaged in S2 cells 5 times (P1 to P5). At each passage, RNA was isolated and subjected to RT-PCR analysis.
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To determine if the phenotype exhibited by CrPV-2 occurs during the subsequent rounds of
infection, we infected cells at a MOI of 1 and measured viral titre over time (Figure 2.10B). At 6
and 9 h.p.i., titres for CrPV-2 and CrPV-3 were not significantly different, however by 12 h.p.i
the titre was reproducibly higher for CrPV-3 than CrPV-2 and continued to generate a log-fold
more virus than CrPV-2 by 24 h.p.i, consistent with previous observations of cells transfected
with CrPV infectious clones (Compare Figures 2.7 and 2.10B). To ensure that the 5’UTR
duplication in CrPV-2 is stable and is not simply lost during the course of infection, we passaged
CrPV-2 and CrPV-3 in S2 cells for 5 passages and performed RT-PCR analysis of the 5’UTR.
Our results showed that the 5’UTR duplication is stable in CrPV-2 and that CrPV-3 does not
gain the duplication during these passages (Figure 2.10C). Overall, we conclude that the
duplication in the 5’UTR of CrPV-2, despite having increased translational activity in the context
of reporter constructs, reduces viral fitness compared to a virus lacking this extra element.
Furthermore, this fitness loss likely does not occur at the replication step of the CrPV life cycle,
but may occur at another step such as viral packaging or entry into uninfected cells.

2.4

DISCUSSION
Despite the identification of several members of the Dicistroviridae family (Leat et al.,

2000; Mari et al., 2002; Moon et al., 1998; Reddy et al., 2013; Reddy et al., 2014; Sasaki et al.,
1998; Wilson et al., 2000b), the establishment of an infectious clone has been elusive (CarilloTripp et al., 2015). In this study, we generated infectious molecular clones of CrPV, termed
CrPV-2 and CrPV-3 (Figure 2.3A). Several lines of evidence support this conclusion:
Transfection of the CrPV-2 or CrPV-3 RNA in Drosophila S2 cells results in (i) cytopathic
effects, (ii) expression of viral nonstructural and structural proteins by Western blot analysis, (iii)
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synthesis of negative strand viral RNA by tagged RT-PCR analysis, (iv) and accumulation of
viral RNA and infectivity over time as detected by Northern blot analysis and viral titres. (v)
Furthermore, particles produced from CrPV-2- and CrPV-3-transfected S2 cells are infectious in
naive cells using a transwell assay and that the (vi) CrPV-2 and CrPV-3 infectious particles
resemble the shape and size of natural CrPV virions by EM. (vii) Importantly, insertion of stop
codons within the viral coding regions of CrPV-2 attenuated virus infectivity. (viii) Finally, both
CrPV-2 and CrPV-3 virions produced from S2 cells are infectious resulting in mortality when
injected into adult Drosophila. In summary, we have conclusively demonstrated the generation
of a robust dicistrovirus molecular clone that can be propagated in Drosophila S2 cells. Given
that many studies use dicistroviruses as a model system, the CrPV-2 and CrPV-3 clones should
provide useful tools to study the life cycle of dicistroviruses and host-virus interactions in
insects.
During infection, RNA viruses largely exist as quasispecies (Lauring and Andino, 2010),
thus the accumulation of nucleotide changes that deviate from the published sequence is not
unexpected. CrPV-2 and CrPV-3 contain several nucleotide changes that likely evolved during
viral propagation in S2 cells (Table 1; Figure 2.3B). None of the changes observed in either
CrPV-2 or CrPV-3 are found in known active sites, although the majority occurs within the viral
RdRp (3D), which may reflect changes in the RdRp for optimal RNA replication in S2 cells.
The most striking difference between CrPV-2 and the published CrPV sequence is the
presence of a 196-nucleotide duplication within the 5’UTR (Table 2.1; Figure 2.3B). How did
this duplication come about within the CrPV 5'UTR? RNA recombination occurs frequently in
some (+) ssRNA viruses during genome replication and can drive viral evolution (Simon-Loriere
and Holmes, 2011). The 5'UTR duplication may have arisen from a template-switching event
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during genome replication, and subsequently selected for as a fitness gain. To our surprise, viral
infectivity of CrPV-2 is reduced, not enhanced, when compared to a clone of CrPV that lacks the
5’UTR duplication (CrPV-3) even though the 5’UTR+Dup stimulates translation (Figures 2.2, 2.7,
2.8B and 2.10B). CrPV-2 produced 1-log fold fewer infectious particles than CrPV-3 upon RNA
transfection and infection at a low MOI, supporting the notion that infection is reduced with the
duplication in the 5’UTR (Figures 2.7 and 2.10B). In transfected S2 cells, CrPV-3 RNA
accumulated earlier than CrPV-2 RNA suggesting that there is a reduction in viral replication
when the duplication is present (Figure 2.5B). Strikingly, in cells that are infected with CrPV-2
at a low MOI, replication appears to halt at 12 h.p.i., which is in contrast to that observed in cells
that are transfected with CrPV-2 RNA where replication is seen up to 48 h.p.t. (Figures 2.7 and
2.10B). The reason for this difference is not clear, however, it may be due to the number of
rounds of infection that have occurred in each experiment. Interestingly, infection at a high MOI
did not produce any observable differences in replication or viral protein synthesis in cells
infected with CrPV-2 or CrPV-3 (Figure 2.10A). Altogether, these results suggest that the ratelimiting step for CrPV-2 replication may occur at viral packaging or entry. A recent report
suggests that the spatial organization of packaging signals within the RNA sequence of ssRNA
viruses is important to ensure efficient capsid assembly (Patel et al., 2015). It is possible that the
duplication in the 5’UTR of CrPV-2 may disrupt the proper binding of capsomers to the viral
RNA thus hindering efficient assembly. Alternatively, entry of some RNA viruses into host cells
is dependent on conformational changes in their capsids and RNA. For example, upon exposure
to acidic pH in the endosome, Rhinovirus capsids undergo a conversion to the porous subviral Aparticle, which is then followed by a conformational change in the RNA and exit of the genome
in the 3’ to 5’ direction into the host cytosol (Harutyunyan et al., 2013; Pickl-Herk et al., 2013).
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The duplication in the 5’UTR of CrPV-2 may impede release by interfering with either RNAprotein or RNA-RNA contacts in the capsid. A recent study examined the structure of the CrPV
5’UTR revealing that it is composed of three domains containing multiple stem-loop and
hairpins with three- and four-way junctions (Gross et al., 2017). While Domains II and III were
required for IRES activity of the 5’UTR, Domain I was dispensable (Gross et al., 2017).
Interestingly, the duplication we observed occurs directly within Domain I. It is possible that this
region may be implicated in replication of the virus or may assist in directing ribosomes to the
core region of the IRES before translation occurs. These hypotheses need to be examined further.
Finally, the 5’UTR of CrPV-2 may simply be the consequence of the founder effect. The viral
population is subjected to bottlenecks (i.e. inoculum size) allowing founder viruses with
suboptimal fitness levels to succeed due to random sampling (Manrubia et al., 2005). This effect
may explain how a low fitness strain of CrPV could emerge over a high fitness strain (e.g. CrPV2 vs CrPV-3).
Viral infection in S2 cells was established by transfecting in vitro transcribed CrPV-2 and
-3 RNA that lacked a 5'-linked VPg and a 3' poly (A) tail, both of which are naturally present on
the CrPV RNA genome (Bonning and Miller, 2010). It is not surprising that CrPV-2 and CrPV-3
RNA can replicate in the absence of these elements as they are also dispensable for replication of
other RNA viruses (Flanegan et al., 1977; Racaniello and Baltimore, 1981). However, the
absence of a 5' linked VPg and a poly(A) tail may explain the delay in viral replication in CrPV
transfected cells compared to infected cells (compare Figures 2.7 and 2.10). It remains to be
investigated if inclusion of these elements to the CrPV infectious clones facilitates infection.
The 5'UTR of CrPV contains an IRES that facilitates the translation of viral nonstructural proteins (Wilson et al., 2000b). Our results showed that the duplication element within
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the CrPV-2 5'UTR stimulated translation only when positioned within the 5'UTR of reporter
mRNAs (Figure 2.2B and 2.2C). This result may not be surprising as it reflects the natural
location of this element within the viral genome. How does the duplication element stimulate
5'UTR translation? In general, the mechanism of translation for the majority of dicistrovirus
5'UTR IRESs is poorly understood. Moreover, the dicistrovirus 5'UTRs vary in length and the
nucleotide sequences are not well conserved (Jan, 2006; Roberts and Groppelli, 2009). The lack
in conservation may be due to the unique translation factor requirements of each dicistrovirus
5'UTR IRES to drive viral translation in their specific host cells. Indeed, not all 5'UTR IRESs
function in all assays: the 5'UTR IRESs of the CrPV and the related dicistroviruses Plautia stali
intestine virus and RhPV can each mediate translation in a subset of species-specific translation
extracts (Groppelli et al., 2007; Shibuya and Nakashima, 2006; Wilson et al., 2000b; Woolaway
et al., 2001). Through reconstitution experiments, the RhPV 5'UTR IRES absolutely requires the
canonical translation factors, eIF1, eIF2 and eIF3, for efficient 48S complex formation and
translation initiation and that this complex is stimulated by eIF1A, eIF4A and eIF4F (Terenin et
al., 2005). It is possible that the enhanced translational activity observed with the CrPV 5'UTR
duplication may be due to either an increase in initiation factor or ribosome recruitment or
modulation in flexibility of its RNA structure in order to facilitate translation, the latter of which
would be in agreement with previous reports that the RhPV 5'UTR is unstructured (Groppelli et
al., 2007; Terenin et al., 2005). However, the enhanced translation observed from the 5’UTR in
the context of the minigenome reporter appears at odds to that observed during infection of
CrPV-2 and CrPV-3 (Figure 2.10A). It is likely that the minigenome reporter mRNAs are not
regulated in the same manner as the viral genome, thus further investigations are needed to
elucidate the role of the duplication in CrPV 5'UTR translation using the infectious clones.
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In conclusion, we have constructed the first infectious clones of a dicistrovirus. The
CrPV clones are infectious to both Drosophila S2 cells and adult flies, thus providing invaluable
tools in dissecting the molecular mechanisms behind the Dicistroviridae life cycle, pathogenesis,
and interactions with the host. Furthermore, the CrPV clones may provide a framework to
develop other dicistrovirus infectious clones that have been difficult to obtain. Our in vitro
system showed that CrPV-2 and CrPV-3 RNA are capable of producing CrPV nonstructural and
structural proteins and that processing of the polyproteins is dependent on ORF1 protein
expression, indicating that the viral 3C protease is active in Sf-21 cell extracts (Figure 2.4)
(Garrey et al., 2010; Moore et al., 1980; Wilson et al., 2000b). Akin to poliovirus, it may be
possible to exploit this in vitro system to investigate CrPV-2 or CrPV-3 replication and assembly
(Barton et al., 1995; Molla et al., 1991). Finally, because CrPV infections have a wide host
range, the infectious clones can be exploited for biological controls such as management of
insect pests and induction of innate immune responses or expression of antiviral proteins in
insects and arthropods.
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Chapter 3: Analysis of CrPV IGR IRES-mediated translation during viral
infection
3.1

INTRODUCTION
Canonical eukaryotic translation initiation is a highly orchestrated series of steps

involving 40S recruitment to the 5'cap, scanning, 80S assembly and initiation at an AUG codon
(Jackson et al., 2010). Twelve core translation factors are required to mediate cap-dependent
translation (Jackson et al., 2010). All viruses utilize the host translation machinery for viral
protein synthesis and some have evolved ingenious strategies to commandeer host ribosomes for
their own benefit. Internal ribosome entry sites (IRESs) are one of the most well studied
translation initiation mechanisms employed by some viruses to facilitate expression of their
genomes. In general, IRESs are structured RNAs that directly recruit the ribosome using a subset
of translation factors, thus providing an advantage during infection when cap-dependent
translation is compromised (Au and Jan, 2014; Plank and Kieft, 2012). IRESs are classified
based on nucleotide and structural conservation as well as mechanism of translation initiation.
The picornavirus IRESs require most of the canonical translation initiation factors and IREStrans-acting factors whereas the hepatitis C virus-like IRESs are streamlined requiring only eIF2
and eIF3 to recruit the ribosome and initiate translation (Pestova et al., 1998; Sweeney et al.,
2014). Extensive biochemical studies and the identification of factors required for IRES
translation have yielded detailed insights into IRES mechanisms. The challenge is to identify the
key steps and factors in IRES translation that impact virus infection.
One of the most well-studied and perhaps simplest IRES to date is within the intergenic
region of the Dicistroviridae. Dicistroviruses are single-stranded positive sense RNA viruses
with genome sizes ranging from 8-10 kb that infect arthropods (Bonning and Miller, 2010).The
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namesake of these viruses stems from their unique dicistronic genome arrangement where each
open reading frame (ORF) is driven by a distinct IRES which allows differential and temporal
regulation of each ORF during infection (Khong et al., 2016; Wilson et al., 2000b). The 5’
untranslated region (5’UTR) IRES directs translation of ORF1, which encodes the viral nonstructural proteins, such as the RNA-dependent RNA polymerase and 3C protease (Figure 1).
Whereas the aforementioned intergenic region IRES (IGR IRES) facilitates translation of the
viral structural proteins encoded in the second ORF (ORF2)(Bonning and Miller, 2010).
Through a unique mechanism, the IGR IRES binds directly to 40S and 80S ribosomes
without the assistance of initiation factors or initiator Met-tRNA and initiates translation from a
non-AUG codon (Sasaki and Nakashima, 2000; Wilson et al., 2000a). Several structural and in
vitro biochemical studies have revealed that the CrPV IGR IRES adopts a structure comprised of
three pseudoknots (termed PKI, II, and III) and two stem-loops (SLIV and SLV)(Costantino et
al., 2008; Fernandez et al., 2014; Jan and Sarnow, 2002; Kanamori and Nakashima, 2001; Muhs
et al., 2015; Muhs et al., 2011; Murray et al., 2016; Pfingsten et al., 2006; Schuler et al., 2006).
Together PKII and PKIII form the ribosome-binding domain, which mediates 40S and 80S
recruitment, and the PKI domain functionally mimics the anticodon stem of a tRNA, which
permits the IGR IRES to first occupy the ribosomal A site (Costantino et al., 2008; Fernandez et
al., 2014; Jan and Sarnow, 2002; Muhs et al., 2015; Pfingsten et al., 2006; Schuler et al., 2006;
Spahn et al., 2004). Upon initial occupancy of the A site by PKI, eukaryotic elongation factor 2
(eEF2) facilitates a pseudo-translocation step that involves movement of the PKI domain to the P
site, leaving the A site clear for delivery of the first aminoacyl-tRNA by eEF1A (Fernandez et
al., 2014; Jan et al., 2003; Pestova and Hellen, 2003). The IRES undergoes a second eEF2mediated translocation event without peptide bond formation; afterwards elongation then
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proceeds (Abeyrathne et al., 2016; Jan et al., 2003; Pestova and Hellen, 2003; Petrov et al., 2016;
Zhang et al., 2016). The tRNA-like anticodon domain of the PKI domain sets the reading frame
for IRES translation as it translocates through the decoding center of the ribosome (Costantino et
al., 2008; Kamoshita et al., 2009; Zhu et al., 2011). The IGR IRES makes specific contacts with
both ribosomal subunits. Stem-loops SLIV and SLV interact with uS7 and eS25 of the 40S
subunit. Biochemical and structural data suggest that that uS7 and eS25 interact with and bridge
both SLV and SLIV, thus these ribosomal proteins may have redundant yet crucial roles in
binding to and positioning of the IGR IRES relative to the 40S subunit (Fernandez et al., 2014;
Landry et al., 2009; Muhs et al., 2011; Nishiyama et al., 2007). In support of these interactions,
IGR IRES translation is abrogated in yeast lacking eS25 (Landry et al., 2009). The conserved
L1.1 loop of the IGR IRES interacts with the L1 stalk of the 60S ribosomal subunit, which is
reminiscent of interactions of the L1 stalk with an E-site deacylated tRNA (Jang et al., 2009;
Pfingsten et al., 2006). The variable loop region (VLR) in the PKI domain, which is reported to
facilitate ribosome positioning and eEF2-mediated pseudotranslocation, interacts with the βhairpin loop of uS7 and helix 23 of 18S rRNA in the E site, suggesting that the VLR has a
stabilizing role as the IRES translocates through the ribosome (Abeyrathne et al., 2016; Au and
Jan, 2012; Ruehle et al., 2015). In addition to the ribosome, the IGR IRES may interact with
eEF2 to facilitate its movement through the ribosome (Ruehle et al., 2015). IGR IRES
recruitment of the ribosome is inhibited by depleting pseudouridylation of rRNA, suggesting that
specific rRNA modifications can affect IRES function (Jack et al., 2011). Altogether, the
contacts with the 80S ribosome allow the IGR IRES to operate as a highly tuned RNA element
that can initiate translation in an unprecedented manner.
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To date, studies on the Dicistroviridae IGR IRES have been limited to in vitro translation
assays, reporter assays in tissue culture cells and orthologous systems (e.g. S. cerevisiae, cell
extracts etc.). In this study, we use a recently developed infectious clone of CrPV, termed CrPV3, which now allows the use of reverse genetics, to probe the IGR IRES mechanism in its native
context(Kerr et al., 2015). Specifically, the physiological significance of well-established
mutations in the IGR IRES is examined in the context of the entire CrPV genome and in CrPVinfected Drosophila cells.
3.2
3.2.1

MATERIALS & METHODS
Cell culture and virus.
Drosophila Schneider line 2 (S2) cells were maintained and passaged in Shield’s and

Sang medium (Sigma) supplemented with 10% fetal bovine serum. Determination of CrPV viral
titres and yield were performed as previously described(Garrey et al., 2010). Briefly, a total of
1.5 x106 S2 cells we incubated with serial dilutions of virus for 30 min, then resuspended in
media, plated into a 96-well plate coated with concavilin A (0.5 mg/mL; Calbiochem) and
incubated at 25°C for 8 h. Cells were then washed with PBS before being fixed with 3%
paraformaldehyde for 15 min followed by methanol for 10 min. The fixed cells were then
incubated with an anti-ORF2 antibody (1:250 dilution in 5% bovine serum albumin in PBS) for 1
h at room temperature. Subsequently, cells were washed three times with PBS and incubated
with a Texas Red IgG anti-rabbit (1:500 dilution in 5% bovine serum albumin in PBS;
Invitrogen) for 1 h at room temperature. Finally, cells were washed with PBS stained with
Hoechst dye (0.5 µg/mL). The amount of infected cells was quantified after plates were analyzed
with a Cellomics Arrayscan HCS instrument. Through serial dilutions of CrPV, the FFU/mL can
be calculated. Each titre is the result of at least three replicate experiments.
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CrPV-3 and mutant viruses were generated from Drosophila S2 cells using an adapted
protocol(Krishna et al., 2003). Briefly, 5.0 x 107 S2 cells were transfected with in vitro
transcribed RNA derived from pCrPV-3 or mutant plasmids and incubated for 48h. Cells were
dislodged into the media, treated with 0.5% Igepal CA-630 (Nonidet P-40) and 0.1% 2mercaptoethanol, and incubated on ice for 10 min. Cell debris was cleared by centrifugation at
13,800 RCF for 15 min at 4°C. Viral particles were then concentrated by ultracentrifugation at
141,000 RCF for 2.5 h at 4°C. The pellet was resuspended in PBS and sterilized through a 0.2
µM filter. All viruses were sequence verified via RT-PCR with primers directed against the
CrPV IGR IRES.
3.2.2

Construction of CrPV-3 mutants.
Deleterious mutations were introduced into the pCrPV-3 clone at nucleotides denoted in

Table 1. A stop codon mutation (UAA) in ORF2 of pCrPV-2 was introduced by mutating
nucleotide A6428T of ORF2(Kerr et al., 2015). The numbering of the nucleotides is based on
CrPV-2 in this case. Note that the only difference between CrPV-2 and CrPV-3 is the presence
of a 196-nt duplication in the 5’UTR that does not affect IGR IRES translation. All plasmids
were fully verified by sequencing to ensure no other mutations were in place.
3.2.3

In vitro transcription and RNA transfection.
Purified pCrPV-3 and derivative plasmids were linearized with Ecl136II. RNA was

transcribed in a T7 RNA polymerase reaction and subsequently purified with a RNeasy kit
(Qiagen). The integrity and purity of the RNA was confirmed on a 1.2% denaturing
formaldehyde agarose gel.
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Transfection of in vitro synthesized RNA into S2 cells was performed using
Lipofectamine 2000 (Invitrogen) as per the manufacturer’s instructions. 3 µg of RNA derived
from either pCrPV-3 or its cognate mutants were used for transfection using 2.5 x 106 cells.
3.2.4

Northern blot analysis.
Total RNA was isolated from cells using TRIzol reagent. Northern blots were performed

by loading 5 µg of RNA on a denaturing agarose gel and subsequently transferred to Zeta-probe
blotting membrane (Bio-Rad). DNA probes were radiolabelled with a DecaLabel DNA labeling
kit (Fermentas) and hybridized overnight. Radioactive bands were detected via phosphoimager
analysis (Storm; GE Healthcare).
3.2.5

Western blots.
Equal amounts of S2 protein lysates (20 µg) were resolved on a 12% SDS-PAGE gel and

then transferred to a polyvinylidene difluoride Immobilon-FL membrane (Millipore).
Membranes were blocked for 30 min at room temperature with 5% skim milk in TBST. Blots
were incubated for 1 h at room temperature with the following antibodies: CrPV ORF1 (raised
against CrPV RdRp) rabbit polyclonal (1:10,000) or CrPV ORF2 (raised against CrPV VP2)
rabbit polyclonal (1:10,000)(Garrey et al., 2010). Membranes were washed 3 times with TBST
and incubated with either IRDye 800CW goat anti-rabbit IgG (1:20,000; LI-COR Biosciences)
for 1 h at room temperature. An Odyssey imager (LI-COR Biosciences) was used for detection.
3.2.6

In vitro and in vivo translation assays.
In vitro translation of the full-length viral RNA genome (uncapped) was performed in

Spodoptera frugiperda 21 (Sf-21) cell extract (Promega) in the presence of [35S]methionine/cysteine. Reactions were loaded on a SDS-PAGE. Gels were dried and radioactive
bands were monitored by phosphoimager analysis.
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For in vivo translation assays, mock- or CrPV-infected S2 cells (MOI 5) were incubated
with [35S]-methionine/cysteine for the last 30 minutes of the infection. Equal amounts of lysate
(10 µg) were then loaded on a SDS-PAGE. Gels were dried and radioactive bands were
monitored by phosphoimager analysis. Gels were quantified using ImageQuant software (GE
Healthcare).
3.3
3.3.1

RESULTS
IGR IRES mutants of CrPV-3 can synthesize ORF2 proteins in Sf-21 extracts
To assess the relevance of IGR IRES translation in CrPV infection, we systematically

introduced a panel of known mutations that affect specific properties of IGR IRES translation
within the CrPV-3 infectious clone (Figure 3.1; Table 3.1). We generated a series of mutations as
follows: (i) nucleotides CC6214-15 to GG (CC6214-15GG), which disrupts PKI base-pairing and
effectively inhibits proper 80S positioning on the IRES (Jan and Sarnow, 2002). (ii) Nucleotides
within the loop of SLIV. The SLIV loop (nucleotides AUUU6111-14) makes contacts with
ribosomal protein uS7 with the head of the 40S subunit. Mutating AUUU6111-14UAAA (mSLIV)
markedly reduces translational activity and is reported to reduce 40S binding (Abeyrathne et al.,
2016; Fernandez et al., 2014; Jan and Sarnow, 2002). (iii) Nucleotides within the loop or helical
stem of SLV were altered. Mutating the loop of SLV (mSLV-L1; CA6142-43GU) or disrupting the
helical stem of SLV (mSLV-S; CAC6148-50GUG]) reduce translational activity of the IGR IRES,
presumably due to loss of interactions with ribosomal protein eS25 (and potentially uS7),
however these mutations on their own largely do not affect 40S binding (Fernandez et al., 2014;
Jan and Sarnow, 2002; Landry et al., 2009; Muhs et al., 2011; Nishiyama et al., 2007). We also
made another mutation (mSLV-L2; GC6144-45CU) within the SLV loop to determine effects on
nucleotide identity in this region. (iv) A single point mutation in the L1.1a loop of the IGR IRES
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Figure 3.1 Secondary structure schematic of the CrPV Intergenic region IRES.
Pseudoknots (PK) I, II, and III as well as stem-loops (SL) IV and V are indicated. The CCU triplet initially occupies
the A site of the 80S ribosome and moves to the P site; translation then initiates at the GCU codon. Numbering
refers to the nucleotide position within the CrPV RNA genome. Black dashes represent helical regions within the
IRES and underlined residues represent the first two amino acids of the viral capsid protein. Dashed grey lines
indicate regions that interact with the ribosome. Mutations generated in this study are depicted.
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Table 3.1 List of mutations generated in the CrPV IGR IRES
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(G6038C; mL1.1a). The G6038C mutation disrupts 60S but not 40S binding (Jang et al., 2009). The
L1.1a domain interacts with the L1 stalk, resembling contacts of an E-site tRNA (Jang et al.,
2009; Pfingsten et al., 2006). (v) Two sets of mutations within the Variable Loop Region (VLR),
A6205 to U (mVLR) and A6205G & AA6208-9GG (VLR(G-rich)), both of which reduce IRES
translation (Au et al., 2015; Ruehle et al., 2015). The mVLR inhibits ribosome positioning
whereas the VLR(G-rich) mutation has been shown to inhibit IRES-mediated translocation (Au
et al., 2015; Ruehle et al., 2015). (vi) Mutations that are predicted to strengthen specific helical
regions of the IGR IRES (UA6190-91GC/UA6212-13GC within PKI (ePKI)) and enhance IRES
activity by ~2 fold using a bicistronic reporter assay in rabbit reticulocyte lysate (RRL)
(unpublished, Chris Jang).
Most structure/function analysis on the IGR IRES was performed using bicistronic
reporter constructs in orthologous systems (e.g. RRL, human and yeast ribosomes)(Fernandez et
al., 2002; Jang and Jan, 2010; Thompson et al., 2001). To determine IGR IRES activity in its
native context, we monitored viral protein synthesis of in vitro transcribed CrPV-3 RNA
incubated in insect Sf-21 translation extracts. We chose to utilize Sf-21 extracts for two main
reasons: 1) these extracts are from the insect order Lepidoptera which have be shown to be
previously susceptible to CrPV infection (Bonning and Miller, 2010; Christian and Scotti, 1998)
and 2) since the IGR IRES interacts with the conserved core of the ribosome, mechanisms
observed between Lepitdoteran or Dipteran ribosomes are likely similar. Incubation of CrPV-3
RNA in the presence of [35S]-cysteine/methionine resulted in the synthesis of viral proteins
ranging from ≤15 kDa to ≥170 kDa, similar to what was observed previously (Kerr et al., 2015).
The amount of translation was quantified by comparing the intensity of ORF2 protein
synthesized to ORF1. Since ORF1 is translated independently from ORF2, the level of ORF1
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translation can be used as a baseline for translation from the viral RNA. Placement of a stop
codon downstream of the IGR IRES completely abolished structural protein synthesis (Figure
3.2)(Kerr et al., 2015). In agreement with in vitro studies, no structural protein synthesis was
detected in mutant CrPV-3 ∆PKI, mL1.1a, mSLV-L1, mSLIV, VLR(G-rich), and a double
mutant mSLIV/mSLV-L1 that contains mutations in both SLIV and SLV loops (Figure 3.2).
mSLV-L2, mSLV-S and mVLR reduced protein synthesis by approximately 40-80% (Figure
3.2). In the case of mSLV-S, this is in agreement with previous in vitro data using compensatory
mutations that the structure of SLV is integral to IRES function (Jan and Sarnow, 2002). For
mVLR, this data suggests that the nucleotide identity of the VLR is important for IRES function
as seen previously in vitro (Ruehle et al., 2015). Furthermore, specific mutations within the SLV
loop (mSLV-L1 vs mSLV-L2) can affect IRES translation distinctly suggesting the nucleotide
identity of the loop region may be important to IRES function. Mutant ePKI, which is reported to
enhance IGR IRES activity in a bicistronic assay in RRL, resulted in an ~90% decrease in
structural proteins synthesis compared to WT CrPV-3. This result demonstrates that the context
of the IRES and/or the type of translation extract system can influence IRES activity. In general,
mutations within the IGR IRES inhibited ORF2 structural protein synthesis in Sf-21 extracts in
the CrPV-3 infectious clone.
3.3.2

IGR IRES perturbations in the CrPV infectious clone still produce viable virus
We next investigated whether these IGR IRES mutations affected viral infectivity. We

transfected equal amounts of in vitro transcribed wild type or mutant CrPV-3 RNA into S2 cells
and monitored cytopathic effects, viral protein expression and viral titres. Transfection of in vitro
synthesized CrPV-3 RNA yielded cytopathic effects (CPE) including membrane blebbing, cell
clumping, and lysis as seen previously (data not shown)(Kerr et al., 2015).
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Figure 3.2 IGR IRES mutants can synthesize viral structural proteins in the context of the CrPV-3 genome.
(A) In vitro synthesized RNA (2 µg) derived from CrPV-3 or the indicated mutant was incubated in Sf-21 extracts
for 2h at 30°C in the presence of [35S]-methionine/cysteine. Extracts were resolved via SDS-PAGE and radioactive
proteins were analyzed by phosphoimager analysis. A mutant containing a STOP codon in ORF2 of CrPV-2 (lane 3)
was used as a control as it does not express structural proteins (see Materials and Methods)(Kerr et al., 2015).
Shown is a representative gel from 3 independent experiments. 3 different batches of in vitro transcribed RNA were
used. bottom: Agarose gel of in vitro transcribed input RNA. A no RNA control is indicated by (-). Arrows indicate
quantified bands. (B) Quantification of structural (ORF2) versus non-structural (ORF1) protein synthesis in Sf-21
extracts. Gels were quantified using ImageQuant. Bands used for quantitation are indicated with arrows in the gel
above. Error bars represent the standard deviation.
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Moreover, RdRP (ORF1) and VP2 (ORF2) proteins were readily detected by immunoblotting
and virus production was observed 48 hours post transfection (Figure 3.3). As shown previously,
introduction of a stop codon downstream of the IGR IRES did not lead to viral protein synthesis
or virus production (ORF2-STOP)(Kerr et al., 2015). Similarly, no viral proteins or viral titre
were detected in S2 cells transfected with mutant CrPV-3 ∆PKI, mL1.1a, VLR(G-rich), or
double mutant mSLIV/mSLV-L (Figure 3.3). However, transfection of mutant CrPV-3 mSLV-S,
mSLV-L, mSLIV, ePKI, eSLV and mVLR resulted in viral protein expression and yielded virus
production to varying extents. Compared to wild-type CrPV-3, viral yield was lower for cells
transfected with mutant CrPV-3 mSLV-S, mSLV-L, ePKI and mVLR (Figure 3.3). In the case
of ePKI, it is possible that increasing the rigidity of PKI by strengthening the base-pairing is not
favorable in this context as the IGR IRES may require innate flexibility in the tRNA-mimicry
region to facilitate IRES translocation. For some mutations such as ΔPKI, mL1.1a, and VLR(Grich), the loss of IRES translation activity correlated with the lack of virus production, thus
demonstrating the importance of these domains in directing IRES translation during virus
infection. Surprisingly, several mutations such as mSLIV, mSLV-S, and mSLV-L1 yielded
robust virus production yet were IRES-translation compromised. For instance, while the
AUUU6111-14 loop sequence of SLIV is absolutely conserved throughout dicistroviruses, strongly
suggesting nucleotide context importance, mutating AUUU to UAAA still yielded similar viral
titres as the wild-type CrPV-3. By contrast, mutant mVLR, which decreased translation in vitro
by only 50% (Figure 3.2), resulted in a 2-log decrease in viral yield (Figure 3.3). This
corroborates the importance of this region of the IRES in viral structural protein synthesis during
infection.
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Figure 3.3 Viruses harboring mutations in the IGR IRES produce viable virus.
(A) Western blot analysis of viral 3CD (ORF1) and VP2 (ORF2) from lysates of cells transfected with the indicated
CrPV genomic RNA at 48 h.p.t. Note that uncropped images are shown in Supplementary Figure S2 (B) Titres of
transfected CrPV IGR IRES mutants. 2.5 x 106 S2 cells were transfected with 3 µg of the indicated in vitro
transcribed genomic RNA. Titres were measured from the cell pellet as described in the Materials and Methods at 48
h.p.t. Shown are averages from at least 3 independent experiments (±S.D.). N.D. = Not detected. (C) Zoomed in
segment from a cryo-EM structure of the 80S ribosome from Kluveromyces lactis bound to the CrPV IGR IRES
(PDB ID 4V92) (Republished from Cell14 licensed under CC by 3.0). SLV of the IRES is coloured in blue while
ribosomal protein eS25 and uS7 are coloured in orange and green, respectively.
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3.3.3

Viable viruses with mutated IGR IRESs are impaired in viral growth at the

translation level
Since mutant CrPV-3 mSLV-S, mSLV-L1 and mSLIV resulted in a productive infection
(Figure 3.3), we next investigated whether the observed reduction in viral loads was due to
diminished viral translational activity or replication. To address this, we infected S2 cells with
wild type CrPV-3 or mutant virus and monitored viral protein synthesis via [35S]-met/cys
metabolic pulse-labeling and viral RNA by Northern blot analysis (Figure 3.4). There was no
observable difference in accumulation of viral RNA between wild type or any of the mutant
viruses suggesting that RNA replication is unaffected (Figure 3.4). However, as early as 4 hours
post-infection there is a noticeable reduction in viral structural protein synthesis when a mutation
is present either in the loop (mSLV-L1) or stem (mSLV-S) of SLV with the latter being more
detrimental, while no reduction is observed with a SLIV mutation (Figure 3.4). These data
corroborated viral titres observed after RNA transfection (Figure 3.3B) and altogether indicate
that IGR IRES-dependent translation is an essential step in promoting virus infection.
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Figure 3.4 Viable viruses with mutated IGR IRESs are impaired in viral growth at the translational level.
S2 cells were mock-infected (-) or infected with CrPV-3 or the indicated mutant (MOI 10). Cells were metabolically
labeled with [35S]-methioine/cysteine for the last 30 minutes of infection. Lysates were subjected to SDS-PAGE and
Northern blot analysis. Accumulation of viral RNA was monitored by probing for the CrPV RNA genome. Shown
are representative gels from three independent experiments.
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3.4

DISCUSSION
Structural and biochemical studies on the dicistrovirus IGR IRES have yielded enormous

insights into the detailed mechanism of IRES-mediated translation, ribosome dynamics, and
decoding. However, all of these studies are in vitro using reconstituted systems and translation
extracts and thus, the context of IGR IRES translation in a virus system was lacking. Here, we
now complement these studies by providing a physiological context of IGR IRES translation in a
virus infection system, thus emphasizing the importance of specific structural elements of the
IRES in its native context. It is possible that in vitro assays are not sensitive enough or only
capture specific properties of these elements on IRES translation and that the full potential are
only observed under more physiological conditions. For example, these RNA elements may
sample more structural conformations under virus infection that allow viral protein synthesis to
occur. Alternatively, there may be functional redundancy in these elements. Although structural
studies indicate that SLIV and SLV interact with distinct regions of the 40S subunit, uS7 and
eS25, biochemical data suggest that eS25 makes contacts with both loop regions of SLV and
SLIV, which may explain how mutations in either stem-loop alone are not sufficient to abolish
viral translation in infected cells, yet when combined can prevent viral protein synthesis and
virus production (Figure 3.3B; see mSLIV/mSLV-L)(Muhs et al., 2011; Nishiyama et al., 2007).
In the case of ePKI, it is possible that increasing the rigidity of PKI by strengthening the basepairing is not favorable in this context as the IGR IRES may require innate flexibility in the
tRNA-mimicry region to facilitate IRES translocation.
For some mutations such as ΔPKI, mL1.1a, and VLR(G-rich), the loss of IRES
translation activity correlated with the lack of virus production, thus demonstrating the
importance of these domains in directing IRES translation during virus infection. Surprisingly,
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several mutations such as mSLIV, mSLV-S, and mSLV-L1 yielded robust virus production yet
were IRES-translation compromised. For instance, while the AUUU6111-14 loop sequence of SLIV
is absolutely conserved throughout dicistroviruses, strongly suggesting nucleotide context
importance, mutating AUUU to UAAA still yielded similar viral titres as the wild-type CrPV-3.
It is possible that it is indeed the structure and not the sequence that is necessary for SLIV
function.
Interestingly, both SLV loops mutants, SLV-L1 and SLV-L2, yielded different results.
Mutating nucleotides CA6142-43 decreased overall viral yield and ORF2 production while
mutating nucleotides GC6144-45 did not have a significant affect despite being within the same
vicinity (Figure 3.3; compare mSLV-L1 and mSLV-L2). Cryo-EM structural data of the CrPV
IGR IRES bound to the 80S ribosome of Kluyveromyces lactis, indicate that nucleotide C6142 of
SLV is in a flipped out orientation that is in close proximity to ribosomal protein uS7, while
nucleotides GC6144-45 face inward into the loop (Figure 3.3C)(Fernandez et al., 2014; Murray et
al., 2016). The position and conformation of C6142 when bound to the ribosome could explain the
discrepancies observed between a detrimental mutation (mSLV-L1) and a mutation with no
apparent affect (mSLV-L2). Alternatively, mutating C6142 to G may potentially lead to an
additional base pair with C6146 in SLV, resulting in a lengthening of the helical stem and a
reduction of the loop to 3 nucleotides, which may be insufficient for eS25 binding. At any rate,
the nucleotide identity of SLV appears to be crucial for IRES function.
Finally, mutations within the VLR have been shown to affect ribosome positioning and
translocation on the IRES (Au and Jan, 2012; Ruehle et al., 2015). Recent cryo-EM studies
reveal that the dynamic and flexible VLR becomes ordered upon the PKI translocation from the
A to P site, resembling a post-translocated ribosome (Abeyrathne et al., 2016; Murray et al.,
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2016). At this state, the VLR interacts with R148 and R157 in b-hairpin of uS7, which resembles
an E-site tRNA anticodon stem loop interaction (Abeyrathne et al., 2016). We show that
mutations in VLR that likely disrupt these key ribosome-IRES interactions had a significant
inhibitory effect on virus production (Figure 3.3), thus further supporting the importance of this
domain in directing viral structural protein synthesis during infection.
Overall, the use of the CrPV infectious clone provides a powerful biological framework
for pinpointing the relevant IGR IRES mechanistic details and this study underpins the
importance of complementing in vitro based approaches with those in a more physiological virus
system.
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Chapter 4: IGR IRES-mediated translation of a +1 overlapping reading
frame enhances CrPV infection in flies
4.1

INTRODUCTION
The ribosome mediates translation involving decoding the open reading frame codon by

codon through delivery of the correct aminoacyl-tRNAs to the ribosomal A site. This
fundamental process occurs with high fidelity for proper gene expression in all species.
However, mechanisms exist that can alter the translational reading frame, thus producing
alternative protein products from a single RNA (Baranov et al., 2015). In general, these
mechanisms termed recoding, involve a specific RNA structure or element that interacts with the
ribosome to cause the translating ribosome to shift reading frame by -1/+1/+2 allowing it to read
through stop codons or bypass sequences and restart translation downstream (Dinman, 2012;
Firth and Brierley, 2012; Jan et al., 2016). Study of these mechanisms has been enlightening;
revealing key ribosome:RNA interactions that alter fundamental processes in the mechanics of
ribosome decoding and reading frame maintenance. Importantly, recoding mechanisms are now
appreciated as important regulatory processes that can impact the fate of protein expression in
cells and virus infections (Au and Jan, 2014). Unlike these recoding mechanisms that involve an
actively translating ribosome, the intergenic internal ribosome entry site (IRES) within a subset
of dicistroviruses has the unusual property to directly recruit the ribosome and initiate translation
from overlapping 0 and +1-frame codons to produce two distinct proteins (Ren et al., 2012).
Here, we report a novel recoding mechanism and translational initiation pathway whereby a
related dicistrovirus IRES directs the ribosome to initiate translation downstream.
In general, the dicistrovirus IGR IRESs are conserved at the structural, but not sequence
level and are classified into two sub-groups (termed Type I and II) based on the presence of
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distinct structural elements; the main distinction comes from a larger L1.1 loop and an additional
stem-loop (SLIII) in Type II IRESs (Jan, 2006; Nakashima and Uchiumi, 2009). SLIII allows for
the PKI domain of Type II IRESs to mimic the global shape of a tRNA in addition to assisting in
reading frame selection and the larger L1.1 region functions to mediate 60S recruitment (Au et
al., 2015; Jang et al., 2009; Pfingsten et al., 2006). The domains of Type I and II IGR IRESs
function similarly to directly recruit 80S ribosomes and initiate translation (Cevallos and
Sarnow, 2005; Hatakeyama et al., 2004; Hertz and Thompson, 2011a; Jang and Jan, 2010).
Recent high resolution cryo-EM structures of the IGR IRES bound to the 80S ribosome have
demonstrated that the IRES initially binds in the A site (Abeyrathne et al., 2016; Fernandez et al.,
2014; Muhs et al., 2015). Movement of the IRES involves an eEF2-dependent pseudotranslocation event where the ribosome rotates up to 10° allowing PKI to move into the P site in
an inchworm-like manner (Abeyrathne et al., 2016). This allows for the non-AUG initiation
codon of the IRES to be presented in the A site for the incoming amino-acyl tRNA. The first
pseudo-translocation event and delivery of the first amino-acyl tRNA are the rate-limiting steps
of initiation on the IGR IRES (Zhang et al., 2016).
Biochemical, phylogenetic, and bioinformatics analyses have demonstrated that a subset
of Type II IGR IRESs are able to direct synthesis of a hidden +1 open reading frame (ORF),
termed ORFx, within ORF2 of the viral genome (Firth et al., 2009; Ren et al., 2012). The
functional role of ORFx during viral infection remains elusive. Extensive mutagenesis of the PKI
domain of the Israeli acute paralysis virus (IAPV) IGR IRES has revealed that 0 and +1 frame
translation can be uncoupled, suggesting that the IGR IRES may adopt specific conformations
that govern the translational reading frame (Au et al., 2015; Ren et al., 2014). Generally, Type I
and II IGR IRESs are thought to operate similarly in mechanism. Specific domains between the
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two types are functionally interchangeable (Jang and Jan, 2010). In the present study, we
investigate the capacity of other IGR IRESs from Dicistroviruses to facilitate +1-frame
translation. We show that the IGR IRES from Cricket paralysis virus (CrPV) can synthesize a 41
amino acid long ORFx protein using an unexpected mechanism that involves IRES-mediated
ribosome bypassing. Furthermore, we provide insight into the role of ORFx during CrPV
infection and show that mutants deficient in ORFx have impaired virulence in adult flies, thus
uncovering a novel viral recoding strategy that is essential for viral pathogenesis.
4.2
4.2.1

MATERIALS & METHODS
Cell culture and virus.
Drosophila Schneider line 2 (S2; Invitrogen) cells were maintained and passaged in

Shield’s and Sang medium (Sigma) supplemented with 10% fetal bovine serum.
Propagation of CrPV in Drosophila S2 cells has been previously described (Garrey et al.,
2010). CrPV-2 and mutant viruses were generated from Drosophila S2 cells using an adapted
protocol (Krishna et al., 2003). Briefly, 5.0 x 107 S2 cells were transfected with in vitro
transcribed RNA derived from pCrPV-3 or mutant plasmids and incubated for 48h. Cells were
dislodged into the media, treated with 0.5% Igepal CA-630 (Nonidet P-40) and 0.1% 2mercaptoethanol, and incubated on ice for 10 min. Cell debris was cleared by centrifugation at
13,800 RCF for 15 min at 4°C. Viral particles were then concentrated by ultracentrifugation at
141,000 RCF for 2.5 h at 4°C. The pellet was resuspended in PBS and sterilized through a 0.2
µM filter. Viral titres and yield were determined as previously described (Kerr et al., 2016). All
viruses were sequence verified via RT-PCR with primers directed against the CrPV IGR IRES.
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4.2.2

Plasmids and bicistronic reporter constructs.
Each IGR IRES with flanking upstream and downstream sequences was cloned between

the EcoRI and the NcoI sites within the intergenic region of pRΔDEF as described (Johannes et
al., 1999). The Firefly luciferase (FLuc) open reading frame was fused in frame to either the 0 or
+1 frame. The sequences that were cloned are as follows: nucleotides 6372–6908 of Israeli acute
paralysis virus (IAPV; NC_009025.1); nucleotides 6741-6969 of Taura syndrome virus (TSV;
NC_003005.1); nucleotides 6860-7243 of Mud crab dicistrovirus (MCDV; HM777507.1);
nucleotides 5974–6372 of Cricket paralysis virus (CrPV; NC_003924.1); nucleotides 6060-6422
of Drosophila C Virus (DCV; NC_001834); nucleotides 5982-6324 of Plautia stali intestine virus
(PSIV; NC_003779.1); nucleotides 151-771 of Big Sloux River virus (BSRV; JF423197.1);
nucleotides 5626-5917 of Black queen cell virus (BQCV; NC_003784.1); nucleotides 34533712 of Aphid lethal paralysis virus (ALPV) strain brookings non-structural polyprotein and
capsid protein precursor (HQ871932.1); nucleotides 6546-7159 of Rhopalosiphum padi virus
(RhPV; NC_001874.1). The PSIV_CrPV chimera contains the nucleotides 5981-6192 of PSIV
and 6217-6371 of Cricket paralysis virus isolate CrPV-2 (KP974706.1)(Kerr et al., 2015).
For CrPV IRES-containing bicistronic constructs, the AUG start codon of the FLuc gene
in the +1 frame was removed by PCR-based site-directed mutagenesis (Stratagene). For the T2Acontaining constructs, the Thosea asigna virus (accession: AF062037) 2A sequence was inserted
in frame preceding the FLuc gene into plasmid pEJ566 between EcoRI and NdeI restriction sites
as described previously (Wang et al., 2013).
Hairpin structure sequences HP1 and HP2 were inserted between the 6th codon AAC and
7th codon AAG of CrPV (+1) frame. The HP1 sequence is 5'-CAGCGTTATCG
GGAACGTCGAAGGGGTACGCCATTGTTCGACCACCGGCTCGAGGGGCCC-3' (ΔG = -
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17.0 kcal/mole). The HP2 sequence is 5'- ACTGCAGCCACAACCGGCCCCAAGCTT
GGGCCGTGGTGGCTGCAG-3' (ΔG = -32.70 kcal/mole).
Other dicistrovirus sequences used for analysis in in Table S1 are: Solenopsis invicta
virus-1 (SINV-1) NC_006559; Kashmir bee virus (KBV) NC_004807; Acute bee paralysis
virus (ABPV) NC_002548; Homalodisca coagulata virus-1 (HoCV-1) NC_008029; Himetobi P
virus (HiPV) NC_003782; Cripavirus NB-1/2011/HUN (Bat guano dicistrovirus) NC_025219.1;
Aphid lethal paralysis virus (ALPV) NC_004365; Aphid lethal paralysis virus strain brookings
(ALPV-brookings) HQ871932; and Triatoma virus (TrV) NC_003783.
The constructs encoding HA-tagged CrPV ORFx were generated as follows. For the Cterminally tagged ORFx-HA, a 3X HA tag was inserted between XbaI and ApaI sites in
pAc5.1/V5-HisB (Thermo). CrPV ORFx (nucleotides 6254-6376) was subsequently cloned inframe using KpnI and XbaI sites. For the N-terminally tagged HA-ORFx a synthesized fragment
of DNA (gBlock; IDT) containing a 3X HA tag followed by the CrPV Orfx sequence was cloned
into the pAc5.1 vector with KpnI and ApaI. All constructs were verified via sequencing.
4.2.3

In vitro transcription and RNA transfection.
pCrPV-2 (Kerr et al., 2015) and derivative plasmids were linearized with Ecl136II. RNA

was transcribed using a T7 RNA polymerase reaction and subsequently purified with a RNeasy
kit (Qiagen). The integrity and purity of the RNA were confirmed on a 1.2% denaturing
formaldehyde agarose gel.
Transfection of in vitro synthesized RNA into S2 cells was performed using
Lipofectamine 2000 (Invitrogen) as per the manufacturer’s instructions. 3 µg of RNA derived
from either pCrPV-2 or its cognate mutants were used for transfection using 2.5 x 106 cells.
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4.2.4

In vitro translation assays.
Plasmids were linearized with BamHI and then purified using QiaQuick Purification

columns (Qiagen). The Sf-21 TnT Coupled Transcription/Translation System was utilized for all
translation assays (Promega). In this system, linearized plasmid is added to the extracts and RNA
is synthesized by T7 RNA polymerase and subsequently translated. Total reaction volume was
10 µL containing: 6.7 µL of Sf-21 cell extract (Promega), 0.3 µL of L-[35S]- methionine/cysteine
(PerkinElmer, >1000 Ci/mmol) and 1 µg linearized plasmid DNA. Each reaction mixture was
incubated at 30°C for 2 hours and then resolved on a 15% SDS-PAGE. Gels were dried and
radioactive bands were monitored via phosphoimager analysis. For quantitation of bands, the
number of methionines and cysteines were accounted for and normalized for each protein. For
T2A containing constructs (Wang et al., 2013), luciferase activity was monitored using a DualLuciferase reporter assay system (Promega) and an Infinite M1000 PRO microplate reader
(Tecan).
4.2.5

Northern blot analysis.
Total RNA was isolated from cells using TRIzol reagent. Equal amounts of RNA were

loaded on a denaturing agarose gel and subsequently transferred to Zeta-probe blotting
membrane (Bio-Rad). DNA probes were radiolabelled with a[P32]-ATP (MP Biomedicals) using
a DecaLabel DNA labeling kit (Fermentas). Probes were incubated with membrane in
hybridizatn buffer (7% SDS, 0.5 M Sodium phosphate, 1 mM EDTA) at 65°C overnight.
Membranes were rinsed with H2O and radioactive bands were detected via phosphoimager
analysis (Storm; GE Healthcare). The DNA probe to detect CrPV RNA was generated by PCR
amplification using primers 5'-TCCTCAAGCCATGTGTATAGGA-3' and 5'GTGGCTGAAATACTATCTCTGG-3'.
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4.2.6

Western blots.
Equal amounts of S2 protein lysates were resolved on a 12% SDS-PAGE gel and then

transferred to a polyvinylidene difluoride Immobilon-FL membrane (Millipore). Membranes
were blocked for 30 min at room temperature with 5% skim milk in TBST (50 mM Tris, 150
mM NaCl, 1% Tween-20, pH 7.4). Blots were incubated for 1 h at room temperature with the
following antibodies: CrPV ORF1 (raised against CrPV RdRp) rabbit polyclonal (1:10,000),
CrPV ORF2 (raised against CrPV VP2) rabbit polyclonal (1:10,000) (Garrey et al., 2010), mouse
anti-tubulin (1:1000; Santa Cruz), mouse anti-KDEL (1:1000; ), or mouse anti-cytochrome C
(1:1000; AbCam). Membranes were washed 3 times with TBST and incubated with either goat
anti-rabbit IgG-HRP (1:20,000; GE Healthcare), goat anti-mouse IgG-HRP (1:5000; Santa
Cruz), IRDye 800CW goat anti-mouse (1:10,000; Li-Cor Biosciences), or IRDye 800CW goat
anti-rabbit (1:20,000; Li-Cor Biosciences) for 1 h at room temperature. An Odyssey imager (LiCor Biosciences) or enhanced chemiluminescence (Thermo) were used for detection.
4.2.7

LC-MS/MS Analysis.
Cell pellets harvested from CrPV-infected cells at 6 hpi were solubilized in 1% sodium

deoxy cholate and 50 mM NH4HCO3. Protein concentrations were determined via BCA assay
(Thermo). Proteins (100 µg) were reduced (2 µg DTT, 37°C, 30 min) and alkylated (5 µg
iodoacetamide, RT, 20 min). Samples were digested with trypsin overnight at room temperature.
Peptides were acidified with 1% TFA to pH <2.5 and the precipitated deoxycholate was removed
via centrifugation. Peptides were desalted and concentrated on C18 STAGE-tips, eluted in 80%
acetonitrile, 0.5% acetic acid, and dried in a vacuum concentrator (Eppendorf)(Rappsilber,
Ishihama, & Mann, 2003). Samples were resuspended in 20% acetonitrile and 0.1% formic acid
before loading on an Agilent 6550 mass spectrometer.
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Data were searched using MaxQuant (v1.5.3.30)(Cox and Mann, 2008). Parameters
included: carbamidomethylated cysteine (fixed), methionine oxidation (variable), glutamine and
asparagine deamidation (variable), and protein N-terminal acetylation (variable); trypsin specific;
maximum 2 missed cleavages; 10 ppm precursor mass tolerance; 0.05 Da fragment mass
tolerance; 1% FDR; +1 to +7 charge states; and common contaminants were included. Both
the Drosophila and CrPV protein databases used were the most recent annotations downloaded
from UniProt (www.uniprot.org).
4.2.8

Subcellular fractionation by differential centrifugation.
3 X 107 S2 cells were transfected with either Drosophila expression vectors (pAc5.1)

containing ORFx-HA or HA-ORFx (pORFx-HA or pHA-ORFx) for 48 h at 25°C (XtremeGene;
Roche). Cells were then collected by centrifugation at 200 RCF for 5 min and washed twice with
ice cold PBS. Cell pellets were then resuspended in SF Buffer (20 mM HEPES [pH 7.4], 10 mM
KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA) and incubated on ice for 10 min. Cells were
subsequently disrupted by passaging through a 25 gauge needle 20 times. Whole cells were
removed by centrifugation at 200 RCF for 5 min and nuclei were then collected by centrifugation
at 600 RCF for 10 min. The mitochondria and endoplasmic reticulum (ER) were pelleted by
centrifugation at 3000 RCF for 15 min. Finally, remaining membrane was pelleted at 16,000
RCF for 30 min. The remaining supernatant was collected as the cytosolic fraction.
4.2.9

Immunofluorescence.
S2 cells (1.5 x 106) were transfected for 48 h with 2 µg of pAc5.1/V5-HisB plasmid

constructs expressing N- or C-terminally HA-tagged ORFx. Cells were seeded onto coverslips
and fixed with 3% paraformaldehyde for 15 minutes. Subsequently, cells were permeabilized
with 0.2% Triton X-100 in 1X PBS for 1 h before blocking coverslips with 3% BSA in 1X PBS
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for 1 h. Coverslips were then incubated with rabbit anti-HA (1:1000; Cell Signalling) and either
mouse anti-Lamin (1:1000; DSHB), mouse anti-Golgin84 (1:1000, DSHB), or mouse antiCalnexin 99A (1:1000, DSHB) in blocking solution overnight at 4°C. Cells were then washed
three times with 1X PBS and subsequently incubated with either goat anti-rabbit Texas Red
(1:5000) or goat anti-mouse AlexaFluor 488 (1:5000)(Invitrogen). After washing twice with 1X
PBS, cells were stained with Hoescht dye (1:10,000 in 1X PBS) for 10 min. Finally, slides were
mounted and analyzed using a Leica SP5 confocal microscope with a 63x oil objective lens and a
2x digital zoom. Z-stacks of 15 slices each were taken of for each condition.
4.2.10 Fly stocks and viral injections.
Flies (Isogenic w1118; Bloomington Drosophila Stock Center) were maintained on
standard cornmeal food at 25°C and 70% humidity with a 12 h light-dark cycle. Freshly eclosed
virgin males and females were separated and collected in groups of 10 each. Flies (10 males and
10 females) were injected with 200 nL of PBS, CrPV-2, CrPV-S12, or CrPV-S19 (5000 FFU)
using a PV830 PicoPump (World Precision Instruments) and transferred to standard food.
Mortality was monitored daily.

4.3
4.3.1

RESULTS
The CrPV IGR IRES-dependent supports +1-frame translation, is IGR IRES-

dependent, and initiates downstream
It was previously demonstrated that a subset of dicistrovirus IGR IRESs can direct
translation in the 0- and +1-frames and that a base pair adjacent to the PKI domain is important
for initiation (Ren et al., 2014; Ren et al., 2012). The IGR IRESs are classified into two types:
Type I, and II, with the main difference being an extra SLIII within the PKI domain of Type II
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IRES. Since the honeybee and fire ant viruses harbour Type II IGR IRESs that can support +1
frame ORFx translation, we investigated whether Type I IRESs also had the capacity for +1frame translation. This was indeed found to be the case for a subset of Type I IGR IRESs.
Particularly, the CrPV IGR IRES could support +1-frame translation at 5% of the levels of 0frame ORF2 translation (see Appendix A; Figure A.1).
To investigate the mechanism of CrPV +1-frame translation, an additional bicistronic
reporter construct was created that contains the CrPV IRES where Renilla luciferase (36 kDa;
RLuc) monitors scanning-dependent translation and a firefly luciferase gene was subcloned into
the +1-frame downstream of the IRES with CrPV nucleotides 6217-6387 (Accession
KP974707.1), which includes the predicted +1-frame CrPV ORFx (65 kDa; ORFx-FLuc). A
shortened IRES-mediated 0-frame protein (~11 kDa; sORF2) is also translated, thus scanningdependent and CrPV IRES-mediated 0/+1-frame translation can be simultaneously monitored
from this dual luciferase reporter construct (Figure 4.1A; see Appendix A - Figure A.2).
Synthesis of all three proteins is detected by incubating the bicistronic construct in a Sf21
translation extract in the presence of [35S]-methionine/cysteine (Figure 4.1B, lane 1) (Ren et al.,
2012). Additionally, bicistronic reporter constructs that contain a T2A 'stop-go' peptide were
generated, which allow sensitive and accurate measurement of luciferase activity (Wang et al.,
2013) (see Appendix A; Figure A.2).
We first determined whether the structural integrity of the CrPV PKI domain is important
for +1-frame translation. As observed previously, the CrPV IRES +1-frame ORFx translation is
approximately 5% of 0-frame translation. Mutating CC6214-5 to GG, which disrupts PKI base
pairing and abolishes CrPV IRES activity, resulted in negligible or diminished 0- and +1 frame
translation whereas a compensatory mutation that restores PKI base pairing rescued translation
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(Jan and Sarnow, 2002) (Figures 4.1B), indicating that the integrity of the IRES and the PKI
domain is required for CrPV IRES +1-frame translation.
The adjacent U-G base pairing of the IAPV IRES is important for +1-frame translation
(Ren et al., 2012). CrPV also has the capacity to form a wobble base pair adjacent to the PKI
domain through nucleotides U6186 and G6217, potentially directing translation from the first +1frame CUA leucine codon. To determine if this base pair is necessary to drive CrPV IRES +1frame translation, we mutated U6186 and G6217 to other bases. Mutating U6186 to C or G led to an
approximate 18%-23% reduction in +1 frame activity and mutating G6217 to C, A, or U resulted
in roughly a 39%, 24%, and 36% reduction in +1 frame activity, respectively. Although each
mutation reduced +1 frame translational activity to some degree, none of the mutations abolished
it (Figures 4.1B, lanes 4-9). These results suggest that unlike with IAPV, base pairing between
nucleotides 6186 and 6217 is not absolutely required for CrPV IRES +1-frame translation.
To determine the initiation site of CrPV ORFx, we systematically replaced codons downstream
of the IRES with a stop codon and monitored 0 and +1-frame translation in vitro using the
bicistronic reporter construct (Figure 4.1B, C). Overall, stop codons placed in the +1-frame did
not significantly affect 0-frame translation, indicating that IRES activity was not compromised
(Figure 4.1B, C). Replacing individual codons between the 1st and the 12th +1-frame codon with
a stop codon inhibited to varying extents (between 36%-71% reduction compared to wild-type)
but did not completely abolish +1 frame translation (Figure 4.1B, lanes 11-16; 4.1C).
Conversely, +1-frame translation was completely inhibited when the 13th +1-frame codon and
codons thereafter was replaced with a stop codon (Figure 4.1B, lanes 15-16; 4.1C). Replacing
both the 3rd and 5th +1-frame codons with stop codons reduced +1-frame translation by 33% but
did not eliminate it, ruling out ribosome read-through. It is possible that IRES translation initiates
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in the 0-frame and then a fraction of translating ribosomes shift into the +1-frame. To address
this, we inserted a stop codon in the 0-frame downstream of the IRES. As expected, a stop codon
in the 0-frame 1st to 4th codons downstream of the IRES abolished 0-frame translation (Figure
4.1B, lanes 18-21). However, the 0-frame stop codon insertions reduced by 52-77% but did not
eliminate +1 frame translation indicating that a subset of ribosomes do not shift from the 0 to +1
reading frame. Further supporting this, introducing stop codons in both the 0 and +1 frames did
not abolish +1 frame translation, though inhibited +1 frame translation by ~80% (Figure 4.1C, 0
S4/+1 S5). We noted that the adjacent 14th codon is an AUG methionine. Mutating the AUG to a
CGG (M14R) decreased by 63% but did not abolish +1-frame translation (Figure 4.1C). In
summary, the mutational analysis indicated that CrPV ORFx translation requires an intact IRES
to initiate translation from the +1-frame AAA lysine 13th codon. Mutating the 13th AAA codon
to UUU slightly reduced but did not abolish +1-frame translation (Figure 4.1D), suggesting that
there may be flexibility in the start codon identity for CrPV ORFx +1-frame translation
initiation.
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Figure 4.1. The translation of +1 frame CrPV ORFx is IGR IRES-dependent and initiates downstream of the
PKI region
A) Schematic of the various mutations introduced downstream of the IGR IRES. The PKI region and downstream
'spacer' sequence of CrPV IGR IRES are shown. A series of mutations and stop codons were introduced either on
the 0-frame or +1-frame. B) Analysis of the IGR IRES-dependence and initiation site of +1-frame ORFx. Linearized
reporter constructs are incubated in Sf21 translation extract at 30°C for 2 hours in the present of [35S]methionine/cysteine. Translation of FLuc and RLuc was monitored by autoradiography after resolving on a 16%
SDS PAGE. A representative gel from at least three independent biological experiments is shown. * = p-value <
0.05. C) Quantitation of IRES-mediated translation. Translation of FLuc and RLuc monitoring FLuc/RLuc
enzymatic activity were quantified and normalized to wild-type (WT) IAPV IRES. RLuc monitors scanningdependent translation acting as an internal control. RLA- relative light units. Shown are averages from at least three
independent biological experiments (± SD). * = p-value < 0.05. Experiments here performed by Dr. Q.S. Wang.

4.3.2

The spacer region downstream of the IGR IRES is necessary for +1 frame

translation
The results demonstrated that inserting stop codons in the 'spacer region' (Figure 4.1A)
between the IRES PKI domain and the +1-frame 13th codon of ORFx inhibited but did not
completely abolish +1-frame translation, suggesting that an element within this spacer region
may promote +1-frame translation. We first addressed whether the CrPV spacer region is
sufficient to direct +1-frame translation by generating a chimeric construct whereby the PSIV
IRES is fused with the CrPV spacer region (Figure 4.2). The PSIV IRES directs strong 0-frame
but no or relatively weak +1-frame translation (see Appendix A). The PSIV-CrPV spacer
chimeric reporter resulted in 0-frame translation (Figure 4.2A), indicating that the spacer region
does not affect the activity of the PSIV IRES. In contrast to the PSIV IRES construct, the
chimeric PSIV-CrPV reporter resulted in +1-frame translation, implying that the CrPV spacer
region is sufficient to drive +1-frame translation in the presence of a functional IGR IRES
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(Figure 4.2A).
To examine more closely the molecular determinants of the CrPV spacer region that
direct +1-frame translation, we deleted or inserted a randomized sequence within the spacer
region to test whether the length was important (see Appendix A; Figure A.3). Insertions within
or deletion of the entire spacer region resulted in loss of +1-frame but not 0-frame translation,
suggesting that sequence context is important for +1-frame translation. Additionally, we
examined the possibility of the spacer region to form intramolecular interactions. In silico
analysis using RNA folding algorithms did not reveal any obvious stable secondary structures in
the spacer region (data not shown), however we noticed that nucleotides AUUU6222-25 and
AAAU6240-43 have the potential to interact. Mutating UUU6223-25 to AAA (A/U) or AAAA6240-43 to
UUUU (U/A) drastically reduced +1-frame translation (see Appendix A; Figure A.3). However,
compensatory mutations did not restore +1-frame translation. To delineate a functional element
within the spacer region, we systematically tested deletions from the 3' end of the spacer region
(Figure 4.2B). Interestingly, deleting 3 to 27 nucleotides did not affect the +1 frame activity.
However, deleting 30 nucleotides and leaving seven nucleotides adjacent to the IRES abolished
+1 translation (Figure 4.2B). Interestingly, D3, D6 and D27 mutants appear to have much higher
Fluc/Rluc activity when compared to WT, an observation that requires further examination. In
summary, these results suggest that the specific sequences within the spacer region, in particular
the sequences immediately downstream of the PKI domain, are important for mediating IRESdependent +1 frame translation.
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Figure 4.2. The downstream sequence of CrPV IGR IRES promotes +1-frame translation.
A) A chimeric IRES displays +1-frame translation activity. The PSIV IGR IRES, which shows no +1-frame
translation activity (Figure 1 and Figure 3A), is combined with the downstream sequence of CrPV IGR IRES PKI
region. The luciferase activities are normalized to the wild-type CrPV constructs in both +1- and 0-frame. The
PSIV-CrPV chimera in the 0-frame is used as control to demonstrate that PSIV IGR IRES functions under this
context. Experiments performed by Dr. Q.S. Wang. B) Truncation of the spacer region impairs +1-frame translation
from the CrPV IGR IRES. Schematic displaying truncations within the spacer region between the PKI domain and
the +1 frame start site is shown above. In vitro translation assay of the CrPV IRES bicistronic construct with the
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respective mutations were monitored by luciferase activities. Both RLuc and FLuc activities are normalized to that
of WT constructs. Results are shown as a normalized ratio of FLuc/RLuc activity (left) and as separated RLuc and
Fluc activities (right) Shown are averages from at least three independent biological experiments (± SD). RLA =
relative luciferase activity.

4.3.3

Molecular determinants of CrPV +1-frame translation
The current data led us to generate two hypotheses: i) a subset of 40S subunits recruited

to the CrPV IRES scan downstream to start translation at the 13th codon (scanning hypothesis)
or ii) 40S or 80S ribosomes recruited to the IGR IRES bypass the spacer region to the 13th codon
for initiation (bypass hypothesis). To address the scanning hypothesis, we took a three-pronged
approach. First, we utilized mutants of the CrPV IRES in the L1.1 loop that is known to be
deficient in recruitment of the 60S subunit (Jang et al., 2009; Pfingsten et al., 2006). If scanning
is occurring, 40S subunits recruited to the L1.1 IRES may scan downstream to the downstream
+1-frame initiation codon. Reporter constructs harbouring mutations in the L1.1 loop were
deficient in 0 and +1-frame translation (see Appendix A; Figure A.4), suggesting that 60S
recruitment by the IGR IRES is necessary for translation in the +1-frame.
Secondly, we utilized the translational inhibitor edeine to assess if scanning was
occurring (see Appendix A; Figure A.4). Edeine prevents the 40S ribosomal subunit from
recognizing an AUG start codon (Dinos et al., 2004; Kozak and Shatkin, 1978). Both 0- and +1frame translation were resistant to edeine relative to that of scanning-dependent translation. This
result further supports that the +1-frame 14th AUG codon is not utilized for +1-frame translation.
Finally, we introduced a stable hairpin (HP1 ΔG = -17.0 or HP2 ΔG = -37.0 kcal/mole)
into the spacer region between the CrPV IRES and the downstream 13th codon to prevent 40S
scanning (see Appendix A; Figure A.4). Introducing HP1 or HP2 into the spacer region did not
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affect 0-frame translation showing that these mutations did not affect IRES activity (Figure 4C).
In contrast, +1-frame translation was decreased by ~50%. However, in these constructs, the
hairpins are likely unwound due to 80S ribosomes translating in the 0-frame, thus confounding
the interpretation of the +1-frame translation result (see Appendix A; Figure A.4). To uncouple
these effects, we mutated the 0-frame 3rd codon to a stop codon upstream of the hairpin (0S3),
thus blocking translating ribosomes from reaching the hairpin and maintaining hairpin integrity.
Surprisingly, placing a stop codon upstream of the hairpin abolished +1-frame translation (see
Appendix A; Figure A.4), suggesting that ribosomes may scan downstream to the 13th codon.
However, given the insertion mutations that inhibit +1-frame, it is possible that these hairpin
mutations are disrupting a functional RNA element within the spacer region that mediates
ribosomes initiating at the downstream +1 frame initiation codon.
4.3.4

The integrity of the VLR and pseudo-translocation of the IGR IRES through the

ribosome is required for ORFx expression
How do 80S ribosomes recruited to the IRES start translation at the downstream 13th +1frame codon? Normally, the IGR IRES, which occupies the ribosomal A site upon ribosome
binding, undergoes pseudotranslocation in order for delivery of the first aminoacyl-tRNA to the
A site. We reasoned that the ribosome bound to the CrPV IGR IRES must have an empty
ribosomal P or A site in order to reposition downstream and accommodate the +1 frame start
codon. To address whether translocation of the IGR IRES through the ribosome is required for
+1 frame translation, we introduced mutations in the VLR, which has been shown to disrupt the
pseudotranslocation event (Ruehle et al., 2015).

132

Figure 4.3. Pseudotranslocation is necessary for +1-frame translation.
Constructs containing mutations in the variable loop region (VLR) of the IGR IRES known to disrupt
pseudotranslocation were monitored for translation activity. Luciferase activities were compared between WT IGR
IRES and VLR mutants after in vitro translation assays. Shown are averages from at least three independent
biological experiments (± SD).
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Specifically, shortening the length of the VLR by 2 or 3 nucleotides (D2 and D3, respectively)
inhibits the first pseudo-translocation event from the A site to the P site whereas altering the
identity of nucleotides A6204, and AA6208-9 to guanosines (G-rich) inhibited IRES translocation
from the P site to the E site (Ruehle et al., 2015). Interestingly, all three VLR mutants decreased
+1-frame activity (Figure 4.3); both the G-rich and D3 mutants demonstrated little to no activity,
while the D2 mutant still exhibited roughly 50% activity to that of WT. This result is consistent
with previous data that the D2 mutant IRESs are still able to accommodate a fraction of
aminoacyl-tRNA in the A site (~25%), allowing translation to occur (Ruehle et al., 2015).
Altogether, these results indicate that the pseudotranslocation event of the IGR IRES through the
ribosome contributes to +1-frame translation downstream.
4.3.5

+2 frame translation mediated by the CrPV IRES
We next asked whether repositioning of ribosomes bound to the IGR IRES to the

downstream initiation codon is frame-dependent. To address this, we inserted a series of
nucleotides into our bicistronic construct that shifts only the ORFx into the +2 frame (Figure
4.4). Specifically, we inserted either a single nucleotide or up to 7 proceeding the 13th AAA
codon. As a control, we inserted either 6 or 9 nucleotides in the same position that does not
introduce an additional frameshift. Insertion of a U creates a stop codon in the +1-frame while an
inserted C does not. If the ribosome merely begins translation in the 0-frame before slipping into
the +1-frame, then we expect to see no ORFx translation. To our surprise, we observed ORFx
expression with all insertions (Figure 4.4). These results suggest that repositioning of the
ribosome from the IRES to a downstream 13th +1 or +2 frame codon is reading frameindependent.
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Figure 4.4. CrPV IRES-mediated +2 frame translation.
Mutations and insertions that shift the ORFx into the +2 frame are shown in the schematic above. Translation assays
were monitored and normalized to that of the wild-type CrPV IRES. Shown are averages from at least three
independent biological experiments (± SD).
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Figure 4.5. ORFx is expressed in CrPV infected S2 cells.
The predicted +1 frame amino acid sequence is shown above. Residues that are italicized represent the amino acid
sequence if initiation occurred adjacent to the IGR IRES, whereas “Start” signifies the position of the 13th amino
acid. Drosophila S2 cells were infected with CrPV (MOI 10). Proteins were extracted, digested with trypsin and
subjected to LC-MS/MS analysis. Peptide fragment spectra were searched against a Drosophila uniprot database
plus CrPV proteins. Two peptides (highlighted) were detected from the trypsin digestion of S2 cell lysate at 6 hours
post infection. Individual fragment ions are annotated in the spectra and in the sequence representation.
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4.3.6

CrPV +1-frame ORFx is expressed yet not required for infection in Drosophila S2

cells
Our in silico and biochemical data indicate that the CrPV IRES directs +1-frame
translation from the 13th codon to synthesize a predicted 41 amino acid protein, termed CrPV
ORFx (Figure 4.5). To determine whether CrPV ORFx is synthesized during infection, we used a
proteomics approach to identify ORFx peptides in CrPV-infected S2 cells. Specifically,
Drosophila S2 cells infected with CrPV (MOI 10) were harvested at 6 hours post infection and
lysed. Proteins were subsequently digested with trypsin and peptides were analyzed by LCMS/MS. We identified two peptides that correspond to CrPV ORFx both of which were located
downstream of the +1-frame 13th codon (Figure 4.5). Importantly, these peptides were not
identified in mock-infected S2 cells. Thus, ORFx is expressed in CrPV-infected S2 cells.
We next sought to determine if CrPV ORFx expression influences the outcome of viral
infection. Using a recently developed CrPV infectious clone, termed CrPV-2, we introduced
mutations that would abolish ORFx expression (Kerr et al., 2015). To this end, we created two
separate mutant clones: the +1-frame 12th codon (UUG6251-3) was altered to an amber stop codon
(UAG; CrPV-S12) and the +1-frame 19th codon (UUA6272-4) changed to an ochre stop codon
(UAA; CrPV-S19) (Figure 4.6A). Both mutations are synonymous in the 0 frame. Based on our
translation data (Figure 4.1), the +1-frame S19 would inhibit ORFx expression whereas the +1frame S12 would inhibit but not abolish ORFx expression.
We first examined whether ORFx influences viral protein synthesis in vitro. Incubation
of in vitro transcribed CrPV-2 RNA in Sf21 translation extracts led to synthesis and processing
of all viral proteins as reported previously (Kerr et al., 2015). Introduction of stop codons in the 0
frame of ORF1 or ORF2 inhibited synthesis of either viral non-structural or structural proteins,
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respectively (Kerr et al., 2015). Both CrPV-S12 and CrPV-S19 RNAs resulted in viral protein
synthesis that was indistinguishable compared to wild-type CrPV -2 in vitro (see Appendix A;
Figure A.5). Note that CrPV ORFx is predicted to be ~4.9 kDa and is undetectable in this
analysis. These results demonstrate that CrPV ORFx is not necessary for viral protein synthesis
in vitro.
We next assessed the viability of the CrPV-S12 and -S19 viruses in cell culture. To
determine if ORFx plays a role in the first replication cycle of CrPV, we transfected S2 cells with
in vitro transcribed RNA from wild-type or mutant S12 or S19 CrPV-2 to generate virus. After
48 hours, virus was harvested and used to infect naïve S2 cells at an MOI of 10 to follow the first
round of infection. We monitored viral protein synthesis via metabolic [35S]-Met/Cys labeling as
well as viral protein and RNA accumulation by Western and Northern blotting, respectively.
Infection with wild-type CrPV-2, CrPV-S12 or CrPV-S19 all resulted in accumulation of viral
proteins and RNA and shutdown of host translation in a similar manner (see Appendix A; Figure
A.5). Furthermore, there was no visible difference in viral RNA and protein levels between wildtype and mutant virus infections. These results indicated that ORFx does not play a role in the
first round of CrPV replication in S2 cells.
To determine if ORFx influences subsequent rounds of infection, we infected S2 cells at
an MOI of 1 and monitored viral titres (see Appendix A; Figure A.5). Neither infection at an
MOI of 1 produced significantly different titres between wild type CrPV-2 and either stop codon
mutant at any time point, apart from both CrPV-S12 and CrPV-S19 resulting in higher titres than
CrPV-2 after 24 hours post infection at MOI 1. A similar result was observed in CrPV-infected
S2 cells at an MOI 0.1 (data not shown). Taken together, ORFx has no observable effect on the
life cycle of CrPV in S2 cells.
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Figure 4.6. Pathogenesis of a CrPV mutant lacking ORFx is attenuated in adult Drosophila melanogaster flies.
A) Schematic of mutations in the CrPV infectious clone, CrPV-2. The downstream nucleotide sequence of CrPV-2
IGR IRES and its potential amino acid sequence of +1-frame ORFx are shown. The ORF2-Stop mutant depletes the
synthesis of 0-frame viral structural proteins. Mutants S12 and S19 place a stop codon on the +1-frame with a
synonymous mutation in the 0-frame. Note that CrPV-2 (Accession: KP974706) sequence has a C6279A mutation
(denoted with a black arrowhead) compared to the original CrPV (Accession: AF218039) sequence. Residues that
are italicized, underlined and in bold are the peptides identified by mass spectrometry in Figure 4.5. B) Adult flies
(Iso w1118; 10 male, 10 female) were injected intrathoracically with 5000 FFU of CrPV-2, CrPV-S12, CrPV-S19, or
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PBS. Subsequently, flies were flipped onto standard media and survival was monitored daily. Shown is a graph
representing the average from three separate biological experiments (±SEM). C) Flies were harvested at 5 days post
injection (dpi) and homogenized in PBS. Viral titres were determined as described in materials and methods. Error
bars represent the standard error of the mean. D) Western blot against CrPV VP2 on lysates from flies 5 dpi. Shown
is a representative gel from at least three independent biological experiments.

4.3.7

ORFx contributes to CrPV pathogenesis in adult flies and associates with

membranes
We next addressed whether ORFx contributes to CrPV pathogenesis in adult fruit flies.
To test this, we injected adult flies intrathoracically with PBS, CrPV-2, CrPV-S12, or CrPV-S19
and monitored fly mortality daily. By day 5, flies injected with CrPV-2 or CrPV-S12 exhibited
50% mortality and were 100% dead by day 11 and 12, respectively (Figure 4.6B). By contrast,
flies injected with CrPV-S19 did not reach 50% mortality until day 9 and reached 100%
mortality at day 14 (Figure 4.6B). These results demonstrate that ORFx contributes to CrPV
pathogenesis in adult flies.
To determine if the effect seen on CrPV pathogenesis is a result of defects in viral
replication, we measured viral titres and assessed viral protein levels in adult flies. At 5 days post
infection, flies were homogenized and lysates were analyzed via Western blot for viral proteins
and viral titres were determined. Interestingly, viral titres showed no significant differences
between wild type CrPV-2, CrPV-S12, and CrPV-S19 (Figure 4.6C). As well, protein levels in
infected flies were unaffected by the S19 mutation compared to wild-type or the S12 mutant
(Figure 4.6C). Finally, to ensure that the S12 and S19 mutations in the mutant CrPV clones are
stable, we performed RT-PCR analysis and sequenced this region. Our results showed that the
S12 and S19 mutations are stable during virus propagation in S2 cells (data not shown). In
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summary, our results indicate that the defect in viral pathogenesis observed in the S19 mutant
virus is not due to a defect in viral replication.
From our data, CrPV ORFx initiates translation from the 13th +1-frame AAA codon to
express a 41 amino acid protein. Comparing the sequence of ORFx from CrPV and other species
shows no appreciable homology to other proteins. Nevertheless, in silico topology predictions
suggest that ORFx has the propensity to form an alpha helical transmembrane segment at its Cterminus (amino acids 22-39; Figure 4.7). To examine ORFx function, we generated Drosophila
expression constructs containing either N- or C-terminal HA-tagged ORFx. We first assessed
whether expression of HA-ORFx affected cell viability by a trypan blue exclusion assay.
Transfection for 10 or 24 hours with the ORFx-HA and HA-ORFx construct did not result in a
dramatic decrease in cell viability (Figure 4.7B). However, by 48 hours, transfection of ORFxHA and HA-ORFx led to a statistically significant but relatively minor reduction (13% and 15%
decrease, respectively) in cell viability, suggesting that ORFx expression has a slight toxic effect
in S2 cells. Immunoblotting for HA showed that HA-ORFx is stably expressed in S2 cells
(Figure 4.7). To determine the subcellular localization in S2 cells, we transfected the HA-tagged
ORFx constructs and monitored ORFx localization by HA-antibody immunofluorescence
staining in comparison with cytoplasmic, ER, Golgi, and nuclear marker protein antibodies. Costaining showed that HA-tagged ORFx overlaps mainly with ER protein marker Calnexin, and
that a subset of HA staining overlapped with Golgi- and nuclear-associated proteins, Golgin84
and nuclear Lamin, respectively (Figure 4.8). By contrast, HA-ORFx displayed little to no
overlap with a-Tubulin staining.
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Figure 4.7. Cytotoxicity of CrPV ORFx expression in Drosophila S2 cells.
A) The transmembrane helix property of CrPV ORFx. The predicted CrPV ORFx sequence stemming from the 13th
codon was analyzed for transmembrane helices using ProtScale and HMMTOP. Shown above is the hydropathy plot
output from ProtScale for both the wild-type ORFx (left) and TmMut (right). The red amino acid region indicates
the putative transmembrane helix predicted by HMMTOP (below). B) Ectopic expression of CrPV ORFx causes
slight cytotoxicity in S2 cells. S2 cells (1.5 x 106) were transfected with expression constructs containing N- or Cterminally HA-tagged ORFx or empty vector and monitored over the course of 48 hours for cell death via trypan
blue staining. * = p-value < 0.05. C) CrPV ORFx associates with membrane fractions. S2 cells were transfected with
expression constructs encoding HA-tagged ORFx at the N- or C-terminus for 48 hours. Cells were then lysed and

142

fractionated by differential centrifugation (see material and methods). Fractions were then analyzed by Western blot
to detect the presence of CrPV ORFx or cellular markers. Shown is a representative gel from two independent
biological experiments.

To ensure that this localization was specific to propensity of the C-terminal of ORFx to form a
transmembrane segment we generated mutations in this region that abolished the transmembrane
segment (Figure 4.8). As expected, the mutant ORFx (ORFx-TmMut) no longer co-localized
with Calnexin99a or Golgin84 and displayed a dispersed localization throughout the cell
consistent with a non-membrane bound protein (Figure 4.8). Collectively, these results suggest
that ORFx associates with membranous organelles and potentially the ER specifically (Figure
4.8). To examine this further using another approach, we transfected S2 cells with the HA-tagged
ORFx expression plasmid and used differential centrifugation on cells to separate subcellular
components. As controls, we monitored protein markers that should be enriched in different
subcellular fractions. As expected, tubulin is found in the cytoplasmic fraction and the ERassociated KDEL protein and cytochrome C are enriched in nuclei and ER fractions (Figure 4.7).
Both HA-tagged ORFx are detected within membranous fractions and not within the cytoplasmic
fraction (Figure 4.7), implying that ORFx resides within the membrane of cells that may be
important for its function.
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Figure 4.8. Subcellular localization of CrPV ORFx.
S2 cells were transfected with a construct expressing C-terminally HA-tagged ORFx, or a transmembrane mutant of
ORFx and incubated for 48 h. Following incubation, cells were fixed, permeabilized, and co-stained with HA
antibody with antibodies against either the nuclear lamina (lamin), the Golgi-associated protein Golgin84, ERassociated protein, Calnexin 99A, or alpha-tubulin. Shown are representative Z-stack micrographs from three
independent experiments. Scale bars represent 15 µm.
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4.4

DISCUSSION
Recoding mechanisms have illuminated diverse RNA structural elements that interact

with the ribosome to affect reading frame maintenance (Dinman, 2012). Here, we have
demonstrated a novel translational initiation recoding mechanism by which an IRES can promote
ribosome repositioning to initiate at a downstream codon. In contrast to the IAPV IGR IRES,
which directs ribosome reading frame selection (Ren et al., 2012), the CrPV IGR IRES can
facilitate the expression of a downstream +1 overlapping frame, ORFx. We provide extensive
analysis using mutagenesis that translation initiation of CrPV ORFx occurs 37 nucleotides
downstream at the 13th AAA (Lys) codon. Moreover, we show that ORFx is expressed in CrPVinfected cells by mass spectrometry and that ORFx is required for promoting CrPV pathogenesis
in a Drosophila injection model. Our data suggest a model whereby 40S and 60S ribosomal
subunits bind to the CrPV IGR IRES, the IRES then undergoes a pseudotranslocation step
placing PKI in the P site of the ribosome leaving the ribosomal A site empty. From here, the
majority of the ribosomes continue translating in the 0-frame by delivery of the incoming AlatRNAAla to the 0-frame GCU codon whereas a small fraction of ribosomes bypasses or "slides"
37 nucleotides downstream to initiate translation at the +1-frame AAA (Lys) initiator codon
(Figure 4.9). From our results, the following rules appear to apply to +1-frame translation in
CrPV: i) the PKI must be intact, ii) both 60S and 40S ribosomal subunits are required to bind to
the IRES, iii) pseudotranslocation of the IRES through the ribosome is necessary, iv) the spacer
region between PKI and the 13th AAA codon is essential, and v) the nucleotide identity of the
spacer region is crucial for efficient +1 frame translation.
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Figure 4.9. Models of CrPV IGR IRES mediated +1-frame ORFx translation initiation
The majority of ribosomes bounds to the IGR IRES initiate translation in the 0-frame from the GCU start codon. A
subset of ribosomes bound to the CrPV IGR IRES (~5%) repositions downstream at the initiating +1 frame AAA
codon. Possible models of IRES-mediated repositioning are shown and are not mutually exclusive. Whether a lystRNAlys is utilized for +1 frame translation remains to be investigated.
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A recent in vitro study using single molecule fluorescence spectroscopy by the Puglisi
group demonstrated that the CrPV IGR IRES can facilitate +1-frame translation approximately
5% of the time compared to 0-frame translation whereby reading frame selection is dictated by
the kinetics of tRNA binding in the first 0- or +1-frame codon (Petrov et al., 2016). In contrast,
our results using more physiologically relevant approaches show that the CrPV IRES directs +1frame translation using a different mechanism. Based on insect translation assays using
bicistronic constructs and stop codon insertions in the downstream 'spacer' sequence, ribosomes
that are recruited to the IRES to initiate translation in the +1-frame downstream of the initial
codons (Figure 4.1). In support of this, insertion of a stop codon at the 12th +1-frame codon, but
not the 19th, attenuates CrPV-mediated death in a Drosophila injection model, thus providing
biological significance of CrPV +1-frame translation (Figure 4.7). We also note that the
downstream authentic ‘spacer’ sequence is necessary for +1-frame translation, which is partially
absent and/or altered from previous studies, which may preclude detection of bypass (Petrov et
al., 2016).
A unique feature of this repositioning mechanism is that an intact IRES is essential for
+1-frame translation (Figure 4.1). The current model is that the PKI domain of the IRES
occupies the ribosomal A site upon ribosome binding to the IRES, followed by a
pseudotranslocation event in order to vacate the A site to allow delivery of the first aminoacyltRNA in the 0-frame (Fernandez et al., 2014). Given this model, it is difficult to envision how
the IRES can direct the ribosome to bypass 37 nucleotides to initiate translation at a +1-frame
AAA Lys codon. A potential clue comes from our mutagenesis analysis that suggests that
translocation of the CrPV IRES through the ribosome is a prerequisite for downstream +1-frame
translation (Figure 4.3). This is intuitive as the PKI domain must vacate the A site to allow
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translation in both the 0 and +1 frames. At this point, it is unclear whether the CrPV IGR IRES
ribosome repositioning event requires delivery of an aminoacyl-tRNA to the A site of the
ribosome prior to the ribosome sliding downstream to initiate translation at the 13th +1 frame
codon or that a vacant ribosome bypasses from the IRES to the initiating +1 frame codon.
Another key feature is that the downstream spacer region is necessary for efficient CrPV
IRES-mediated +1-frame synthesis (Figures 4.2, and Appendix A; Figure A.3). Interestingly, the
majority of mutations within the spacer region causes a reduction ranging from 10-80% in the
amount of CrPV IRES-mediated +1-frame synthesis (Fig 2), suggesting that nucleotide or codon
identity is crucial for triggering the bypass event. Although our results altogether suggest a
bypass event, frameshifting of elongating ribosomes may still contribute to +1 frame translation.
There are no obvious RNA secondary structures within the spacer region, however, we cannot
rule out any long distance RNA:RNA interactions that may contribute to +1-frame translation.
Furthermore, sequences immediately downstream of the IRES PKI domain are important for +1
frame translation (Figure 4.2). Future investigation into how the spacer sequence influences
ribosomes bound to the IRES to start translation in the 0 frame or at the downstream +1 frame
initiating codon should shed light onto this mechanism.
Our results indicate that the CrPV IRES +1-frame starts translation at an AAA Lys
codon, however, this is not a strict requirement as appreciable +1-frame translation still occurs
when the AAA is altered to other codons (Figure 4.2). Although there is an AUG codon at the
14th codon, altering this codon did not eliminate +1-frame translation. In addition, +1-frame
translation is edeine-insensitive and requires an intact IRES PKI domain and 60S joining, thus
ruling out a 40S scanning mechanism per se (Figures 4.1 and Appendix A; Figure A.4).
Although so far elusive and technically challenging, the identification of the aminoacyl-tRNA
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that is delivered to the ribosomal A site for +1 frame ORFx translation should provide insights
into the mechanism. Lastly, another interesting feature is that once ribosomes 'leave' the IRES,
translation of the downstream codon is frame-independent, similar to that observed in the
ribosome bypass event in gene 60 of T4 bacteriophage (Samatova et al., 2014).
How does the ribosome reposition to the downstream +1-frame initiation codon after
IRES binding? It is possible that the repositioning of the ribosomes occurs via a mechanism
similar to that observed with prokaryotic 70S 'scanning' (Yamamoto et al., 2016) or 70S 'sliding'
that occurs in coupled translational reinitiation (Adhin and van Duin, 1990; Nomura et al., 1984)
(Figure 4.9). Moreover, it has been reported and proposed that energy-independent scanning or
diffusion of the ribosome or ribosomal subunits (i.e. phaseless wandering) can occur to locate an
AUG codon (Abaeva et al., 2016; Adhin and van Duin, 1990; Sarabhai and Brenner, 1967;
Skabkin et al., 2013)(Figure 4.9). Our study has suggested that CrPV IRES +1-frame translation
requires 80S ribosome binding to the IRES and is edeine-insensitive (see Appendix A; Figure
A.4), thus we favour a model that 80S ribosomes repositions to the 13th +1-frame codon,
however we cannot formally exclude a 40S repositioning event. Another possibility is that the
IRES is anchored to the 60S subunit of the 80S via the L1.1. region, thus allowing the mRNA to
freely move within the mRNA cleft of the ribosome until the downstream +1 frame start codon is
reached. Furthermore, a related dicistrovirus PSIV IRES can direct translation using a scanninglike mechanism in prokaryotes, which may suggest a similar property observed with our studies
on the CrPV IRES (Colussi et al., 2015). One model that warrants comparison is the translational
bypassing observed in gene 60 of T4 bacteriophage (Wills et al., 2008). In gene 60, translating
ribosomes stall in a non-canonical rotated state at a 'take-off' Gly codon with a peptidyl-tRNAGly,
which dissociates from the anticodon, and 'lands' at a matching Gly codon 50 nucleotides
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downstream and allowing translation to resume. This bypass mechanism is dependent on a posttranslocation step requiring a downstream 5' ‘take-off’ stem-loop structure and a nascent
translated peptide (Chen et al., 2015a; Samatova et al., 2014). Although CrPV does not have an
obvious RNA structure within the spacer region, it is possible that the highly complex structure
of the IGR IRES itself may contribute to downstream +1 frame translation (Figure 4.9).
Moreover, it is known that the ribosome bound to the IGR IRES is in a rotated state and that the
first pseudotranslocation step is rate limiting, which may contribute to CrPV IRES reading frame
selection (Fernandez et al., 2014; Zhang et al., 2016). Finally, it is possible is that CrPV IRES
bypass could be occurring through an RNA looping event (Paek et al., 2015) (Figure 4.9); the
downstream RNA is brought into close proximity with the 80S ribosome allowing it to transition
to 13th AAA codon potentially by an unknown protein factor or a long-range RNA:RNA
interaction. Taken together, it is likely that it is a combination of tRNA kinetics and
conformational changes of the IRES and the downstream spacer region that lead to bypassing, of
which the contributions of each element require further investigation.
The biological relevance of CrPV +1-frame translation was initially evidenced by the
detection of ORFx peptides in CrPV-infected S2 cells (Figure 4.5). To our surprise, disruption of
ORFx synthesis by stop codon insertion in the +1-frame did not perturb viral infection in tissue
culture cells but showed retarded mortality in adult flies even though viral load remained similar
between wild type and mutant viruses (Figure 4.7 and Appendix A; Figure A.5). Naturally, CrPV
infection is thought to cause death through paralysis, subsequently leading to dehydration or
starvation of the host (Chtarbanova et al., 2014; Reinganum, 1975). CrPV can infect several
tissues in the fly including the trachea, midgut, and central nervous system although the latter has
not been demonstrated directly (Bonning and Miller, 2010; Chtarbanova et al., 2014). How
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ORFx contributes to CrPV pathogenesis is an outstanding question. Our results indicate that
ORFx is membrane associated and does not contribute directly to viral replication but rather to
the pathogenesis of CrPV infection in fruit flies. Furthermore, expression of ORFx is slightly
cytotoxic in Drosophila cells, a property that may also contribute to pathogenesis of CrPV
infection. Further studies into the localization of ORFx and tissue tropism of wild-type versus
mutant virus infection in the fly should provide insights into the role of ORFx.
Viruses continue to surprise us with their ability to manipulate the ribosome in
remarkable ways. Here, in addition to the previous findings on the honey bee dicistrovirus IRES,
we have revealed another recoding mechanism utilizing an IRES, thus highlighting the strong
selection to increase the coding capacity of the dicistroviridae genome. Furthermore, an IRES
that can direct ribosome repositioning to facilitate the translation of a hidden +1 overlapping
ORFx adds to the growing list of diverse pathways of ribosome translational initiation. The
CrPV IGR IRES may serve as a model for other IRESs such as those from hepatitis C virus and
Theiler's murine encephalomyelitis virus that can direct translation of alternative reading frames
(Vassilaki and Mavromara, 2009; Yamasaki et al., 1999). It will be of considerable interest to
investigate whether other IRESs direct reading frame selection by a similar CrPV IGR IRESmediated ribosome repositioning mechanism. Ribosome repositioning or bypass is not specific to
bacteria or mitochondria (Herr et al., 2000; Lang et al., 2014) but may be a more general
phenomenon in eukaryotes that initially thought.
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Chapter 5: CrPV may hijack exosomes to facilitate cell-to-cell transmission in
Drosophila cell culture
5.1

INTRODUCTION
Traditionally, viruses have been categorized into one of two classes: enveloped or

nonenveloped (Flint and American Society for Microbiology., 2009). Peplomers embedded
within an envelope render it indispensable for those viruses that harbor one as it provides key
determinants for cell tropism and mechanism of entry into host cells. Envelopes are acquired
through non-lytic release from the host cell whereby the viral typically ‘buds’ from a distinct
membrane in the cell. For example, hepatitis C virus, hantavirus, and influenza virus bud from
the ER, Golgi, and plasma membrane, respectively (Romero-Brey et al., 2012; Rossman and
Lamb, 2011; Vaheri et al., 2013). By contrast, the absence of an envelope bestows its own
advantages that are not realized by enveloped viruses. Nonenveloped viruses are
characteristically more resistant to chemical treatments and have greater environmental stability,
thus allowing them to persist outside of a host for longer. Viruses belonging to this class, such as
adenovirus and picornaviruses, assemble and accumulate in nonlumenal compartments until the
host cell membrane is dismantled leading to release of the progeny virions. Whether a virus has
evolved to possess an envelope or not has a substantial impact on how it is transmitted and
recognized by the host immune system.
This central paradigm of viruses existing as enveloped or nonenveloped has been
challenged by surmounting evidence demonstrating that non-lytic spread of several
nonenveloped viruses occurs both in tissue culture and animal hosts (Bird et al., 2014; Chen et
al., 2015b; Feng et al., 2013; Takahashi et al., 2010). Recent work showed that poliovirus,
coxsackievirus B3, and rhinovirus virions are packaged en bloc into phosphatidylserine vesicles
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that are non-lytically released from the host cell (Chen et al., 2015b). It is presumed that this
mode of transmission increases infection efficiency and may permit genetic complementation
between quasi-species. Although the exact mechanism of how these viruses are packaged into
vesicles is unclear, the vesicles themselves are seemingly of autophagosomal origin and
envelopment is dependent on the presence of PS and the viral receptor (Chen et al., 2015b). It is
proposed that a double-membraned vesicle wraps the virions and then fuses with the plasma
membrane, therefore releasing a single-membraned virion. This suggests that these viruses usurp
the cellular autophagy pathway for their own benefit.
hepatitis A virus (HAV), another member of the picornaviridae, has also proven to
acquire an envelope from host cell membranes (Feng et al., 2013). In contrast to PV and CVB3,
during infection HAV hijacks the exosomal pathway for non-lytic release. HAV interacts with
ALIX and thereby the ESCRT-III complex which drives the sorting of HAV virions into
multivesicular bodies (MVBs) leading to membranous virions that are secreted from the host
cell. The envelope acquired by HAV offers the advantage of cloaking it from neutralizing
antibodies that circulate in the host blood leaving the virus able to spread from cell-to-cell.
Nonenveloped HAV virions are found in the stool of infected chimpanzees suggesting that the
acquisition of an envelope is not a passive mechanism and may be cell type specific (Feng et al.,
2013).
In general, exosomes are small (~30 nm) vesicles of endocytic origin that are secreted by
all mammalian cell types. They have been shown to contain active enzymes, metabolites,
mRNAs, and small RNAs that are transported to adjacent cells (Raposo and Stoorvogel, 2013;
Thery et al., 2002). Thus, exosomes are thought to participate in cell-to-cell communication.
Exosomes have shown to play a significant role during viral infection by facilitating both the
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host immune response and viral pathogenesis (Meckes and Raab-Traub, 2011; Robbins and
Morelli, 2014). Interestingly, exosome-like vesicles have also been found to be secreted by insect
cells, suggesting an ancestral cell-to-cell communication pathway (Koppen et al., 2011). In fact,
a recent report demonstrated that exosome-like vesicles are secreted by haemocytes in virusinfected fruit flies that contain virally-derived siRNAs (Tassetto et al., 2017). These siRNAs are
delivered to adjacent cells throughout the fly eliciting a long-lasting systemic RNAi response.
Still, little is known if insect viruses, much like their mammalian counterparts, can utilize
extracellular vesicles to their own advantage.
Here, we investigate the role of exosome-like vesicles in Drosophila S2 cells during
CrPV infection. During infection, translation of the CrPV first open reading frame (ORF1) is
driven by the 5’UTR IRES and encodes the viral non-structural proteins such as the RNAdependent RNA polymerase (RdRp) and the 3C-like protease (Bonning and Miller, 2010).
Conversely, the second open reading frame (ORF2) encodes the viral structural proteins and is
translated via the intergenic region (IGR) IRES (Bonning and Miller, 2010). Although little is
known about the full replication cycle of dicistroviruses, we demonstrate that CrPV, in addition
to lytic release, can hijack exosome-like vesicles for non-lytic release to facilitate viral infection
within Drosophila cells.
5.2
5.2.1

MATERIALS & METHODS
Cell culture and virus.
Drosophila Schneider line 2 (S2) cells were maintained and passaged in Shield’s and

Sang medium (Sigma) supplemented with 10% fetal bovine serum depleted in exosomes.
Exosomes were depleted by spinning FBS at 120,000 RCF for 18 h at 4°C. Propagation and
purification of CrPV in Drosophila S2 cells has been previously described.
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5.2.2

Exosome isolation.
Exosomes were isolated from S2 cells as previously described (Koppen et al., 2011).

5.0x107 cells were cultured in 50 mL of exosome-depleted media for 24 h. Cells and media were
harvested and cells were pelleted at 300 RCF for 5 min. Cells were kept for further analysis
downstream. Media was cleared of cellular debris by serial centrifugation at 5000 RCF for 10
min followed by 10,000 RCF for 30 min both at 4°C. The supernatant was then under laid with a
5 mL 45% sucrose cushion and ultracentrifuged at 100,000 RCF for 2 h at 4°C. The interphase
containing the exosomes was kept by removing 45 mL of the supernatant and 2.5 mL of the
sucrose cushion. Exosomes were then pelleted by diluting the interphase with 50 mL of 1X PBS
and ultracentrifuging at 100,000 RCF for 2h at 4°C.
5.2.3

Sucrose and iodixanol gradients.
For density estimation of exosomes from S2 cells, exosomes were first isolated as above

and then layered onto an 11 mL linear sucrose gradient (0.25 – 2 M sucrose). The gradients were
then centrifuged at 100,000 RCF for 18 h at 4°C. Fractions were collected using an ISCO
fractionator and density was determined by comparing fractions to a standard curve using a
Brix/RI-Check refractometer (Reichart).
To separate exosomes and enveloped CrPV from non-enveloped virus we used isopycnic
iodixanol, or Optiprep, gradients (Invitrogen) as previously described (Feng et al., 2013). Briefly,
cell-culture supernatants were clarified by serial centrifugation at 1000 RCF for 10 minutes at
4°C, followed by 10,000 RCF for 30 minutes at 4°C. Virus and exosomes were then pelleted by
centrifuging at 100,000 rCF for 1h at 4°C. The resulting pellet was resuspended in 500 µL of 1X
PBS and layered onto an 8-40% iodixanol step gradient. Gradients were centrifuged at 141,000
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RCF in a SW 41 Ti rotor (Beckman) for 48 h at 4°C. Fractions were collected from the top by
hand.
5.2.4

Protein digestion and duplex demethylation labeling.
Cell or exosome pellets harvested from CrPV-infected cells at 6 hpi were solubilized in

6M urea and 2M thiourea. Protein concentrations were determined via BCA assay (Thermo).
Equal amounts of protein (50 µg) from each sample was reduced by adding 1 µg of dithiothretiol
and incubating for 30 min at room temperature. Proteins were alkylated with the addition of 5 µg
iodoacetamide and allowed to incubate for 20 min at room temperature. Samples were digested
with LysC before dilution with 4 volumes of 50 mM ammonium bicarbonate and digestion
overnight with trypsin. Digested peptides were purified and concentrated on C18 STAGE-tips,
eluted in 80% acetonitrile, 0.5% acetic acid, and dried in a vacuum concentrator (Eppendorf).
Dried peptides were resuspended in 100 mM triethylammonium bicarbonate and chemical
demethylation labeling was performed using light (CH2O; mock-infected samples) or heavy
(13CD2O; CrPV-infected samples) isotopologues of formaldehyde. Labeled samples were
combined and STAGE-tip purified. Eluted samples were dried and resuspended in 20%
acetonitrile and 0.1% formic acid.
5.2.5

Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis.
Digested peptides were analyzed by LC-MS/MS using a nanoflow HPLC (Thermo easy-

nLC1000) coupled to a Q-Exactive mass spectrometer (Thermo). For each sample, 5.0 µg of
peptides (based on the protein quantitation) were injected into the LC and loaded onto an inhouse packed fused-silica (5 µm Aqua C18 particles (Phenomenex)) fritted trap column (2 cm,
100 µm I.D., 360 µm O.D., 5 µL/min flow rate, Buffer A = 0.5% acetic acid), then resolved on a
reverse phase 75 µm inner diameter fused silica, in-house packed 30 cm analytical column
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(ReproSil C18, 3 µm particle size (Dr. Maisch)) using a 75 min linear gradient run at 250 µL/min
from 5% to 35% Buffer B (acetonitrile, 0.5% acetic acid), followed by a 15 min wash at 95%
Buffer B. Instrument acquisition parameters included a 1% underfill ratio, 70 000 precursor mass
resolution, 17 500 fragment mass resolution, normalized collision energy (NCE) of 28%, +1 and
unassigned charges were excluded, “exclude isotopes” was turned on, intensity-dependent
MS/MS at 1.7e5 intensity threshold, and the instrument was set to scan from 300 to 2000 m
/z with a 30 s dynamic exclusion time.
Data were searched using MaxQuant (v1.5.3.30). Parameters included:
carbamidomethylated cysteine (fixed), methionine oxidation (variable), glutamine and
asparagine deamidation (variable); trypsin specific; maximum 2 missed cleavages; 10 ppm
precursor mass tolerance; 0.05 Da fragment mass tolerance; 1% FDR; +1 to +7 charge states;
match between runs and re-quantify; and common contaminants were included. Protein groups
required a minimum of 1 peptide to be identified and a minimum of 2 peptides for quantification.
Both the Drosophila and CrPV protein databases used were downloaded from UniProt
(www.uniprot.org; April 23rd, 2014). Using Perseus (v1.5.2.6), contaminants and reverse hits
were filtered out, protein ratios were Log2 transformed, and ratios were averaged between
replicates.
For GO term enrichment analysis, we employed the Gene Score Resampling (GSR) in
4ErmineJ v3.02, using the Log2 transformed protein ratios for “protein score” (Gillis et al.,
2010). We considered a GO term to be significantly enriched if the Bejamini Hochberg-corrected
GSR p-value was less than 0.05.
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5.2.6

RT-PCR.
RNA from whole cells was extracted using TriZol reagent (Invitrogen). Alternatively,

RNA was isolated from gradient fractions using phenol:chloroform extraction. Briefly, each
fraction was brought up to 250 µL with RNase-free H2O. An equal amount of phenol was then
added to each fraction, samples were vortex and centrifuged at 4°C at 13.2K RPM for 30
minutes. The aqueous layer was removed and placed into a new tube with and equal volume of
chloroform. The sample was vortexed and centrifuged for 5 minutes at 4°C at 13.2K RPM. The
aqueous layer was once again removed and an equal volume of 100% ispropanol was added in
addition to 400 mM of ammonium acetate. Samples were incubated at -20°C for at least 2 h.
RNA was then pelleted by centrifugation for 10 minutes at 13.2K RPM. The RNA pellet was
washed 3 times with 75% ethanol before resuspending in 10 µL RNase-free H2O.
For RT-PCR on gradient fractions, the entirety of the extracted RNA was used and 100
ng of in vitro synthesized firefly luciferase RNA was added as a standard to each fraction. RTPCR was performed using Superscript Reverse Transcriptase III (Invitrogen) at 50°C using a
random hexamer primer. CrPV cDNA was amplified using primers P1 (5’ –
TCCTCAAGCCATGTGTATAGGA – 3’) and P2 (5’ – GTGGCTGAAATACTATCTCTGG –
3’) while FLuc cDNA was amplified using primers P3 (5’ – ATGAACGTGAATTGCTCAAC –
3’) and P4 (5’ – CCGGATTGTTTACATAACC – 3’).
5.2.7

Western blots.
For cell and exosomal lysates, equal amounts of protein (10 µg) were resolved on a 12%

SDS-PAGE gel and then transferred to a polyvinylidene difluoride Immobilon-FL membrane
(Millipore). Membranes were blocked for 30 min at room temperature with 5% skim milk in
TBST. Blots were incubated for 1 h at room temperature with the following antibodies: CrPV
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ORF1 (raised against CrPV RdRp) rabbit polyclonal (1:10,000), CrPV ORF2 (raised against
CrPV VP2) rabbit polyclonal (1:10,000), mouse anti-syntaxin 1A (1:5000; DSHB), mouse antiubiquitin (1:5000; AbCam), or mouse anti-Actin (1:5000; AbCam). Membranes were washed 3
times with TBST and incubated with either goat anti-rabbit IgG-HRP (1:20,000; GE Healthcare),
goat anti-mouse IgG-HRP (1:5000; Santa Cruz), IRDye 800CW goat anti-mouse (1:10,000; LiCor Biosciences), or IRDye 800CW goat anti-rabbit (1:20,000; Li-Cor Biosciences) for 1 h at
room temperature. An Odyssey imager (Li-Cor Biosciences) or enhanced chemiluminescence
(Thermo) with ECL were used for detection.
For westerns performed on gradient fractions, proteins were first extracted using
trichloroacetic acid (TCA). To each fraction an equal amount of H2O was added for a total
volume of 400 µL. 100 µL of 100% TCA was added and samples were incubated on ice for 10
minutes. Protein was pelleted by centrifugation for 10 minutes at 4°C at 13.2K RPM.
Supernatant was removed and the pellet was washed twice with 200 µL of ice cold acetone. The
final pellet was then dried by incubating at 95°C for 5 minutes and protein was resuspended in
20 µL of SDS-PAGE loading buffer.
5.3
5.3.1

RESULTS
Isolation of exosome-like vesicles from S2 cells during CrPV infection
To characterize exosome-like vesicles (ELVs) under CrPV infection, we isolated ELVs

from Drosophila S2 cells that were mock-infected or infected with CrPV using differential
ultracentrifugation as previously described (Koppen et al., 2011). Both the S2 cell pellet and the
ELV pellet retrieved were analyzed by Western blot to assess the presence of exosomal protein
markers (Figure 5.1A)(Beckett et al., 2013). As expected, both pellets contained b-actin, and
ubiquitin. For ubiquitin, differential banding patterns were observed between the cell pellet and
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ELV fraction (Figure 5.1A). Ubiquitin is thought to aid in protein sorting to exosomes on the
cytosolic side of the multi-vesicular body, therefore an enrichment of specific proteins would be
expected in the ELV pellet. Moreover, syntaxin-1A showed a strong enrichment in the ELV
fraction compared to the cell pellet as seen previously (Figure 5.1A). In addition to Western blot
analysis, we employed negative stain electron microscopy to assess the integrity of the vesicles.
Electron micrographs of the vesicles displayed a range in size of 30-100 nm, typical of exosomes
isolated from mammalian cells (Figure 5.1B). These results indicate that bona fide exosome-like
vesicles can be isolated from S2 cells.
We next investigated ELVs from S2 cells infected with CrPV. We chose to infect cells
for 6 h to mitigate contamination of the ELVs by cellular debris due to lysis. As seen previously,
syntaxin-1A was enriched in the ELV fraction compared to the cell pellet and differences were
observed in the distribution of ubiquitin between the cell pellet and the ELV fraction (Figure
5.2). Interestingly, distinct ubiquitylated proteins could be detected when comparing ELVs
isolated from mock or CrPV-infected cells suggesting that there may be changes in protein
content in the vesicles (Figure 5.2A). Using an antibody that recognizes the RNA-dependent
RNA polymerase (RdRP) of CrPV, CrPV RdRP was present in the CrPV-infected cell pellets,
but not in the ELV fractions suggesting that it does not get packaged into the ELVs.
To further validate that exosome-like vesicles were isolated, we measured their density
via sucrose gradients. ELVs were isolated as before and then layered onto a 0.25 – 2 M sucrose
density gradient. After centrifugation, the gradients were fractionated and the distribution of
syntaxin-1A across the gradient was monitored by immunoblotting (Figure 5.2B). From both
mock- or CrPV-infected cells, syntaxin-1A was present in fractions of a density range from 1.09
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– 1.16 g/mL, consistent with the range of ELVs (Thery et al., 2002)(Figure 5.2B). Altogether
these results demonstrate that exosome-like vesicles can be isolated from CrPV-infected cells.
5.3.2

Proteomic analyses of CrPV-infected cells and derivative ELVs.
Our Western blot analyses hinted that the protein composition of ELVs is different

between mock- and CrPV-infected S2 cells. To address this, we utilized quantitative mass
spectrometry to identify changes in the proteomes of ELVs. Proteins of ELVs from mock- or
CrPV infected S2 cells (6 h) were isolated and digested with trypsin to produce peptides that
were subsequently labeled with a ‘light’ formaldehyde reagent (Mock-infected) or ‘heavy’
formaldehyde reagent (CrPV-infected) before analyzing via LC-MS/MS. This analysis was also
performed on cell pellets in parallel to determine if proteins enriched in ELVs was due to an
increased abundance within the cell or specific packaging of host proteins. From this analysis,
we identified and quantified 1428 and 802 proteins from the cell and ELV pellets, respectively,
in 2 of 3 biological replicates (Figure 5.3). Of these, 913 proteins were specific to the cell pellet
while 287 protein were detected only in the ELV samples. As well, 515 proteins were shared
between both the cell and ELV pellets (Figure 5.3A). For proteins quantified in the cell pellet,
only 3 displayed a >2-fold increase in protein abundance compared to mock-infected cells. These
included both viral polyproteins (ORF1 and ORF2) and the uncharacterized protein, CG31731RC (Figure 5.3B). The majority of proteins quantified in the cell pellet at 6 hpi decreased in
protein abundance with 16 proteins being down-regulated more than 2-fold compared to mockinfected cells (Figure 5.3B). This agrees with the fact that CrPV shutdowns host protein
synthesis during infection and synthesizes viral proteins in molar excess. In the ELV pellet, 40
proteins increased >2-fold in abundance at 6 hpi while 8 proteins decreased >2-fold (Figure
5.3B).
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Figure 5.1 Validation of exosome-like vesicle isolation from Drosophila S2 cells.
(A) Western blot analysis of different ELV markers between the cell pellet and ELV pellet (Exo) after isolation.
Syx1A = Syntaxin-1A; Ubq = Ubiquitin. (B) Transmission electron micrograph of ELVs isolated using differential
ultracentrifugation.

163

Figure 5.2 Exosome-like vesicle can be isolated from Drosophila S2 cells during CrPV infection.
(A) Western blot analysis of the cell pellet versus the ELV pellet (Exo) in either mock- or CrPV-infected S2 cells.
Cells were infected at an MOI of 10 and exosomes were harvested at 6 hpi. Syx1A = Syntaxin-1A; Ubq = Ubiquitin.
(B) Sucrose density gradient separation of exosome-like vesicles isolated from mock- or CrPV-infected cells at 6
hpi.
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Figure 5.3 Quantitative proteomic analysis of ELVs isolated from mock- and CrPV-infected cells at 6 hpi.
(A) Comparison of proteins identified in S2 cell pellets and ELVs. Cells and ELVs were collected from both mockand CrPV-infected S2 cells at 6 hpi. Proteins were collected from all samples and equal amounts were subjected to
trypsin digestion. Peptides were dimethylated with mock samples labeled with a light (L) formaldehyde and CrPVinfected samples with a heavy (H) formaldehyde. Peptides were then pooled and analyzed by LC-MS/MS. (B)
Scatter plots of proteins quantified in S2 cell pellets in comparison to those in ELVs. Plotted is the Log2
transformed abundance ratios comparing the heavy to light labeled samples (H/L ratio). Boxed region is zoomed-in
area of the graph lacking viral proteins.

165

We also identified multiple markers that have been associated with exosomes in previous
studies in the ELV pellet such as ALIX, Syntaxin-1A, Rab35, and Flotillin-1, supporting that we
were isolating bona fide exosomes. Surprisingly, ORF2 of CrPV was found in the ELV pellet
(Log2 = 12.04; Figure 5.3B and 5.4). However, there were no peptides mapped to the ORF1 of
CrPV in the ELV pellet; congruent with our previous Western blot analysis (Figure 5.2).
To gain further insight into the cellular processes underlying proteins in the cell pellet
and ELVs in CrPV-infected cells, we performed a gene score resampling (GSR) analysis using
ErmineJ. Unsurprisingly, there were no significantly enriched terms found within the cell pellet
protein list since CrPV infection results in global translation shutdown of the host and not
inhibition of specific mRNAs. On the other hand, many GO terms were significantly enriched in
ELVs such as those linked to transport (e.g. GO:0006818; GO:0006811; GO:0055085) and
metabolic processes (e.g. GO:0006091; GO:0006793; GO:0051186) (see Appendix B). Given
the biogenesis of ELVs occurs through invagination of the endosomal membrane, it is
unsurprising that a large portion of proteins are annotated with metabolic functions as these
processes largely occur in the cytoplasm. Altogether, these results suggest that the protein
composition of ELVs during CrPV-infection is unique compared to that of the cell pellet and
ELVs derived from mock-infected cells.
5.3.3

CrPV may hijack ELVs during infection
The observation that ORF2 (i.e. structural), but not ORF1 proteins from CrPV are found

in ELVs suggested that CrPV could be commandeering these vesicles during infection. However,
it is possible that CrPV virions are associated with the ELVs and not necessarily within the
vesicles.
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Figure 5.4 MS/MS spectra of one peptide identified from the CrPV ORF2 enriched in ELVs derived from
CrPV-infected cells.
Fragment spectra from the 813.40 m/z doubly charged, formaldehyde labeled (+32 Da) precursor ion of
EGLAGTSLDEMDLSR from trypsin digested ELVs. In total, 21 peptides were mapped to CrPV ORF2. Individual
fragment ions are annotated in the spectrum and in the sequence representation. In red are y-ions, while b-ions are
represented in blue.
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To distinguish these possibilities, we performed iodixanol gradients on S2 cells infected
with CrPV for 24 h. Iodixanol gradients are more sensitive to changes in sample densities and
thus exosomes and virions fractionate differentially. After infection, supernatants were collected
and ELVs (and virus) were pelleted via ultracentrifugation before layering onto an 8 – 40%
iodixanol gradient. Each gradient was subsequently fractionated and analyzed by Western blot
and RT-PCR for the presence of viral proteins or RNA, respectively. As suggested from our
mass spectrometry data, both CrPV structural proteins and RNA distributed binomially into two
distinct populations; one that co-fractionates with syntaxin-1A and one that fractionates at the
bottom of the gradient (Figure 5.5), which likely represents assembled virions. To determine if
the syntaxin-1A-containing fractions contain virions enveloped with a lipid, we treated the
isolated ELVs with NP-40 before layering onto the gradients. NP-40 treatment abolished the
bimodal distribution of CrPV VP2 and RNA resulting in an enriched population near the bottom
of the gradient, thus suggesting that the syntaxin-1A-containing fractions that contained CrPV
structural proteins and RNA are enveloped with a membrane (Figure 5.5). The disruption of
syntaxin-1A is likely due to its association with lipid rafts. Lipid rafts are known to be resistant
to many detergents and can result in aggregation of the rafts leading to a denser moiety in the
gradient.
We next determined whether the light and dense fractions containing CrPV are
infectious. We pooled fractions containing ‘naked’ CrPV (fractions 15-17) or ‘enveloped’ CrPV
(eCrPV; fractions 5-9) together and extracted the virus through centrifugation (Figure 5.6A). We
then infected S2 cells for 48 h and measured the resulting viral titre. Supernatants from cells
infected with either CrPV or eCrPV resulted in an approximately equal amount of viral titre after
48 h, indicating that eCrPV is as infectious as its non-enveloped form (Figure 5.6).
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To determine if the resulting CrPV-containing ELVs were a result of apoptosis/lysis of
infected S2 cells we examined the integrity of the cell membrane during viral infection. We
infected S2 cells with CrPV at an MOI of 1 and monitored cell membrane integrity via trypan
blue alongside viral titres in the supernatant over the course of 8 hours (Figure 5.6B). At 2 hpi
virus is detectable albeit at low levels which do not begin to increase until 6 hpi as to be
expected. By 8 hpi we observed a 10-fold more virus present in the supernatant compared to the
2-hour time point (Figure 5.6B). Interestingly, even at 8 hpi the membrane of S2 cells remains
intact, suggesting that the virus being released into the supernatant is not due to lysis. Taken
together, these data suggest that CrPV can commandeer ELVs to facilitate its infection
throughout Drosophila cells.
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Figure 5.5 CrPV may hijack ELVs during infection of Drosophilia S2 cells.
S2 cells were infected with CrPV at an MOI of 10 for 24 hours. Supernatant from infected cells was collected and
ELVs were isolated as described in the Materials and Methods. Isolated ELVs were then treated with or without 1%
NP-40 and layered onto an 8-40% iodixanol gradient before centrifuging at 141,000g for 48 hours. Fractions were
then collected, split, and protein was extracted via trichloroacetic acid precipitation while RNA was extracted by
phenol-chloroform. Syx-1A was used as a marker for ELVs. In vitro synthesized firefly luciferase RNA was doped
into each fraction to control for PCR efficiency. Shown is a representative gel from three independent experiments.
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Figure 5.6 ELVs from infected S2 cells elicit subsequent infection and release from cells without lysis.
(A) ELVs isolated from CrPV-infected cells at 24 hpi were separated on iodixanol gradients. Fractions were then
collected, pooled, and added to naïve S2 cells. After 48 hours, viral titres were determined using a fluorescence foci
forming assay. Shown is the average from three biological replicates (±SD). (B) Membrane integrity remains as
extracellular viral loads increase. S2 cells were infected with CrPV at an MOI of 10 and viral loads were measured
in the supernatant at various time points throughout infection via a fluorescence foci forming assay. Trypan blue
staining of S2 cells was used as a proxy for membrane integrity at each time point. Shown is the average from three
biological replicates (±SD).
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5.4

DISCUSSION
Viruses continue to evolve novel strategies to evade the host immune system. In recent

years it has been demonstrated that non-enveloped viruses have the ability to co-opt cellular
processes to acquire an envelope (Bird and Kirkegaard, 2015; Feng and Lemon, 2014). In this
study, we utilized proteomic approaches to evaluate the differences in protein content between
exosomes derived from mock- or CrPV-infected cells. In doing so, we identified 1408 and 802
proteins from the cell and exosome-like vesicles, respectively (Figure 5.3). Only 64% of the
ELV-associated proteins overlapped with the cell pellet suggesting that there may be a distinct
set of proteins enriched within ELVs compared to the cell pellet. Moreover, during CrPV
infection, 40 proteins increased and 8 protein decreased in abundance compared to mockinfected cells (Figure 5.3). This suggests that there is an active mechanism for the sorting and
secretion of proteins in these cells during infection. The best-described mechanism for the
formation of exosomes in mammalian cells is through the endosomal sorting complex required
for transport (ESCRT)(Colombo et al., 2014). This complex is composed of roughly thirty
proteins that assemble into four complexes (ESCRT-0, -I, -II, and –III) along with other
associated proteins. ESCRT-0 binds and sequesters ubiquitylated transmembrane proteins in the
endosomal membrane. HRS (a component of ESCRT-0) then recruits TSG101 of the ESCRT-I
complex. In tandem with ESCRT-II, ESCRT-I acts to cause endosomal membrane deformation.
ESCRT-I is then involved in the recruitment of ESCRT-III via ESCRT-II or ALIX. Finally,
ESCRT-III facilitates vesicle scission into the endosomal lumen (Colombo et al., 2014; Hurley
and Hanson, 2010). The exact mechanism of how cytosolic proteins are sorted into exosomes is
not well understood. It is thought that mono-ubquitinylated proteins containing ‘late’ domain
with a sequence motif P(S/T)XP, YPX1-3L, or PPXYY are targeted for delivery to MVBs by
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interacting with proteins such as TSG101 or ALIX (Buschow et al., 2005; Feng and Lemon,
2014; Freed, 2002). Alternatively, a recent role for HSC70 has been proposed where it binds
proteins containing a KFERQ sequence and to phosphatidylserine on the MVB outer membrane
(Sahu et al., 2011). However, not all proteins in exosomes are ubquitinylated nor do they all
contain KFERQ sequences. It appears a passive mechanism may be involved in protein sorting to
MVBs that involves lipid (e.g. ceramide or cholesterol) and/or tetraspannin associations (Edgar
et al., 2014; Stuffers et al., 2009; Trajkovic et al., 2008; van Niel et al., 2011). Currently there is
limited knowledge on how CrPV alters host cell processes during infection and although
numerous other viruses have been shown to exploit exosome biogenesis pathway including
human immunodeficiency virus-1 (HIV-1), hepatitis B virus (HBV), and Epstein Barr virus
(EBV), there remains no consensus view of a distinct mechanism that leads to changes in cargo
content of exosomes (Raab-Traub and Dittmer, 2017).
From our proteomic analysis, the most highly enriched protein(s) in ELVs derived from
CrPV-infected cells was the CrPV structural proteins. We identified 21 peptides that mapped
across the CrPV ORF2 polyprotein resulting in a log2 fold change of >12 in ELVs (Figure 5.4).
Interestingly, we were unable to identify any of the CrPV non-structural proteins encoded by
ORF1 either by mass spectrometry or Western blot within the ELV fraction (Figure 5.2 and 5.3).
Together with our density gradient analysis, viral titres, and membrane integrity assay (Figures
5.4 and 5.5), these results indicate that, like hepatitis A virus (HAV) and hepatitis E virus (HEV),
CrPV may co-opt exosomes for its own advantage during infection. Akin to our observations
with CrPV, recent work demonstrated that during HAV infection there arises two distinct
populations of virus. Both populations remain infectious; however one acquires an envelope
(eHAV) while the other remains non-enveloped (Feng et al., 2013). HAV encodes two tandem
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‘late’ domains in its VP2 capsid protein that are proposed to facilitate interaction of the viral
capsid with ALIX and be subsequently sorted into exosomes. Intriguingly, eHAV contains an
unprocessed version of the viral capsid protein VP1, termed VP1pX, that is not present in the
non-enveloped virus suggesting there could an additional role played by the pX extension to
facilitate envelopment of HAV (Feng et al., 2013). Similarly, HEV also contains a viral protein
(ORF3) that is only found in enveloped forms of the virus which directs interacts with TSG101
through a PSAP motif (Nagashima et al., 2011a; Nagashima et al., 2011b). Thus, it appears both
HAV and HEV usurp the host ESCRT system to acquire an envelope. Whether CrPV follows a
similar mechanism remains to be determined, but further studies investigating the role of the
ESCRT complex and how viral proteins contribute to this process in CrPV infection would
provide valuable insights into its mode of transmission.
Why would CrPV require an envelope for cell-to-cell transmission? With HAV,
enveloped virions circulate in the blood of infected patients while non-enveloped virions are
found in the feces (Feng et al., 2013). For decades virologists have understood that enveloped
and non-enveloped viruses have distinct advantages over on another. Enveloped viruses can
readily manipulate the contents of their cognate envelope allowing for flexibility in receptors,
evasion of the host immune response, and shuttling viral proteins to enhance infection.
Nevertheless, envelopes are typically susceptible to bile salts and retain lower stability in the
environment (e.g. due to desiccation or chemical resistance)(Smith, 1939). Thus, a biphasic viral
life cycle provides the security of an envelope with the robustness of a capsid. In the case of
eHAV, the envelope is thought to cloak the virus from neutralizing antibodies in the
bloodstream. Unlike humans, Drosophila lacks any sort of antibody defense to viruses; however,
it is understood that hemocytes circulating in the hemolymph mediate phagocytosis of invading
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pathogens to prevent infection (Stuart and Ezekowitz, 2008). Furthermore, Drosophilia cells
secrete the Ig-domain containing protein, Dscam, that has been shown to have over 18,000
isoforms and may act in opsonizing pathogens for phagocytosis (Stuart and Ezekowitz, 2008;
Watson et al., 2005). It is plausible that CrPV hijacks the exosomal pathway to shroud itself from
the phagocytic machinery within the host organism.
Overall, our data offers the first look into how extracellular vesicles contribute to the
pathogenesis of CrPV and how these viruses are transmitted between host cells. Moreover, it
suggests that this virus can co-opt these vesicles for its own advantage to potentially evade the
host immune response. Further research investigating the exact mechanisms contributing to this
phenomenon will provide insight to the currently unknown life cycle of dicistroviruses.
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Chapter 6: Summary and future directions
Positive single stranded RNA viruses exist as some of the most intriguing systems to
study. These tiny complex biological assemblies subsist as some of the most detrimental
pathogens to humans, as key influencers of ecosystems, as major players in agriculturally
relevant crops and animals, and as model systems to understand fundamental biological
processes. Despite their importance, a comprehensive understanding of how these viruses
replicate remains poorly established. Included in this list are members of the Dicistroviridae;
viruses with dicistronic genomes that infect arthropods. Achieving an understanding of
dicistroviruses is an important step as they are thought to be ubiquitous in nature in addition to
being industrially and medically relevant (Bonning and Miller, 2010; Culley et al., 2003; Shi et
al., 2016; Victoria et al., 2009). Specifically, investigations into dicistroviruses could lead to
potential antiviral therapeutics for agriculturally important arthropods (Cox-Foster et al., 2007a;
Lightner, 1996; Lightner and Redman, 1998). Moreover, elements encoded within the genomes
of these viruses have helped to unravel fundamental properties of cellular processes (e.g.
translation, micro RNAs, and non-sense mediated decay)(Butcher and Jan, 2016; Isken et al.,
2008; Petersen et al., 2006). Finally, with the emergence and spread of viruses transmitted
through arthropod vectors (e.g. dengue virus and Zika virus), studying the host-virus interactions
of insect-borne viruses has become even more pertinent. Since dicistroviruses, namely CrPV,
infect the genetically amenable Drosophila melanogaster, they provide a unique model to
discern the mechanisms governing viral replication in an insect host. To this end, my thesis has
focused on the characterization of how the dicistrovirus CrPV usurps the host cell machinery to
facilitate gene expression, viral transmission, and cause disease.
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As mentioned, there remain many unresolved questions pertaining to the dicistrovirus
field. This is, in part, due to the lack of necessary tools to study their biology. Much of the
insights gained into the mechanisms of (+)ssRNAs viruses has come from the use of reverse
genetic tools, such as infectious clones, whereby specific mutations can be made in the virus to
discern the function of a given protein or RNA element. Chapter 2 follows the development of an
infectious clone of CrPV, the first of the Dicistroviridae. Utilizing purified CrPV genomic RNA
and a series of RT-PCR and cloning steps, we constructed two fully infectious clones, termed
CrPV-2 and CrPV-3. In vitro synthesized RNA derived from these clones can replicate, support
synthesis of all known viral proteins in vitro and in vivo, generate infectious virus when
transfected into naïve cells, and produce virus that causes mortality in adult fruit flies. Each
clone has distinct differences in its nucleotide sequence from that which was first published. This
likely reflects the quasi-species nature of RNA viruses and may contribute to why an infectious
clone for the Dicistroviridae could not be previously established. Interestingly, CrPV-2 harbours
a 196 nt duplication in its 5’UTR. Our data demonstrate that the presence of this duplication
attenuates CrPV, presumably due to the inability to package its RNA or release the RNA upon
subsequent infection. Recent work elucidating that structure of the CrPV 5’UTR showed that it is
highly structured with two domains (Gross et al., 2017). Domain II encompasses the IRES
element that drives translation of the downstream ORF, while Domain I, and its six stem-loops,
is dispensable for IRES activity. Although the function of this domain is unclear, the CrPV-2
duplication almost entirely copies SL3 of Domain I. Many viruses contain RNA structures in
their 5’UTR that are utilized in RNA replication or as RNA packaging signals (Liu et al., 2009;
Patel et al., 2015). For CrPV-2, the 5’UTR duplication did not appear to affect viral RNA
replication; thus, it is plausible that the RNA structures found in the 5’UTR are involved in
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packaging. It would be valuable to perform pull-down experiments on biotinylated 5’UTR RNA,
with or without Domain I, followed by label-free quantitative LC-MS/MS comparing mock- and
infected-cells at different time points. Specific protein targets could then be validated using
individual-nucleotide resolution crosslinking affinity purification (iCLAP)(Li et al., 2014a). To
elaborate, ribonucleoprotein complexes are isolated from transfected or infected cells,
crosslinked via UV light, and immuno-precipitated (IP) using an antibody towards the tagged
protein of interest. The protein is then degraded and the RNA is sequenced to determine the
precise binding site of the target protein to the RNA. iCLAP experiments in conjunction with
dsRNA knockdowns and mutations in the infectious clone would prove valuable in
understanding the dynamics of RNA:protein interactions during CrPV infections and would shed
further light into how dicistroviruses replicate.
Studies utilizing the CrPV infectious clone are not restricted to the 5’UTR. This tool
creates possibilities to study a plethora of viral-host interactions of dicistroviruses in Drosophila.
Some of the remaining major questions include the function of the 3’UTR, IGR IRES, and viral
proteins in vivo. The 3’UTR plays a crucial role during RNA replication in multiple RNA
viruses. For example, the 3’UTR in HCV aids in circularization of the viral RNA and acts retain
ribosome complexes at the termination of translation to ensure efficient initiation of subsequent
rounds of translation (Bai et al., 2013). Addressing the role of the CrPV 3’UTR in infection
could be done in a similar fashion as the 5’UTR; application of iCLAP, dsRNA knockdowns,
and mutational analysis in the infectious clone. Moreover, the infectious clone has been used to
construct a functional replicon of CrPV where the structural proteins encoded in ORF2 were
replaced by a Fluc gene (Khong et al., 2016). Introduction of a mutation in the viral RdRp
uncouples RNA replication and translation in this system; this allows for the contributions of
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various viral components to these processes to be determined. A similar system has been used
previously to investigate the contributions of the 3’UTR to dengue virus replication (Alvarez et
al., 2005).
Although the roles of few CrPV proteins are understood (e.g. 3C protease and RdRp), the
function of most proteins is not well defined. Specifically, the role of proteins 1A, 2B, and 3A.
CrPV 1A is a multifunctional protein involved in the shutdown of the host RNAi via binding
AGO2 and inhibiting the formation of stress granules (SG) during viral infection (Khong et al.,
2017; Nayak et al., 2010b). To determine the function of 1A in SG disruption, mutations were
generated in its C-terminus within the infectious clone which led to a reduction in viral loads
during infection. Interestingly, 1A was observed to stimulate translation from the 5’UTR of
CrPV, suggesting that there are additional roles played by this small protein (Khong et al., 2017).
Unlike 1A, CrPV proteins 2B and 3A are completely uncharacterized. In poliovirus, 2B acts as a
pore-forming channel to increase host cell membrane permeability to small solutes and ions
during the late phase of infection (Nieva et al., 2012). Meanwhile, poliovirus 3A aids in RNA
replication to anchor the viral RdRp and RNA to replication vesicles (Jackson, 2014; Xiang et
al., 1995). Whether CrPV 2B and 3A have similar roles as the poliovirus counterparts is
unknown; however, insertion of epitope tags or fused fluorescent proteins into the infectious
clone would allow for tracking via fluorescence microscopy and give a better understanding of
the localization and potential function of these proteins during CrPV infection. Conversely, the
function of CrPV proteins can be further defined by examining their cognate protein-protein
interaction network utilizing techniques such as BioID (Roux et al., 2013). Briefly, a
promiscuous biotin ligase is fused to a protein of interest and upon addition of biotin any
interacting partners, or proteins in close proximity, will be biotinylated. Putative interacting
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partners are then analyzed via LC-MS/MS. Identifying interacting partners of each viral protein
would help uncover the breadth of pathways circumvented during CrPV replication.
Apart from FMDV most picornaviruses encode only a single copy of VPg. By contrast,
CrPV encodes four copies of VPg each of which has slight amino acid differences (Nakashima
and Shibuya, 2006). In picornaviruses VPg is translated in equimolar amounts to all other viral
proteins due to translation occurring as a single polyprotein. As CrPV proteins are encoded in
two differentially regulated ORFs, it may be that these viruses have evolved multiple VPg copies
to ensure a correct VPg to genomic RNA stoichiometric ratio for an optimal viral life cycle. In
FMDV, all naturally isolated strains encode three copies of VPg (VPg1, VPg2, VPg3).
Interestingly, not every copy of VPg is required for infectivity, suggesting a strong selective
pressure to maintain them (Pacheco et al., 2003). All three VPg proteins can be uridylyated,
however, only deletion of VPg3 abolishes FMDV RNA replication while deletion of VPg1 or
VPg2 merely reduce it (Falk et al., 1992; Nayak et al., 2005; Pacheco et al., 2010). Deletions,
duplications, or mutational experiments of the CrPV VPg sequences in the infectious clone
would help to determine the function of each copy and why these viruses evolved this unique
mechanism.
Considering the development of the infectious clone, in Chapter 3 we utilized it to
investigate the role of the CrPV IGR IRES during viral infection. Previous studies have provided
detailed structural, biochemical, and biophysical information into IGR IRES translation.
However, these studies have been limited to in vitro approaches and little is known about how
these IRESs behave in vivo. By introducing mutations known to perturb the IGR IRES into the
infectious clone we established the physiological relevance of various structural regions during
infection. As expected, a subset of the mutations failed to produce viable virus (e.g. DPKI and
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mL1.1a). Intriguingly, mutations in SLIV and SLV that were previously shown to abolish IRES
activity in vitro still supported virus production in vivo. While this study provides a complement
to previous in vitro work, why these mutations remain functional during infection is unclear.
Investigations into the overall structure of the IGR IRES using in vivo SHAPE could perhaps
reveal dynamic structural conformations that this IRES adopts. Additionally, structural studies
employing cryo-EM on ex-vivo wild-type or mutated IRES-80S ribosome complexes isolated
from infected cells would expose in vivo functional states adopted by the IGR IRES. A similar
approach has been performed on translating human ribosomes to understand the dynamics that
occur during canonical eukaryotic translation (Behrmann et al., 2015).
In vivo IRES studies are not limited to the CrPV IGR IRES. Recently the IAPV IGR
IRES was introduced in lieu of the CrPV IGR IRES in the infectious clone to generate a chimeric
virus. As there is no current means to study IAPV in its native context, the CrPV/IAPV chimera
was utilized to understand the role of SLIV in IRES-mediated translation (Au et al., 2017). It
would be of interest to examine if other elements within dicistroviruses (or other viral families)
can readily compensate for one another. For example, swapping the CrPV structural proteins for
those of DCV or IAPV may reveal insights into determinants of host and tissue tropisms.
Overall, these examples and those described above highlight the power of the CrPV infectious
clone as a reverse genetic tool for understanding RNA and protein functional relationships in
dicistroviruses.
In Chapter 4 we explored the unusual mechanism of CrPV IGR IRES-mediated +1-frame
translation. Previous work in our lab demonstrated that a subset of dicistroviruses IGR IRESs
have the capacity for +1-frame translation of a hidden overlapping open reading frame, ORFx
(Ren et al., 2012). These viruses appear to utilize a U:G wobble base pair adjacent to PKI to set

181

the ribosome into the +1 reading frame. CrPV, on the other hand, uses a unique mechanism
where it initiates at a downstream lysine codon. Extensive mutational analysis and biochemical
assays established the following rules for +1-frame translation: (1) translation is IGR IRESdependent; (2) it requires pseudotranslocation of the IRES; (3) it initiates at the 13th AAA (Lys)
codon downstream; (4) the spacer region is necessary; and (5) the nucleotide identity is crucial
for efficient +1-frame translation. Although the exact mechanism is elusive, we propose that the
IRES employs a translational bypass-like mechanism to facilitate +1-frame translation.
Truncation mutants suggested that the translation of the first few codons adjacent to PKI are
required for +1-translation. Here, we envision that the 80S ribosome engages the IRES and
begins translation; following delivery of the first few aminoacyl-tRNAs there is a pausing event.
From here, much like with bacteriophage T4 gene 60 bypassing, the IRES may block backpedaling of the ribosome that may force it to disengage from the RNA and resume translation
downstream (Chen et al., 2015a). Interestingly, recent data demonstrated that delivery of the
third aminoacyl-tRNA is a kinetically ‘slow’ step which may represent the necessary pause for
the ribosome to skip downstream (Zhang et al., 2016). However, convoluting this model is that
the introduction of stop codons in the 0- or +1-frames adjacent to PKI do not disrupt +1-frame
translation. Additional experiments using single molecule fluorescence resonance energy transfer
with labeled IRES and ribosome would likely illuminate the structural rearrangements occurring
during +1-frame translation. Furthermore, verification of the ORFx N-terminus via Edman
degradation and reading frame assessment using ribosomal profiling would solidify the
translation start site and help prove the precise mechanism.
An outstanding question is simply: what is the role of ORFx? In the latter half of Chapter
4 we begin to address this question by examining the contribution of ORFx to CrPV infection.

182

Again, with the CrPV infectious clone, we generated viruses containing synonymous +1-frame
stop codons at either the 12th (CrPV-S12) or 19th (CrPV-S19) position that presumably express or
do not express ORFx, respectively. No differences in were observed in viral loads when infecting
adult flies or tissue culture cells. The sole difference seen was an attenuation of fly morality in
viruses unable to produce ORFx. This suggests that ORFx contributes to pathogenesis of CrPV
in adult flies. Additionally, in silico predictions, sub-cellular fractionation, and
immunofluorescence data of the 41 amino acid form of ORFx leads to the conclusion that it
resides as a membrane protein in the ER. Intriguingly, Drosophila and humans encode
membrane inserted micropeptides named sarcolamban and myoregulin, respectively (Anderson
et al., 2015; Magny et al., 2013). These micropeptides act to bind the protein SERCA
(sarcoplasmic reticulum Ca+2-ATPase; Ca-P60A in Drosophila) in the lipid bilayer, inhibiting its
function. SERCA functions as the main ATP-dependent transporter to pump Ca+2 into the
sarcoplasmic reticulum resulting in muscle relaxation (Anderson et al., 2015; Magny et al.,
2013). Since CrPV infection leads to paralysis and eventual death of its host, it is tempting to
speculate that ORFx may bind to SERCA in the membrane, inhibiting its function. Behavioral
experiments on fruit flies infected with CrPV-S12 or CrPV-S19, such as climbing assays, would
help support this model. Moreover, IP-MS of tagged ORFx would identify potential interacting
partners and give a better understanding of the function of ORFx. Care needs to be taken when
performing the above experiment as false positives could arise due to the membrane associated
nature of ORFx, thus rigorous validation must be done. Overall, this work demonstrates a novel
programmed IRES-mediated recoding strategy to increase viral coding capacity and impact viral
replication.
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Chapter 5 investigates a different aspect of the CrPV life cycle: release and transmission
of progeny virions. Traditionally thought to only escape the host cell via lysis, we have
demonstrated that CrPV may also hijack the exosomal pathway to facilitate viral release. It is not
outside the realm of possibility that this occurs. Mammalian viruses have been shown to usurp
this pathway for budding and envelopment (Feng et al., 2013; Fujii et al., 2007). As well, recent
evidence has shown that Drosophila cells not only secrete exosomes, but also exploit them for a
systemic anti-viral response (Tassetto et al., 2017). Circulating hemocytes take up viral dsRNA
and virus, which is subsequently reverse transcribed into viral DNA molecules. These DNA
molecules are then used for de novo synthesis of secondary virus-derived siRNAs (vsRNAs).
vsRNAs are then incorporated into exosome-like vesicles for delivery to adjacent cells (Tassetto
et al., 2017). Since Drosophila has evolved this pathway for its own use, it is conceivable that a
viral agent could co-opt it. Although, how CrPV manages to commandeer the machinery from
this pathway for its own benefit is unresolved. With HAV, there are late domains within the
capsid proteins that facilitate envelopment of the virus. Indeed, brief inspection of the capsid
proteins of CrPV shows some putative binding sites for ALIX and TSG101. Follow-up
experiments mutating these sites in the infectious clone of CrPV would provide insight into the
mechanism of envelopment. Conversely, knockdown experiments using dsRNA targeting
ESCRT components would additionally support this model.
As discussed previously, CVB3 and poliovirus are released en bloc in phosphatidylserine
vesicles to facilitate infection (Chen et al., 2015b). It would be of interest to determine if CrPV
utilizes a similar mechanism of release or if it tows closer to the lines of HAV, pointing towards
the evolutionary path of these viruses. Experiments implementing live cell imaging and single
molecule fluorescent in situ hybridization against the viral RNA could help address these
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questions. Additionally, a major remaining inquiry is why CrPV would evolve to acquire an
envelope. In Chapter 5, we propose that it may do so to evade DsCam and the phagocytic
machinery of the host organism. Previous studies have demonstrated that depletion of phagocytic
cells by treatment of adult Drosohpila flies with polystyrene beads enhances CrPV infection
(Costa et al., 2009). Additional experiments such as infecting flies deficient in DsCam and
determining if hemolymph from infected flies reacts with enveloped vs non-enveloped CrPV (i.e.
probe for DsCam bound to the virus), akin to serum from infected patients and HAV, would help
establish if this pathway is involved in the response to CrPV infection.
In conclusion, the work presented in this thesis has helped to provide a deeper
understanding of the CrPV life cycle and its host interactions. The establishment of a
dicistrovirus infectious clone provides a foundation for future studies investigating the
fundamentals of both dicistroviruses and biological processes. An exciting aspect of modern
virology is that ongoing studies enrich our understanding of individual viruses, while also
revealing unifying principles that link many aspects of virus infection, replication, and host-virus
interactions across many viral families. Insights derived from virological studies put forth a
central order within the vast and seemingly chaotic diversity of known viruses, with significant
implications in viral evolution and function. As the full extent of underlying parallels are still
developing, continuing research will extend and refine the core connections between diverse
viral families. Indeed, the resulting information generated from these studies will continue to
have important ramifications in our abilities to combat the current and emerging threat of viral
disease while furthering development of the beneficial uses of viruses.
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Appendices
Appendix A : CHAPTER 4 SUPPLEMENTARY DATA

Figure A.1. Biochemical analysis of potential +1-frame translation by various Dicistrovirus IGR IRESs. A) In
silico analysis for potential +1-frame translation mediated by IGR IRESs. List of type I or type II IGR IRES based
on their secondary structures. According to NCBI sequences, the potential +1-frame base pair which locates
immediate downstream of their IGR IRES PKI region as in IAPV IGR IRES, together with the predicted length of
ORFxs and the first amino acids, are shown. B) IGR IRES mediated +1-frame translation using an in vitro
translation assay. The translation of firefly luciferase (FLuc), which is fused in the 0-frame or +1-frame, is driven by
the individual IGR IRES within the bicistronic reporter construct. Linearized reporter constructs are incubated in
Sf21 in vitro translation insect cell extract at 30 °C for 2 hours in the presence of [35S] methionine/cysteine.
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Translation of FLuc and RLuc was monitored by phosphorimager analysis after resolving on a 16% SDS PAGE. On
the bottom panel, the ratio of FLuc/RLuc are quantified and normalized to the IAPV 0-frame translation. Shown are
averages from at least three independent biological experiments (± SD).

Figure A.2. Construction of a T2A construct +1-frame reporter construct that recover FLuc enzyme activity.
A) The schemes of bicistronic constructs in which firefly luciferase gene (FLuc) is in frame with the CrPV ORFx
are shown. The T2A sequence (dark grey) is inserted between the CrPV ORFx and the FLuc gene. The arrow
indicates the ‘self-cleavage’ or ‘stop-go’ site. A mutation within the T2A peptide (D to E) inactivates T2A ‘selfcleavage’ activity. T2A-minus (-T2A) and T2A-containing ((+)T2A) +1-frame bicistronic constructs were incubated
in Sf21 extracts for 2 h in the presence of [35S] methionine and cysteine. The left panel is a representative SDSPAGE monitored by autoradiography, whereas the right panel is the quantitation of relative luciferase activity
(RLA) measured by Dual-Luciferase reporter assay (Promega). RLA are normalized to that observed with the +1frame T2A-containing reporter construct. Shown are averages from at least three independent biological
experiments (± SD).
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Figure A.3. Effects of deletion and insertion mutations in the CrPV spacer region on +1-frame translation.
Schematic of the spacer region between the PKI domain and the +1 frame start site is shown above. In vitro
translation assay of the CrPV IRES bicistronic construct with the indicated mutations or an insertion mutation (Ins)
of 30 random nucleotides between G6217 and C6218 or between C6235 and A6236 are monitored by luciferase activities.
Both 0- and +1-frame activities are normalized to that of WT constructs. Shown are averages from at least three
independent biological experiments (± SD). RLA = relative luciferase activity.
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Figure A.4. Translation of CrPV ORFx is dependent on 80S binding but not on scanning-dependent. A) Effect
of L1.1 mutation on +1 frame translation. Comparison of luciferase activities between WT IGR IRES and L1.1
mutants (L1.1A and L1.1B) that do not bind the 60S subunit. The value of RLuc and FLuc are normalized to WT. B)
+1-frame translation is insensitive to edeine. CrPV IRES-mediated 0- and +1-frame translation is monitored in the
absence or presence of 2 µM edeine. The ΔPKI mutants in both 0- and +1-frame are used as controls for IGR IRES
dependent translation. The luciferase activities of RLuc and FLuc on the left panel are normalized to the WT of the
0-frame, whereas the luciferase activities of RLuc and FLuc on the right panel are normalized to the WT of the +1frame. C) Effect of RNA hairpin structures on +1 frame translation. Translation of 0- and +1-frame translation of
bicistronic reporter constructs that contain RNA hairpins structures (HP1 ΔG = -17.00 kcal/mole and HP2 ΔG = 32.70 kcal/mole) between the nucleotides 6135 and 6136. To block the ribosome scanning the downstream sequence
driven by the 0-frame initiation, we introduced a stop codon at the 3rd codon on the 0-frame on both HP1 and HP2
constructs (0S3). Shown are averages from at least three independent biological experiments (± SD).
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Figure A.5. CrPV ORFx has no effect on virus infection in S2 cells. A) CrPV ORFx has no effect on viral protein
synthesis in vitro. The in vitro transcribed RNA from CrPV-2 or the cognate mutants was incubated in Sf21 cell
extract at 30°C for 2 hours in the present of [35S]-methionine/cysteine. Translation of viral proteins were monitored
by autoradiography using 12% SDS PAGE. A representative gel of at least three independent biological experiments
is shown. B) CrPV ORFx has no effect on viral replication in S2 cells. S2 cells were infected with CrPV-2, CrPVS12, or CrPV-S19 viruses at MOI 1.0. Viral titres were measured at 6, 9, 12, 24 and 30 h.p.i for MOI 1. Shown are
average from at least three independent biological experiments (±SD).

215

Appendix B : CHAPTER 5 SUPPLEMENTARY DATA
Table B.1. Significantly enriched GO terms found in the exosome-like vesicle pellet of from CrPV-infected cells.
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Table B.1. Continued.
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