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Abstract

The dicistrovirus intergenic region internal ribosome entry site (IGR IRES) adopts a triple-
pseudoknot (PK) structure to directly bind to the conserved core of the ribosome and drive
translation from a non-AUG codon. The origin of this IRES mechanism is not known. In this thesis,
I describe two studies that attempt to examine how the IGR IRES may have come about. In the
first study, I characterized an IGR IRES from a 700-year-old dicistrovirus, named ancient
Northwest territories cripavirus (aNCV). From structural prediction of the aNCV IGR sequence
and filter binding assays, we showed that the aNCV IGR secondary structure is similar to
contemporary IGR IRES structures and could tightly bind to purified human ribosomes. However,
there are differences including 105 nucleotides upstream of the IRES of unknown function. We
also demonstrated that the aNCV IGR IRES can direct internal ribosome entry in vitro. Lastly, we
generated a chimeric virus clone by swapping the aNCV IRES into the cricket paralysis virus
(CrPV) infectious clone. The chimeric infectious clone with an aNCV IGR IRES supported
translation and virus infection. The characterization and resurrection of a functional IGR IRES
from a divergent 700-year-old virus provides a historical framework of the importance of this viral
translational mechanism.

In the second study, I have examined candidate RNAs that may have IGR IRES-like
properties from the Drosophila genome. Previously, we adapted a selective evolution approach to
identify RNA elements in the Drosophila genome which have IGR IRES-like properties. From the
potential candidate RNAs, RNA3, RNAS and RNA7 showed tight binding to purified human
ribosomes. However, in a competition assay only RNAS could compete with excess wild-type but

not mutant CrPV IGR IRESs for ribosomes. However, we demonstrated that RNAS5 did not bind
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to ribosomal core, as it was accessible by RNase I. Structural predictions were used to identify
stemloop (SL) structures of RNAS. Mutations at SL2 altered RNAS binding affinity, suggesting a
potential interaction region. Finally, incubation of RNAS in rabbit reticulocyte lysate (RRL) did

not affect translation in vitro.
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Lay Summary

Translation is a key step of gene expression in all organisms. Viruses have evolved
mechanisms to translate viral proteins. One such mechanism is through viral structural element to
bypass the translation regulation. By studying the mechanisms in which different viruses translate,
the knowledge we gain can be applied to boost the translation of proteins of interest under stress
regulations. The translation mechanism from dicistroviruses, which have two coding regions in
their genomes, is well-studied as it requires the most simplified mechanism. However, the origin
of this mechanism is unclear. This thesis explored the evolution of this mechanism by
characterizing the viral structural element of a virus from the same family which is at least 700-
year-old and comparing with contemporary models. We also searched for similar element from

the host genome, which would solidify host-virus coevolution theory.



Preface

A version of Chapter 2 has been published: Wang, X.; Vlok, M.; Flibotte, S.; Jan, E.
Resurrection of a Viral Internal Ribosome Entry Site from a 700 Year Old Ancient Northwest
Territories Cripavirus. Viruses 2021, 13 (3),493. I conducted all the experiments and data analysis
presented in this chapter. The manuscript was written with guidance from Dr. E. Jan.

Chapter 3 is based on the original screen conducted by Dr. Q.S. Wang. Experiments for
Figures 3.1 were performed by Dr. Q.S. Wang, and I conducted and analyzed the rest of the

experiments.
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Chapter 1: Introduction

1.1 Overview of positive-sense single-stranded RNA viruses

1.1.1 Positive-sense single-stranded RNA viruses

Viruses are obligate pathogens that replicate inside living cells, from mammals, plants to
microorganisms. Viruses are classified into seven groups based on their types of genetic
information (RNA or DNA), strandedness, and the method of replication (Baltimore 1971). Single-
stranded positive-sense RNA (+ssRNA) viruses comprise one of the largest class of viruses having
RNA genome sizes ranging from 2 kilobases (kb) genome (porcine circovirus) (Dhindwal et al.
2019) to 32 kb genome (coronavirus) (Snijder et al. 2003; D. Kim et al. 2020).

The single-stranded viral RNA genomes function as both the replication template and as a
template for translation to produce viral proteins. +ssSRNA viruses replicate through RNA
dependent RNA polymerase (RdRp) that is virally encoded. Because RdRp lacks proof-reading
ability (Venkataraman, Prasad, and Selvarajan 2018), viruses replicate with high mutation rates
and exhibit genetic diversity. Coronaviruses are the exception, and the increased fidelity of their
replication is mediated by the exoribonuclease encoded from nonstructural protein 14 (Minskaia
et al. 2006; Gribble et al. 2021). For +ssRNA viruses, the mutation rate was examined to as high
as 10 mutation per nucleotide in a single infection (Sanjuén et al. 2010). Thus, these viruses adapt
rapidly when environmental dynamics change and evolve resistance to selective pressures such as
vaccines and antiviral drugs, therefore it is a constant challenge to develop new antiviral

therapeutic strategies (Lauring and Andino 2010). Despite the high mutation rate, understanding



the fundamental mechanisms of the viral life cycle will provide potential targets for developing
antiviral drugs.

Due to the limited compact genome size, +sSRNA viruses contain single or multiple open
reading frames (ORFs) that are translated to polyproteins. The polyproteins are then processed by
viral or cellular proteases or via noncanonical translation mechanisms such as the 2A peptide
"stop-go" mechanism (Luke et al. 2008). The ORFs encode viral proteins required for different
steps of the viral life cycle. Viral non-structural proteins include the viral protease that cleaves
both viral and host substrates, viral protein genome-linked (VPg) that participates in viral
replication and protects viral mRNA from degradation (Goodfellow 2011), RdRp, and other
essential proteins involved in both translation and replication. Viral structural proteins include
capsid and envelope proteins that package and protect the viral genome, transport and release their
genomes inside other cells (Roos et al. 2007). Depending on characteristics such as genome
composition, host range, sequence similarity and virion structures, viruses with similar properties
are grouped following a hierarchical relationship which includes order, family, genus and species.
For the purpose of this study, I will be focusing on the member of Dicistroviridae, which is
classified with the family of Picornaviridae. Its genome composition as well as protein functions

will be discussed more in section 1.4.1.

1.1.2 Viral life cycle

Most +ssRNA viruses share a similar viral life cycle, including binding to cell surface
receptors for viral entry, followed by uncoating and release of the viral RNA genome into the
cytoplasm. Subsequently, the viral RNA is translated to produce viral proteins, which in turn
initiate the replication step to produce the -strands and +strands. Viral RNAs are then assembled

with structural capsid proteins and egress out of the cell either through lysis or budding (reviewed
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in (De Jesus 2007)). Here, the poliovirus (PV) life cycle will be used as the model to be reviewed
because it is one of the most well-studied viruses in this group, and dicistroviruses are part of
Picornavirales which are likely to have a similar life cycle.

As amember of Picornaviridae,PV is anon-enveloped virus composed of an RNA genome
and capsid proteins. The receptor for PV entry is the cell surface receptor CD155, which is an
immunoglobin-like receptor (Mendelsohn, Wimmer, and Racaniello 1989). Upon binding to
CD155, the viral particle of PV undergoes a conformational change which is necessary for viral
entry through receptor mediated endocytosis (de Sena and Mandel 1977). This conformational
change externalizes the capsid protein VP4 and the N terminus of VP1 (M. Chow et al. 1987,
Fricks and Hogle 1990) and the externalized peptides insert into membranes to anchor to the cell
membrane in a receptor-independent manner (Tosteson and Chow 1997; Brandenburg et al. 2007).
As aresult, pores are formed on the cellular membrane and the viral RNA genome is released into
the cytoplasm.

PV possesses an RNA genome with a single ORF which is ~7.5 kb in length. After its
genomic RNA is released into the cytoplasm, the covalently linked VPg is removed from the 5’
end of PV RNA by a cellular unlinkase (Nomoto, Fon Lee, and Wimmer 1976; Lee et al. 1977,
Virgen-Slane et al. 2012). Instead of having a 5’m’G-cap structure to recruit the host translational
machinery, PV possesses an internal ribosome entry site (IRES) within the 5’untranslated region
(5’UTR) to initiate translation. More detailed mechanisms of cap-dependent translation and IRES-
dependent translation will be discussed in section 1.2 and 1.3. After translation, the nascent
polypeptide is produced and then cleaved into about 10 individual proteins by virally encoded
proteases, 2A and 3C/3CD. The 2A and 3C/CD also target host proteins to modulate cellular

processes that promote infection. Notably, translation factors eI[F4G and poly(A) binding protein
3



(PABP) are cleaved thereby resulting in inhibition of cellular translation (Gradi et al. 1998;
Kuyumcu-Martinez et al. 2004). After viral proteins are synthesized, translation shifts to
replication to produce more RNAs. During PV replication, the intracellular membrane landscape
rearranges massively to provide vesicles for RNA replication (Belov et al. 2012), induced by 2C
and 2BC which tightly associate with PV membranous replication complexes (Cho et al. 1994).
PV replication is thought to happen at endoplasmic reticulum (ER) because viral vesicles were
found to colocalize with ER marker proteins (Bienz, Egger, and Pasamontes 1987; Suhy, Giddings,
and Kirkegaard 2000), and the PV-induced vesicles most resemble the ER (Suhy, Giddings, and
Kirkegaard 2000). PV is a +ssRNA virus, so (-)RNA needs to be replicated to synthesize more
(+)RNA. VPg is covalently linked to (+)RNA which functions as a primer for both negative- and
positive-strand synthesis (Vogt and Andino 2010). To generate (-)RNA, VPg is uridylated by
addition of two uracil nucleotides on its third tyrosine residue by an cis-acting replication element
(CRE). CRE contains a highly conserved secondary structure bedded within the 2C-coding region
and together with uridylated VPg to synthesize (-)RNA (Vogt and Andino 2010). After (-)RNA is
synthesized, it serves as the template to produce (+)RNA which serves as both the translating
template and genomic RNA. At the last step, structural proteins (capsid VP1, VP2, VP3, VP4)
produced by viral translation encapsulate viral RNA genomes and generate progeny virions.
Membrane lysis is believed to be the main method to release virions from the cell, though a
different mechanism involving extracellular vesicles has been suggested to release virions (Bird

and Kirkegaard 2015; Y. H. Chen et al. 2015). (Figure 1.1)



Pore-mediated
penetration

Icosahedric capsid

IRES mediated translation

Host translation shutoff

Figure 1.1. Overview of the poliovirus replication cycle.

Poliovirus attaches to the cell membrane through binding to CD155 receptor. After receptor-
mediated endocytosis, viral genomes are released into the cytoplasm. The released genome is
translated into a polyprotein, processed into individual proteins. Viral RNA replicates at membrane
vesicles together with replication complexes. Encapsidation happens closely coupled to replication
to package newly synthesized genomic RNA into capsids. Finally viruses are released via lysis or
exocytosis. Adapted from ViralZone (https://viralzone.expasy.org; Swiss Institute of

Bioinformatics).



1.2 Eukaryotic cap-dependent translation initiation

Translation is a key step of gene expression in all organisms and can be divided into four
stages: initiation, elongation, termination and ribosome recycling. Initiation is typically the rate
limiting step of translation and requires complex step-by-step actions to start translation. The
majority of eukaryotic mRNAs use a scanning cap-dependent mechanism that requires upwards of
12 core translation initiation factors to initiate translation. Two hallmarks of eukaryotic mRNAs
are the 5° cap and 3’ poly(A) tail that both play an important role during translation. The 5 cap
has three main functions: 1) prevents mRNAs from degradation by exoribonucleases. 2) promotes
pre-mRNA splicing (Edery and Sonenberg 1985; Konarska, Padgett, and Sharp 1984; Fresco and
Buratowski 1996). 3) regulates nuclear export of mRNAs (Lewis and Izaurralde 1997). The 5’ cap,
consisting of a guanine nucleotide, is connected to the first nucleotide of mRNA by an inverted
5’-5" triphosphate linkage (reviewed in (Shuman 2002)). The cap is added co-transcriptionally
when the nascent mRNA is generated and then guanosine is methylated at position 7, abbreviated
as m’G. By blocking the 5’end, the 5’ cap can stabilize mRNAs from exoribonucleases degradation.
Cap binding complex (CBC) regulates RNA nuclear export by recognizing and binding to the 5’
cap. Then CBC is recognized by the nuclear pore complex and exported to support a pioneer round
of mRNA translation essential for mRNA quality control (reviewed in (Maquat, Tarn, and Isken
2010)). Subsequently, CBC is replaced by the translation initiation factor, eIF4E, and the new
complex is recognized by other translation initiation machinery to start the translation (Maquat,
Tarn, and Isken 2010).

The translation initiation starts by recruiting the cap-binding complex, elF4F and the

formation of the 43S preinitiation complex (PIC) (reviewed in (Jackson, Hellen, and Pestova 2010;



Hinnebusch and Lorsch 2012) (Figure 1.2). eIF4F comprises the cap-binding protein eIF4E which
binds to the 5’ cap, the DEAD-box RNA helicase eI[F4A and elF4G which is a scaffold protein
mediating the circularization of mRNA by interacting with poly(A) binding protein (PABP) bound
to the 3’ poly(A) tail and elF4E. The 43S PIC consists of 40S ribosomal subunit, the ternary
complex elF2-Met-tRNA;-GTP, elF1, elF1A, elF3 and elF5. The 43S PIC is recruited to the 5’
end through interaction between elF4G and elF3 and then scans along the mRNA until it
encounters the first AUG codon. Scanning is assisted by the helicase eIF4A which unwinds the
RNA secondary structure in the 5° UTR, together with elF1 and elF1A which are essential for
recognizing the AUG start codon by inducing an “open” conformation of the 40S at the binding
channel (Passmore et al. 2007). To ensure the fidelity of initiation, scanning complexes must have
discrimination ability to screen and bypass partial base-pairing of initiation codon triplets and
recognize the correct site (Yu et al. 2009; Simonetti et al. 2020). An optimal initiation site is within
the “Kozak” sequence, which has an optimum context GCC(A/G)CCAUGG, with a purine in -3
and a guanine in +4 positions (relative to the A of the AUG codon, designated as +1) (Kozak 1986;
1991). Once the start codon is recognized and Met-tRNA, establishes the anticodon-codon base-
pairing with AUG start codon at the ribosomal P site, eIF1 is displaced followed by the ribosome
complex adopting a scanning-incompetent “closed” conformation change (Maag et al. 2005;
Passmore et al. 2007). The arrested ribosomal complex commits to that initiation codon, and this
step is mediated by elF5, a GTPase-activating protein, which specifically stimulates the hydrolysis
of elF2-bound GTP and therefore deceases the binding affinity of eIF2-GDP and results in its
dissociation from the ribosomal complex (Paulin et al. 2001; Kapp and Lorsch 2004). The
dissociation of elF1, eIF1A, elF3 are mediated by elF5B, a ribosome-dependent GTPase, which

is proposed to promote 60S subunit joining (Pestova et al. 2000). The release of eIF5B is achieved
7



by hydrolyzing e[F5SB-bound GTP. At last, an 80S ribosome is formed at the translational start site,
with the Met-tRNA; positioned in the P site and an adjacent vacant A site ready to accommodate

the next aminoacyl-tRNA, ready for the elongation.
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Figure 1.2. Pathway of eukaryotic cap-dependent translation initiation.

The eukaryotic translation initiation pathway is divided into eight stages (2-9) followed as: (2)
elF2-Met-tRNA;-GTP ternary complex formation; (3) 43S preinitiation complex formation; (4)
mRNA activation by binding of eIF4F; (S) attachment of 43S complex to the mRNA cap region;
(6) 5’ to 3’ scanning of the 5° UTR by 43S complex; (7) initiation codon recognition followed by
48S initiation complex formation, switching the scanning complex to a “closed” conformation; (8)
60S subunits joining to 48S complex and initiation factors displacement; (9) e[F5B-bound GTP
hydrolysis and release of eIF1A and eIF5B to form elongation-competent 80S ribosomes. Adapted

with permission from (Jackson, Hellen, and Pestova 2010).



1.3 Non-canonical translation initiation

Viruses have evolved noncanonical mechanisms for viral protein synthesis including but
not restricted to leaky scanning, which allows for expression of multiple isoforms of a protein;
ribosome shunting, which allows ribosomes to access downstream ORFs in a scanning-
independent pattern; reinitiation, which encodes multiple ORFs without the dissociation of 40S
subunit; internal ribosome entry site (IRES), which allows internal entry of ribosomes on a mRNA
in a 5’ cap-independent manner (reviewed in (Firth and Brierley 2012)). These mechanisms allow
for the virus to co-opt the ribosomes and may allow preferential viral protein synthesis under virus
infection. For the purpose of this study, IRES as one of the viral strategies to initiate translation

will be discussed in detail.

1.3.1 Viral internal ribosome entry site

Most of the IRESs discovered are from viruses. IRESs allow viruses to subvert host
translation machinery to synthesize viral proteins. Based on the sequences, secondary structures
and the mode of action for translation initiation, IRESs are classified to four different classes
(Figure 1.3). Class 1 and 2 IRESs generally have longer sequences with RNA structures consisting
of basic short and long hairpins and tertiary structures such as pseudoknots. These IRESs require
all initiation factors except eIF4E as well as protein cofactors. Class 1 IRESs still require a
scanning process whereas Class 2 IRESs do not. Class 3 IRESs bind directly to the ribosome but
still require a few elFs. Class 4 IRESs have the most streamlined mechanism which does not
require any elFs to bind to ribosomes and initiate at a non-AUG codon (reviewed in (Jaafar and

Kieft 2018; Mailliot and Martin 2018)).
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Class 1 and 2 IRESs: Typical examples of these two types of IRESs are from

Picornaviridae and are similar to one another in terms of the requirement to initiate translation.
The first studied models poliovirus (PV) and encephalomyocarditis virus (EMCV) that containing
IRESs are from Class 1 and 2 respectively (S. K. Jang et al. 1988; Pelletier and Sonenberg 1988).
Both viruses lack a conventional 5> m’G cap and instead contain highly structured 5° UTRs. Their
5’ UTRs internal initiation ability were determined by inserting the 5° UTR between two reporter
luciferases within a bicistronic reporter construct. Indeed, the translation directed by viral 5> UTR
occurred, demonstrating that internal translation initiation is possible. This discovery was further
proved by artificially synthesizing a circularized RNA harboring the EMCV which can initiate
translation (C. Y. Chen and Sarnow 1995). Later, IRESs were found in other picornaviruses
including foot-and-mouth disease virus (Belsham and Brangwyn 1990; Kiihn, Luz, and Beck
1990), human rhinoviruses (Borman and Jackson 1992), and hepatitis A virus (Glass, Jia, and
Summers 1993). Both classes of IRESs require the entire set of canonical elFs excluding eIF4E
and also require IRES frans-acting factors (ITAFs). They are unable to recruit 40S subunit directly.
Although most of the protein complements associated with IRES are not clear, ITAFs are thought
to be important for maintaining an active IRES by promoting IRES remodeling in an active
structure state (reviewed in (Plank and Kieft 2012)). Class 1 members need to undergo a classical
5’-3’ scanning to find the start codon, whereas Class 2 members can tether translation directly to
the start codon without any scanning. Both classes of viruses are partially refractory to elF2
phosphorylation (Meurs et al. 1992) but can operate in an elF2-independent mode by using eIF5B
as a substitute (White, Reineke, and Lloyd 2011). Taking IRES-driven translation as an advantage,
viruses containing Class 1 or 2 IRESs depress cap-dependent translation by targeting and cleaving

elF4G and PABP by the viral 2AP° and 3CPe proteases (Gradi et al. 1998; Etchison et al. 1982;
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Joachims, Van Breugel, and Lloyd 1999; Kriusslich et al. 1987). For example, PV cleaves elF4G
using the 2AP® protease and abolishes de novo cellular translation initiation (Gradi et al. 1998).
PV can bypass this abolishment by recruiting the carboxy-terminal fragment of elF4G that
interacts with elF3 and retain translation activity (Ohlmann et al. 1996; Sweeney et al. 2014).
Class 3 IRESs: This type of IRESs is found in Flaviviridae family and classical swine fever
virus. Most of the current knowledge relies on hepatitis C virus (HCV) from Flaviviridae family.
The IRES from HCV can directly bind to the 40S subunit with only a few subsets of initiation
factors including eIF3 and elF2 (Pestova et al. 1998). The IRES binding to the 40S subunit
positions the P site AUG start codon within the decoding region without any scanning process
(Pestova et al. 1998). The position of elF3 in the IRES-40S-elF3 complex is different from its
normal binding condition (Hashem et al. 2013), which is hypothesized to help the IRES access
the 40S subunit or participate in the remodeling step (Jaafar et al. 2016). Class 3 IRES initiation
is proposed to have two ways of delivering Met-tRNA;. In most cases, if elF2 is available, it
delivers Met-tRNA;. When elF2 is not available such as phosphorylation of elF2a, it is proposed
that Met-tRNA; can be delivered by alternative factors including eIFSB and eIF2A (Terenin et al.
2008). eIF5B, the homolog of IF2 which delivers initiator tRNA in prokaryotes, can recognize
the methionylated acceptor stem of initiator tRNA and delivers it to the ribosome (Kuhle and
Ficner 2014). eIF2A mediates viral translation via directly interacting with HCV IRES followed
by Met-tRNA, loading, and knocking down of eIF2A reduced viral infectivity (J. H. Kim et al.
2011). Once Met-tRNA,; is delivered, 60S subunit is directly recruited to form 80S ribosome and
start translation.

Class 4 IRESs: IRESs from this class have been found exclusively in the Dicistroviridae

family, of which the genomic RNA contains two ORFs separated by an intergenic region (IGR).
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The IGR possesses the most streamlined IRES mechanism to date and initiates translation of the
downstream ORF. IGR IRESs dispense the need for all canonical translation factors and bind
directly to the 40S subunit followed by 60S subunit joining (Jan and Sarnow 2002; J E Wilson,
Pestova, et al. 2000). Remarkably, Class 4 IRESs mediate translation initiation at a non-AUG
codon (J Sasaki and Nakashima 1999; Jun Sasaki and Nakashima 2000; Jan and Sarnow 2002; J
E Wilson, Pestova, et al. 2000). The detailed mechanism of how IGR IRESs recruit and direct
translation will be discussed in section 1.4.3. All IGR IRESs are ~150-200 nucleotides in length
and are able to direct translation in a variety of cell types including yeast, plant, insect and
mammalian systems (Colussi et al. 2015; Thompson, Gulyas, and Sarnow 2001; J E Wilson,
Powell, et al. 2000), showing that their translation mechanism is very robust.

In general, as one of the strategies to bypass the cellular translation regulation, IRESs allow
viruses to synthesize their own proteins while global host translation is repressed, following the

increasing accessibility of free cellular ribosomes and translation factors for viral translation.
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Figure 1.3. Classification of viral internal ribosome entry sites.

Viral IRESs are classified to four classes. Class 1 IRESs require all canonical initiation factors
except elFAE and frans-acting factors to recruit the ribosome. Ribosomes must undergo scanning
to initiate at AUG start codon site. Class 2 IRESs require all factors as those of Class I IRESs but
can tether translation directly to the start codon without any scanning. Class 3 IRESs require only
elF2 and elF3 and can directly bind the 40S ribosomal subunit and initiate at AUG codon site.
Class 4 IRESs bind directly to the 40S ribosomal subunit without any factors and initiate at non-

AUG codon site. Adapted with permission from (Plank and Kieft 2012).
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1.3.2 Cellular internal ribosome entry site

Although studies on viral IRESs are extensive, IRES-mediated mechanisms in cellular
transcripts are less understood. The first cellular IRES was found within the mRNA encoding the
immunoglobulin heavy chain binding protein under PV infection (Sarnow 1989; Johannes and
Sarnow 1998). eIF4GI, an isoform of elF4G, is another example of being identified to contain an
IRES element during PV infection (Johannes and Sarnow 1998). Identifying bona fide cellular
IRESs has been challenging. One of the reasons is that cellular IRES-mediated translation is
usually less efficient compared to viral IRES-mediated translation. For example, during mitosis,
when the global mRNA translation is reduced, though the nucleophosmin mRNA contains IRES
element, its translation level is also reduced, but only half of global translation reduced level (Qin
and Sarnow 2004). Similarly, c-myc is also known as to contain an IRES in its 5° UTR. During
apoptosis, the translation level of c-myc decreases as well, but the decrease is delayed by 2 h
compared to the global translation repression (Bushell et al. 2006). Another key factor is that
cellular IRES-mediated translation does not happen all the time. Instead, it is activated under
certain conditions. Increasing evidence suggests that these cellular IRESs have two main
physiological functions: 1) They only support a low level of translation initiation when cap-
dependent translation is active. 2) Cellular IRES-mediated translation is robust when the cap-
dependent translation is depressed under a variety of stress conditions such as mitosis, virus
infection (reviewed in (Komar and Hatzoglou 2011)). It has also been shown that both cap-
dependent and IRES-mediated translation can operate on the same mRNA. For example, the
mRNA for synthesizing neurogranin, a neuronal calmodulin-binding protein, can be translated

through both 5’ cap-dependent and internal initiation mechanisms (Pinkstaff et al. 2001).
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Unlike viral IRESs which share structure similarity within each class, cellular IRESs are
much more diverse and do not contain a shared structure nor a similar sequence. Chemical and
enzymatic probing on a subset of cellular IRESs revealed complex structures including stem loops
and pseudoknots (Le Quesne et al. 2001; Bonnal et al. 2003; Mitchell et al. 2003; Yaman et al.
2003; Jopling et al. 2004; Martineau et al. 2004). However, the detailed mechanism of promoting
internal entry of ribosomes by these cellular IRESs is still unclear. The majority of cellular IRESs
are located in the 5° UTR immediately upstream of the initiation codon, but cases in which IRESs
are located in the coding region also exist (Komar and Hatzoglou 2011). This results in a truncated
version of protein with alternative functions (Komar et al. 2003; Grover et al. 2009).

There have not been extensive systematic studies on cellular IRES-mediated translation
mechanism in terms of the ability to recruit the ribosome complex. However, given that these
cellular IRESs are highly structured at the 5’ UTR, it is unlikely to have the conventional scanning
mechanism from the 5’ end (Hellen and Sarnow 2001; Stoneley and Willis 2004). Alternatively,
IRESs from c-myc, L-myc, and N-myc mRNAs were suggested to utilize the “land” and the “scan”
mechanism which is typical in picornavirus IRES-mediated translation (Spriggs et al. 2009).
Noticeably, eIF4E and elF4G, which function as cap-binding protein and the scaffolding protein,
are not required in some cellular IRES-mediated translation (Spriggs et al. 2009). Another
translation regulation target, elF2, also does not affect certain cellular IRES-mediated translation
including c-myc, platelet-derived growth factor-2 and vascular endothelial growth factor when
elF2a is phosphorylated (Gerlitz, Jagus, and Elroy-Stein 2002; Subkhankulova, Mitchell, and
Willis 2001). Interestingly, the IRES from cationic amino acid transporter-1 is activated during
elF2a phosphorylation (Fernandez et al. 2002). Using chemical inhibitors that target the helicase

elF4A revealed that c-myc and N-myc do require elF4A and elF3, which function similarly as
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Class 1 or 2 IRESs (Spriggs et al. 2009). ITAFs have also been reported to modulate the efficiency
of cellular IRES-mediated translation (Stoneley and Willis 2004).

After identifying potential cellular IRESs, each IRES has to be tested on a case-by-case
basis. The bicistronic construct is the standard method for testing cellular mRNA IRESs (reviewed
in (Jackson 2013)). DNA-based bicistronic constructs are the classical tools for investigating IRES
activity, which was originally used to investigate PV IRES (Pelletier and Sonenberg 1988). In
general, a typical bicistronic reporter will be a dual luciferase reporter containing Renilla luciferase
(RLuc) as the upstream cistron and Firefly luciferase (FLuc) as the downstream cistron. The RNA
of interest that is predicted to contain an IRES is inserted in the intergenic region between RLuc
and FLuc. IRES activity is indicated by a significant increase in the FLuc/RLuc expression ratio
(RLuc serves as a normalizing control) as compared to the control bicistronic construct with an
empty intergenic region. The translation ability can be tested both in vitro by coupling with lysate
extracts and in vivo by transfecting the reporter construct or RNA into a cell line. However, the
use of this reporter construct can generate false-positive or negative results. When using a DNA-
based reporter, the cryptic promoter activity or cryptic splice acceptor site within the 5> UTR
mRNA (reviewed in (Kozak 2003; 2005)) will generate a shorter or separate monocistronic RNA
including the second intron that is being expressed through a cap-dependent mechanism (Riley,
Lindsay, and Holcik 2010). Therefore, to avoid verifying a false-positive IRES element,
comprehensive analysis must be taken. For example, Northern Blotting or quantitative real-time
PCR are required to confirm the integrity of the bicistronic reporter, Alternatively, siRNAs
targeting the upstream reporter gene can be co-transfected with the bicistronic reporter (Jacobs and

Dinman 2004). A similar reduction in both luciferase protein should be observed if the reporter
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RNA remains intact. Finally, an RNA-based reporter has been recently used to avoid the artifacts

made from DNA-based reporter (reviewed in (Thompson 2012))(Q. S. Wang, Au, and Jan 2013).

1.4 Dicistroviridae family of viruses

Dicistroviridae belongs to the order Picornavirales. At the time of writing, the
Dicistroviridae contain three genera including Cripavirus, Aparavirus, and Triatovirus that in total
include 15 viruses (https://talk.ictvonline.org/taxonomy/). However, this classification will likely
evolve as there have been hundreds of new dicistrovirus-like genomes discovered via
metagenomic studies (Shi et al. 2016; Wolfe, Dunavan, and Diamond 2007). Classification of each
genera is based on the phylogenetic analysis of IGR IRES region (Warsaba, Sadasivan, and Jan
2020). All members of the dicistrovirus family infect arthropods and are distributed widely in
nature. Marine environments and invertebrates have all been identified to have dicistroviruses or
dicistro-like viruses (Culley, Lang, and Suttle 2003; Shi et al. 2016; Suttle 2007). CrPV and
Drosophila C virus (DCV) are two well-studied members from this family, both of which mainly
infect Drosophila though CrPV was initially discovered in crickets. Both viruses are studied
extensively in the laboratory serving as a model of virus-host interactions (Kerr et al. 2015; Khong
et al. 2016; Cherry and Perrimon 2004). Other members from Dicistroviridae can have devastating
economic consequences as well. For example, the Taura syndrome virus infects penaeid shrimp
species and has caused significant losses in Latin America and the United states economies
(Bonami et al. 1997). Four dicistroviruses are found to infect honeybees, including Acute bee
paralysis virus, Kashmir bee virus, Black queen cell virus, and Israeli acute paralysis virus (IAPV)
(de Miranda, Cordoni, and Budge 2010). Honeybees are the world’s most important pollinator of

food crops and their health defects are detrimental to the agriculture industry and economy. IAPV
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infections correlated with honeybee Colony Collapse Disorder (Cox-Foster et al. 2007), which can
lead up to 50% loss of worker bees (vanEngelsdorp et al. 2008). On the other hand, dicistroviruses
can also be utilized as biopesticides. (reviewed in(Warsaba, Sadasivan, and Jan 2020)).
Considering the huge impact of dicistroviruses on agriculture economy, understanding their

biology and interactions with the host is the key.

1.4.1 Genome characteristics and organization

Dicistroviruses are small non-enveloped viruses that contain a monopartite positive-sense,
single-stranded RNA genome ranging from 8 to 10 kb in size (reviewed in(Warsaba, Sadasivan,
and Jan 2020)). The family derives its name from the two ORFs encoded in the genome (Figure
1.4). The first ORF encodes nonstructural proteins, including a 1A suppressor of RNA-mediated
silencing, 2C RNA helicase, 3C chymotrypsin-like cysteine protease, VPg and RdRp, essential for
viral replication. The second ORF encodes structural proteins, including virion proteins (VP1-4),
that participate in viral assembly. The genome of dicistroviruses is covalently linked to VPg at the
5’ end and includes a poly(A) tail at the 3’ end. The ORFs are translated by two distinct IRESs
(Joan E. Wilson, Powell, et al. 2000), and subsequently processed by the viral-encoded protease
to generate mature viral proteins. ORF1 is regulated by an IRES located at the 5’ UTR, and ORF2
is regulated by IGR IRES, which is classified to Class 4 IRES. This bicistronic organization
enables viruses to independently control the expression of structural and non-structural proteins
and shift from translation to replication (Khong et al. 2016). Dicistroviruses produce an excess of
structural proteins over non-structural proteins during translation (Garrey et al. 2010; Moore,

Kearns, and Pullin 1980; Joan E. Wilson, Powell, et al. 2000).
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Figure 1.4. Genome organization of dicistroviruses.

Displayed is the model of CrPV genome organization. The genome contains a positive-sense
single-stranded RNA which has VPg covalently linked to 5’ end and poly(A) tail at 3’ end. The
approximately 9 kb genome contains two open reading frames (ORFs) encoding viral non-
structural proteins including the suppressor of RNAi (1A), helicase (2C), VPg, protease (3C), and
RNA-dependent RNA polymerase (RdRp), and structural proteins, including VP1 to VP4. Both of
them are driven by distinct IRESs. Translation of the first ORF is directed by an IRES located at
the 5° UTR, and the downstream OREF translation is controlled by the IGR IRES.
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The dicistroviruses virion structure resembles picornaviruses (Tate et al. 1999). It consists
of a 30 nm diameter icosahedron, including 60 copies of each of virion proteins (VP1, VP2, VP3).
VP4 is packaged inside of the virion as a fusion protein and is attached to the inner surface,
possibly contacting the viral genome. Cleavage of the precursor protein VPO into VP3 and VP4
happens after the viral genome is encapsidated, proposed to mature the virion (Tate et al. 1999)

(Figure 1.5).
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Figure 1.5. Morphology and virion structure of dicistroviruses.

(A) Diagram illustrating the packing surface of viral proteins VP1, VP2 and VP3. VP4 is located
inside of the virion. VP1 subunits are shown in blue, VP2 in green and VP3 in red. Rendered X-
ray crystal structures of (B) triatoma virus; (C) Israeli acute paralysis virus; (D) Cricket paralysis
virus (Surface color indicates the distance from the virion center). (E) Negative-contrast electron

micrograph of purified triatoma virus. Adapted with permission from (Valles et al. 2017).
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1.4.2 Viral-host interaction

Dicistroviruses serve as a model to study fundamental viral-host interactions and have led
to studies of conserved responses in vertebrates including translation control and innate immune
pathways. Dicistroviruses infection leads to a rapid shut-off of host protein synthesis, and shifts to
viral IRES-dependent translation with increasing production of viral proteins (Joan E. Wilson,
Powell, et al. 2000; Garrey et al. 2010). When CrPV infects Drosophila S2 tissue culture cells, the
host translational shutoff occurs two to three hours post-infection (Garrey et al. 2010; Khong et al.
2016). During CrPV infection, elF2a is phosphorylated and cap binding protein elF4E is
prohibited from binding to the scaffold protein eIF4G (Garrey et al. 2010). Although blocking eIF2
phosphorylation itself in CrPV infected cells does not inhibit host translation (Garrey et al. 2010;
Khong et al. 2016), blocking the interaction between elF4E and elF4G is correlated to host
translational shutoff (Garrey et al. 2010). This may facilitate viral protein synthesis with an
increased pool of free ribosomes. Dicistroviruses can bypass the translational block through their
IRES-dependent mechanism. Radioactive pulse-labelling and ribosome profiling of CrPV post-
infection suggest that translation of first ORF directed by the 5> UTR IRES occurs early in
infection, and that translation of the second ORF directed by the IGR IRES is delayed until three
to four hours post-infection (Khong et al. 2016; Garrey et al. 2010). The temporal regulation of
5’UTR and IGR IRES-dependent translation may serve as an optimized mechanism to firstly
express optimal levels of non-structural proteins for viral translation and replication, and then shift
to synthesis of structural proteins for viral packing and assembly (Khong et al. 2016).
1.4.3 Intergenic region internal ribosome entry site

The IGR IRES utilizes the simplest mechanism to initiate translation. IGR IRESs have been

identified exclusively in dicistroviruses and are about 150-200 nucleotides in length. Its compact
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structure allows it to bind directly to ribosomes without any elFs. Based on biochemical and
structural probing, it has been shown that IGR IRES is composed of three pseudoknots (PKI, PKII,
PKIII) in a two-domain architecture (Pfingsten, Costantino, and Kieft 2006; Schiiler et al. 2006;
Ferndndez et al. 2014) (Figure 1.6A). PKII and PKIII form a core domain that is responsible for
recruiting 40S and 60S ribosomal subunits (Figure 1.6B), while PKI contains a tRNA-like
anticodon:codon structure that occupies the ribosomal A-site (Figure 1.6B, C) (Mailliot and
Martin 2018; Kerr et al. 2016; Pisareva, Pisarev, and Fernandez 2018). Structural and biochemical
analyses have revealed key contacts between the IGR IRES and the ribosome that drive factorless
translation. In the initial assembly of ribosomes on the IGR IRES, stem-loops SLIV and SLV
interact with uS7 and eS25 of the 40S subunit, and loop L1.1 interacts with the L1 stalk of the 60S
subunit (Kerr et al. 2016). Mutations of these terminal loop regions disrupt 40S and/or 60S
recruitment. Because PKI controls the position of ribosomes, another remarkable aspect of the IGR
IRES is that it can initiate at non-AUG codon site (Pestova and Hellen 2003; Joan E. Wilson,
Pestova, et al. 2000; Jan and Sarnow 2002). Based on the structures identified, IGR IRESs are
classified into two subgroups, Type I and Type II. (Figure 1.6A). CrPV and IAPV are
representatives of Type I and Type II respectively. Type II differs from Type I by an extra stem-
loop (SLIII) in PKI domain, a larger L1.1 loop and a lack of a “shoulder” element next to SLIV.
Although the sequences of IGR IRESs are variable, their overall two-domain conformations are
conserved. There are also conserved sequences at certain loop regions which make key contacts
with the ribosome (Kerr et al. 2016). It has been shown that although Type 1 and Type II have
subtle difference in the tRNA-like domain, their PKI regions can be interchangeable to generate
functional chimeric IGR IRESs that can still lead translation (Hertz and Thompson 2011; Au and

Jan 2012; C.J. Jang and Jan 2010).
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Figure 1.6. Dicistroviruses intergenic region internal ribosome entry site.

(A) Secondary structure of CrPV (left) and IAPV (right) IGR IRES as representatives of Type |
and Type II IGR IRESs. SLIV and V interacts with 40S subunit and L1.1 interacts with 60S subunit
forming ribosome binding domain. The PKI domain mimics a tRNA-like anticodon:codon
structure to position the IRES at the A site. (B) Cryo-EM structure of the CrPV IGR IRES bound
to the yeast Kluyveromyces lactis 80S ribosome solved at 3.7 A. Inset: Superposition of the CrPV
IGR IRES with A, P, and E site of tRNAs, while PKI (green) is in the decoding region where an
A site tRNA normally occupies. Reproduced with permission from (Ferndndez et al. 2014). (C)
Comparison of the CrPV PKI anticodon:codon interaction and a P-site tRNA-mRNA
anticodon:codon interaction. Analogous bases are highlighted with the same color. Reproduced
with permission from (Costantino et al. 2008).
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1.4.3.1 Mechanism of IGR IRES-mediated translation initiation

The ribosome binding domain consisting of PKII and PKIII interacts with the 40S and 60S
ribosome subunits respectively. SLIV and SLV establish critical contacts with ribosomal protein
(rp) S7 and S25 of 40S subunit (Nishiyama et al. 2007; Pfingsten, Costantino, and Kieft 2006;
Schiiler et al. 2006) (Figure 1.6B). It was shown that ribosomes deficient in rpS25 exhibited
significant reduced binding of CrPV and Plautia stali intestine virus (PSIV) IRESs (Landry, Hertz,
and Thompson 2009; Mubhs et al. 2011). Mutational analysis revealed that the sequences identity
at apical loops of SLIV and SLV are important when interacting with 40S subunit (Kerr et al.
2016). L1.1 region is also conserved in each subgroup of IGR IRESs, and mainly interacts with
the L1 stalk of the 60S subunit to facilitate 80S complex formation (Pfingsten, Costantino, and
Kieft 2006; Spahn et al. 2004) (Figure 1.6B). The tRNA-like domain consisting of PKI establishes
the translation reading frame by positioning at A-site of ribosomes through its anticodon-codon
basepairing derived from canonical tRNA:mRNA anticodon:codon basepairing (Figure 1.6C).
Mutating PKI does not affect IGR IRES recruiting ribosomes, but ribosomes cannot position
properly and therefore block the initiation (Jan and Sarnow 2002; C. J. Jang, Lo, and Jan 2008).
The flexibility of variable loop (VRL) is also critical for PKI positioning in the ribosome (Ruehle
et al. 2015; Au and Jan 2012).

Structures at low-resolution by cryo-electron microscopy firstly showed the 40S-IRES
complex where IGR IRES adopts an elongated shape with PKI extruding from the E to the P site
(Spahn et al. 2004; Schiiler et al. 2006). When the IRES is in the complex with the 80S ribosome,
the IRES binds in the intersubunit space between the 40S and 60S subunits (Figure 1.7). The head
of the 40S subunit adopts two states with canonical and rotated states, which facilitate the opening

of the mRNA channel and the lock respectively. Later, a high-resolution structural models were
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acquired that brought indepth mechanistic insight of IGR IRES-ribosome interaction (Fernandez
et al. 2014; Muhs et al. 2011; Koh et al. 2014). The structural model showed that the PKI domain
is positioned in the A site of the ribosome (Fernandez et al. 2014; Koh et al. 2014), unlike the
canonical initiator tRNA which is delivered to the P site of the ribosome. Upon positioning, the
IRES undergoes pseudotranslocation by moving the PKI domain from A site to P site allowing the
delivery of the first aminoacyl-tRNA to the A site and starting peptidyl synthesis (Figure 1.7).
This step differs from the canonical translocation step by not having a peptide bond formation. It
has also been proposed that without the delivery of an aminoacyl-tRNA or in the absence of eEF1A,
IRES can undergo back-translocation from the P site to the A site (Kerr and Jan 2016). By utilizing
this predominant streamlined mechanism, the IGR IRESs from dicistroviruses can bypass the
translational regulation and usurp host ribosomes for protein synthesis. The IGR IRES is functional
in other systems including mammal, yeast and also bacteria, suggesting a universal mechanism
across kingdoms (Colussi et al. 2015; Thompson, Gulyas, and Sarnow 2001; J E Wilson, Powell,
et al. 2000).

The dynamics of the 40S head is important for Met-tRNA; positioning in the P-site during
canonical eukaryotic translation initiation (Llacer et al. 2015). In IGR IRES-mediated translation,
the flexible 40S head is restricted by protruding SLIV and SLV into the cleft formed between the
head and the body of the 40S, which facilitate PKI binding to the decoding region (Murray et al.
2016). The PKI domain shows marked similarity with the canonical tRNA decoding.

Once the 60S subunit is recruited, the binary IRES:80S complex oscillates between rotated
state and canonical state which are similar to ribosome complexes with tRNA prior to translocation
(Mubhs et al. 2011; Koh et al. 2014; Murray et al. 2016). In the rotated state, the 40S subunit rotates

counterclockwise relative to the 60S together with 40S head swiveling. The L1 stalk from 60S
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subunit is dynamic in the absence of interaction. Once the IRES is bound, its orientation is fixed
to an outward conformation by the interaction with the L1.1 loop region of IRES (Murray et al.
2016). Because the IRES is in contact with these dynamic ribosomal subunits, it also adopts
conformational changes based on the rotational state of the ribosome to maintain the interaction
(Murray et al. 2016; Ferndndez et al. 2014).When the 40S subunit is in the rotated state, it is
induced a further ~3-degree rotation by the delivery of eEF2-GTP (Fernandez et al. 2014; Muhs
et al. 2011; Koh et al. 2014) (Figure 1.7). eEF2 stabilizes PKI in an intermediate A/P site hybrid
state by its domain IV interaction (Murray et al. 2016; Abeyrathne et al. 2016). Once the eEF2
bound GTP hydrolyzes, eEF2 undergoes conformational change followed by translocation of PKI
to P site. Meanwhile the original contact by SLIV and SLV with the 40S subunit is broken but the
L1 stalk interaction with L1.1 loop region of IRES is maintained (Abeyrathne et al. 2016). This
conformational change cycle continues until the PKI completely translocates to E site and
aminoacyl-tRNA is placed in the P site, which triggers the disassembly of anticodon stem loop
(ASL) from PKI and mimicking the acceptor stem of a canonical E site tRNA (Pisareva, Pisarev,

and Fernandez 2018).
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Figure 1.7. A pathway model of IGR IRES-mediated translation initiation.

Through the interaction between SLIV and V with the 40S subunit, the 40S head flexibility is
restricted, allowing 60S subunit to join. Upon 60S subunit recruited, the binary IRES/80S complex
fluctuates between canonical and rotated states with PKI positioning at A site (‘pre-translocation
states’). After eEF2-GTP binds to the rotated state of 40S subunit, it induces an extra ~ 3 degree
of rotation of the 40S. The contact between Domain IV of eEF2 and PKI stabilizes IRES in an
intermediate ap/P-like state. During translocation, eEF2 bound GTP hydrolyzes and contacts of
SL IV and V with the 40S are disrupted, which promote the translocation of PKI to the P site

(‘post-translocation state’). Reproduced with permission from (Murray et al. 2016).
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1.4.3.2 Significance of IGR IRES

The IGR IRES serves as a powerful model to understand the mechanism of IRES-
dependent translation initiation. With the most simplified mechanism, the information obtained
has been applied to other more complex IRESs such as the HCV IRES (Landry, Hertz, and
Thompson 2009). Indeed similarities were found between IGR IRES and HCV IRES, for example,
which both require Rps25 for translation activity (Landry, Hertz, and Thompson 2009). Both also
utilize a similar mechanism to facilitate the delivery of the first aminoacyl-tRNA to the P site of
the ribosome by repositioning PKI in IGR IRES or domain II in HCV IRES to resemble
endogenous tRNA states (Pisareva, Pisarev, and Fernandez 2018; Yamamoto et al. 2015). IGR
IRES can also serve as an important tool to reconstitute a minimal translation system thus allowing
studies on translation elongation and termination by bypassing the canonical translation initiation
requirement (Pestova and Hellen 2005; Jan, Kinzy, and Sarnow 2003). IGR IRES can determine
whether a cellular process is initiation factor dependent. By utilizing IGR IRES-containing reporter
mRNAs, microRNA (miRNA)-mediated regulation has been determined to occur post initiation,
based on the observation that miRNA translation inhibition is independent of cap-dependent
mechanism (Petersen et al. 2006). IGR IRES can also be employed to determine the elFs
dependency of nonsense mediated decay (NMD). NMD degrades mRNAs containing premature
stop codons. However, introducing a premature stop codon into a reporter containing IGR IRES
does not induce NMD and suggests that NMD requires at least some elFs (Isken et al. 2008). elF3
has been suggested to be required for NMD recognition (Chiu et al. 2004). Indeed, a reporter
including EMCV IRES which requires eIF3 for initiation is recognized and degraded by NMD

(Isken et al. 2008).
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The IGR IRES can be used as a translation promoter in order to express proteins of interest
especially under the stressed conditions. Under different stress conditions, translation regulation
is active to limit the amounts of proteins synthesized. Because the IGR IRES can bypass the
requirement of elFs, even when ternary complex availability is limited, the IGR IRES can still
function. Therefore, by having an IGR IRES in expression vectors, the protein of interest can be
efficiently translated and studied even under the stress conditions. Taken together, IGR IRES can
both improve the understanding of IRES-mediated translation initiation by serving as the

fundamental model and serve as a tool in different biological investigation.

1.5 Thesis investigation

The IGR IRESs from dicistroviruses utilize an unprecedent streamlined mechanism to
recruit ribosomes independently of initiation factors and start translation. Extensive analysis
including biomolecular and structural studies revealed how the IGR IRES functions and recruits
ribosomes explicitly. However, the origin of this IGR IRES and how it evolved are still unclear.
Here, I hypothesize that IGR IRES mediated mechanism is essential for viral translation in a
historical framework and the structure is required through virus-host co-evolution. In my proposal,
I will be focusing on two different objectives to address this question. One objective is to address
the viral evolution by investigating the IGR IRES property of an ancient dicistrovirus recovered
from 700-year-old caribou feces. Another objective is to address the virus-host co-evolution by
searching for structured RNA elements in the host genome that can bind directly to ribosomes. It
is apparent that viruses and hosts have co-evolved leading to exchange of genetic material. For
example, Hepatitis D virus (HDV) ribozymes, self-cleaving catalytic RNAs, have a conserved

sequence in the human CPEB3 gene (Author et al. 2006). In Drosophilla, fragments of diverse
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non-retroviral RNA are embedded in the Drosophila genome, making viral infection persistent
(Goic et al. 2013). In Chapter 2, I characterized an IGR IRES from a divergent dicistrovirus RNA
genome extracted from 700-year-old caribou feces trapped in a subarctic ice patch. Using several
biomolecular assays, including the ribosome binding assay, the ribosome competition assay, the
primer extension assay, the in vitro translation assay, I showed that this “ancient” IGR IRES
functions as a modern IGR IRES. By cloning it into the CrPV infectious clone, the new chimeric
virus clone was still infectious and could produce viruses. In Chapter 3, I validated and analyzed
candidates generated from the screen which tried to identify IGR IRES-like elements from
Drosophila. Their ability to bind to ribosomes independently of initiation factors and modulation
effect on translation were tested. By doing ribosome binding assays, I showed that three candidates
can bind to ribosomes tightly. Among these three candidates, one of them can also compete with
CrPV IGR IRES for ribosome binding. However, from the in vitro translation assay, it did not

affect translation level.
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Chapter 2: Resurrection of an IGR IRES from ancient Northwest

Territories cripavirus

2.1 Introduction

The origin of the IGR IRES mechanism is not known. Currently, the IGR IRESs studied to
date can be divided into two main types; Type I and II IGR IRESs are exemplified by the CrPV
and IAPV IGR IRES, respectively, with the main differences in the L1.1 nucleotides, and that the
Type II IGR IRESs have an extra stem-loop within the PKI domain (Nakashima and Uchiumi
2009). Previous studies have shown that the PKI domains of Type I and II can be functionally
interchanged and that the IRESs are modular, thus suggesting that the IRESs may have evolved
through recombination of modular domains (C. J. Jang and Jan 2010; Hertz and Thompson 2011).
Recent metagenomic approaches have identified an increasing diversity of dicistro-like viral
genomes and IGR IRESs that may provide hints into the origins of the IRES (Shi et al. 2016; Wolfe,
Dunavan, and Diamond 2007). Alternatively, identifying ancient RNA viral genomes may provide
historical context for the evolution of viral strategies; however, this is challenging given the
relatively labile nature of RNA. However, some preserved RNA viral genomes have been
discovered. The pioneering benchmark in identifying ancient RNA viruses is the recovery of the
influenza virus genome from 1918-1919 (Taubenberger et al. 1997; 2005). Furthermore, a
complete genome of ancient Barley Stripe Mosaic Virus was identified from barley grain dated
(~700 years) and a 1000 year old RNA virus related to plant chryso-viruses was isolated from old
maize samples with a nearly complete genome (Smith et al. 2014; Peyambari et al. 2019). Recently,
Ng et al. recovered two novel viruses from 700-year-old caribou feces trapped in a subarctic ice
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patch (Ng et al. 2014), one of which is a fragment of a divergent dicistrovirus RNA genome, named
ancient Northwest territories cripavirus (aNCV). The partial aNCV sequence that was recovered
included the IGR domain, thus providing an opportunity to characterize and compare the aNCV
IGR to contemporary dicistrovirus IGR IRESs. In this study, we examine the molecular and
biochemical properties of the aNCV IGR and demonstrate that the aNCV IGR directly assembles
ribosomes and can direct internal ribosome entry both in vitro and in vivo. We show that the intact
aNCV IGR including the IRES region and 105 nucleotides upstream of the IRES can support viral
translation and infection in a heterologous dicistrovirus clone, thus highlighting the significance

of this translational mechanism in an ancient virus.

2.2 Materials and methods

2.2.1 Cell culture

Drosophila Schneider line 2 (S2) cells were maintained and passaged at 25 °C in Shields
and Sang M3 insect medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum.
2.2.2 Virus infection

S2 cells were infected at the desired multiplicity of infection in minimal phosphate-
buffered saline (PBS) at 25 °C. After 30 min absorption, complete medium was added and
harvested at the desired time point. Virus titres were monitored as described (Au, Elspass, and Jan
2017) using immunofluorescence (anti-VP2).
2.2.3 DNA constructs

The aNCV IGR sequence (Accession KJ938718.1) was synthesized (Twist Biosciences)
and cloned into pEJ4 containing EcoRI and Ncol sites upstream of the firefly luciferase (FLuc)

open reading frame. For the bicistronic reporter construct, PCR-amplified full-length aNCV IGR
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or truncated aNCV IGR (Al1-99) was ligated into the standard bicistronic reporter construct
(pEJ253) using EcoRI and Ndel sites.
2.2.4 CrPV/aNCYV chimeric infectious clone constructs

The chimeric CrPV-aNCV infectious clone was derived from the full-length CrPV
infectious clone (pCrPV-3; Accession KP974707) (Kerr et al. 2015) using Gibson assembly (New
England BioLabs), per the manufacturer’s instructions. All constructs were verified by sequencing.
2.2.5 In vitro transcription and translation

Mono-cistronic and bicistronic reporters were linearized with Ncol and BamHI,
respectively. pCrPV-3 and chimeric CrPV-aNCV clones were linearized with Eco53kI. RNAs
were in vitro transcribed using a bacteriophage T7 RNA polymerase reaction and RNA was
purified using a RNeasy Kit (Qiagen). Radiolabeled RNAs were bulk labelled by incorporating .-
[*?P] UTP (3000 Ci/mmol). The integrity and purity of RNAs were confirmed by agarose gel
analysis. Uncapped bicistronic RNAs were first pre-folded by heating at 65 °C for 3 min, followed
by the addition of 1xbuffer E (final concentration: 20 mM Tris pH 7.5, 100 mM KCl, 2.5 mM
MgOAc, 0.25 mM Spermidine, and 2 mM DTT) and slowly cooled at room temperature for 10
min. The pre-folded RNAs (2040 ng/uL) were incubated in RRL containing 8 U Ribolock
inhibitor (Thermo Fisher Scientific), 20 pM amino acid mix minus methionine, 0.3 pL [**S]-
methionine/cysteine (PerkinElmer, >1000 Ci/mmol), and 75 mM KOAc pH 7.5 at 30 °C for 1 hr.
For the infectious clones, 2 ung RNA was incubated at 30 °C for 2 hr in Spodoptera frugiperda
(Sf21) extract (Promega) in the presence of [*S]-methionine/cysteine (PerkinElmer) and an
additional 40 mM KOAc and 0.5 mM MgCl,. The translated proteins were resolved using SDS-

PAGE and analyzed by phosphor-imager analysis (Typhoon, GE life sciences).
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2.2.6 Purification of the 40S and 60S subunits

Ribosomal subunits were purified from HeLa cell pellets (Cell Culture Company) as
described [31]. In brief, HeLa cells were lysed in a lysis buffer (15 mM Tris—HCI (pH 7.5), 300
mM NaCl, 6 mM MgCl2, 1% (v/v) Triton X-100, 1 mg/mL heparin). Debris was removed by
centrifuging at 23,000 x g and the supernatant was layered on a 30% (w/w) cushion of sucrose in
0.5 M KClI and centrifuged at 100,000 x g to pellet crude ribosomes. Ribosomes were gently
resuspended in buffer B (20 mM Tris—HCI (pH 7.5), 6 mM magnesium acetate, 150 mM KCl, 6.8%
(w/v) sucrose, | mM DTT) at 4 o C, treated with puromycin (final 2.3 mM) to release ribosomes
from mRNA, and KCl (final 500 mM) was added to wash and separate 80S ribosomes into 40S
and 60S. The dissociated ribosomes were then separated on a 10%-30% (w/w) sucrose gradient.
The 40S and 60S peaks were detected by measuring the absorbance at 260 nm. Corresponding
fractions were pooled and concentrated using Amicon Ultra spin concentrators (Millipore Sigma)
in buffer C (20 mM Tris—HCl (pH 7.5),0.2 mM EDTA, 10 mM KCI, I mM MgClI2, 6.8% sucrose).
The concentration of 40S and 60S subunits was determined by spectrophotometry, using the

conversions 1 A260 nm = 50 nM for 40S subunits, and 1 A260 nm = 25 nM for 60S subunits.

2.2.7 Filter-binding assays

RNAs (final 0.5 nM) were preheated at 65 °C for 3 min, followed by the addition of
Ixbuffer E and slowed cooling in a water bath preheated to 60 °C for 20 min. The pre-folded RNAs,
with 50 ng/uL of non-competitor RNA, were incubated with an increasing amount of 40S subunits
from 0.1 nM to 100 nM, and a 1.5-fold excess of 60S subunits for 20 min at room temperature.
Non-competitor RNAs were in vitro transcribed from the pcDNA3 vector 880-948 nucleotides.
Reactions were then loaded onto a Bio-Dot filtration apparatus (Bio-Rad) including a double

membrane of nitrocellulose and nylon pre-washed with buffer E. Membranes were then washed
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three times with buffer E, dried, and the radioactivity was imaged and quantified by phosphor-
imager analysis. The dissociation constant is determined by the formula,

[4B] (8]
Al m (BT 1 &,

)
where [A] is the concentration of RNAs, [B] is the concentration of ribosomes, [AB] is the
concentration of RNAs bound to the ribosomes, fmax is the saturation point, and Kp, is the
dissociation constant.

Bulk-labeled RNAs (final 0.5 nM), IRES competitors, and non-competitor RNAs (50
ng/ulL) were pre-folded in buffer E. Unlabeled IRES competitors were added in increasing
concentrations from 2 nM to 250 nM. RNAs were then incubated with 6 nM 40S and 9 nM 60S
subunits at room temperature for 20 min. Reactions were then loaded onto the Bio-Dot filtration
apparatus, and data were fitted to the Linn-Riggs equation that describes competitive ligand

binding to the target:

[S1(1 - 6)

b= K+ [CDKJ + [RIA— )

ey

where [S] is 80S ribosome concentration, [R] is radiolabelled RNA concentration, 0 is fraction of
radiolabelled RNAs bound to ribosomes, [C] is competitor RNA concentration, Ky and K¢ are
dissociation constants of labelled RNAs and competitor RNAs, respectively.
2.2.8 Ribosome protection assay

[*?P]-labeled RNAs (final 0.1 uM) were pre-folded in buffer E and incubated with 0.6 pM
40S and 0.9 uM 60S at room temperature for 20 min. 1 uL of 1 U/uL of RNase I (Thermo Fisher

Scientific) was added to the mixture and incubated at 20 °C for 1 hr. RNAs without RNase I
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treatment were incubated at 20 °C with the same time length. RNAs from mixtures with or
without RNase I treatment were TRIZOL-extracted and loaded onto 6% (w/v)
polyacrylamide/8M urea gels to separate them. RNA Ladders (Thermo Fisher Scientific) were
synthesized per manufacturer’s instruction. Gels were dried and imaged by phosphor-imager
analysis.
2.2.9 Toeprinting/Primer extension analysis

Toeprinting analysis of ribosomal complexes in RRL was performed as previously
described (J E Wilson, Pestova, et al. 2000). 0.4 ug of bicistronic WT or mutant CrPV IGR IRES
RNAs and WT or mutant aNCV IGR IRES RNAs were annealed to primer 5'-
GTAAAAGCAATTGTTCCAGGAACCAG-3' and primer 5'-
GTTAGCAGACTTCCTCTGCCCTCTC-3', respectively in 40 mM Tris (pH 7.5) and 0.2 mM
EDTA by slow cooling from 65 °C to 30 °C. Annealed RNAs were added to RRL pre-incubated
with 0.68 mg/mL cycloheximide and containing 20 M amino acid mix, 8 units of Ribolock
(Thermo Fisher Scientific) and 154 nM final concentration of potassium acetate (pH 7.5). The
reaction was incubated at 30 °C for 20 min. Toeprinting analysis using purified ribosomes was
performed as follows: 75 ng of RNAs were annealed to primers in 40 mM Tris-Cl, pH 7.5, and 0.2
mM EDTA by slow cooling from 65 °C to 35 °C. Annealed RNAs were incubated in buffer E
(containing 100 mM KCl) containing 40S (final concentration 100 nM); 60S (final concentration
150 nM); ribo-lock (0.02 U/uL) at 30 °C for 20 min. Following incubation, ribosome positioning
was determined by primer extension/reverse transcription using AMV reverse transcriptase (1
U/uL) (Promega) in the presence of 125 M of each of dTTP,dGTP, dCTP, 25 uM dATP, 0.5 uL
of a- [**P] dATP (3.33 uM, 3000 Ci/mmol), 8 mM MgOAc, in the final reaction volume. The

reverse transcription reaction was incubated at 30 °C for 1 h, after which it was quenched by the
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addition of STOP solution (0.45 M NH,OAc, 0.1% SDS, 1 mM EDTA). Following the reverse
transcription reaction, the samples were extracted by phenol/chloroform (twice), chloroform alone
(once), and ethanol precipitated. The cDNA was analyzed under denaturing conditions on 6% (w/v)
polyacrylamide/8M urea gels, which were dried and subjected to phosphor-imager analysis.
2.2.10 RNA transfection

3 pg of in vitro-transcribed RNA derived from the pCrPV-3 or chimeric clones was
transfected into 3 x 10 S2 cells using lipofectamine 2000 reagent (Thermo Fisher Scientific) per
the manufacturer’s instructions.
2.2.11 RT-PCR and sequence confirmation

Viruses were passaged three times after transfection of viral RNAs in S2 cells. Total RNA
was isolated from S2 cells using TRIzol reagent. RT was performed using 1 pug of RNA using
LunaScript™ RT SuperMix Kit (New England BioLabs) per manufacturer’s instructions. For

reverse transcription of the negative-sense CrPV viral RNA to detect replication, tagged primer

(5'-CTATGGATCCATGGGAGAAGATCAGCAAAT-3'; tag is underlined) was used. Primer (5'-

CTATGGATCCATGGGAGAAG-3") and primer (5'-GTGGCTGAAATACTATCTCTGG-3')

were used for PCR amplification of the negative-sense strand of the CrPV genome. Rps6 was
amplified using primers (5'-CGATATCCTCGGTGACGAGT-3) and (5'-
CCCTTCTTCAAGACGACCAG-3').
2.2.12 Western blotting

Cells were washed once using 1 x PBS and harvested in lysis buffer (20 mM HEPES, 150
mM sodium chloride, 1% Triton X-100, 10% glycerol, 1 mM EDTA, 10 mM tetra-pyrophosphate,

100 mM sodium fluoride, 17.5 mM P-glycerophosphate, protease inhibitor cocktail (Sigma-
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Aldrich). Equal amounts of protein lysate were resolved by SDS-PAGE and subsequently
transferred onto polyvinylidene difluoride Immobilon-FL. membrane (Millipore Sigma).
Following transfer, the membrane was blocked for 30 min at room temperature in 5% skim milk
in Tris-buffered saline containing 0.1% Tween 20 (TBST) and incubated for 1 h with rabbit
polyclonal antibody raised against CrPV 1A (1:1000; Genscript) or CrPV VP2 (1:5000; Genscript).
Membranes were washed three times with TBST and subsequently incubated with IRDye 800CW

goat anti-rabbit IgG (1:20,000; Li-Cor Biosciences) for 1 h at room temperature.

2.3 Results

2.3.1 aNCYV IGR IRES adopts a triple pseudoknot structure

Using computational and compensatory base-paring analysis, a secondary structure model
of the aNCV IGR was predicted (Figure 2.1A). The aNCV IGR is predicted to adopt an overall
similar structure to modern dicistrovirus IGR IRESs, all possessing the main PKI, PKII and PKIII
structures and is classified as a Type I IGR IRES. However, there were notable differences. An
alignment analysis of the aNCV IGR with classic Type I and II IGR IRESs showed that the aNCV
IGR structure contains a chimera mix of Type I and II features, especially at key domains that
direct distinct steps of IGR IRES translation (Figure 2.1B). Specifically, the aNCV IGR shares
sequence similarities to Type I IGR IRESs within Loop 1.1B, Loop 3, and to Type II at Loop 1.1A.
Furthermore, whereas all Type I and II IGR IRESs contain an invariant AUUU within the loop of
SLIV, the aNCV contains an AUUA loop sequence. Strikingly, the aNCV IGR IRES also includes
an extra 105 nucleotides between the stop codon of ORF1 and the start of the predicted IGR IRES
structure. Several smaller stem-loops (SLVI, SLVII and SLVIII) are predicted within this 105-

nucleotide region. In summary, the aNCV IGR adopts an overall secondary structure that is similar
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to other known dicistrovirus IGR IRESs but is a chimera of Type I and II IGR IRESs at key loop

domains and has an extended upstream region.
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Figure 2.1. Structure information of aNCV IGR IRES.

(A) Secondary structure model of the ancient Northwest Territories Cripavirus (aNCV) intergenic
region (IGR) (accession KJ938718.1) Pseudoknots (PK) I, II, III are indicated. Orange-colored
nucleotides at Loop (L)1.1B, L3 denote sequences conserved in Type I IGR internal ribosome
entry site (IRES), and blue-colored nucleotides at L1.1A indicate sequences conserved in Type II
IGR IRES. Red-colored nucleotides at stem loop (SL) IV are unique in sequence in aNCV IGR
IRES. Green-colored nucleotides represent IGR sequences outside the core IRES. The predicted
start codon is GCU adjacent to the PKI domain. Numbering refers to the nucleotide position in the
IGR as the genome of aNCV is not complete. (B) Alignment of Type I and II IGR IRESs with
aNCV IGR.

42



2.3.2 aNCYV IGR IRES binds tightly to human 80S ribosomes

Given the chimeric makeup of the aNCV IGR, we next examined whether the aNCV IGR
possesses properties similar to dicistrovirus IGR IRESs. The first property tested was its ability to
bind to purified ribosomes in vitro. The IGR IRESs directly bind to purified ribosomes with high
affinity (Jan and Sarnow 2002; C.J. Jang, Lo, and Janx 2008). Using an established filter-binding
assay, we measured 80S binding to the aNCV IGR and the CrPV IGR IRES by incubating
radiolabeled IGR with increasing amounts of purified salt-washed human 40S and 60S. The
fraction of ribosome: IGR complexes was then resolved by monitoring the amount of radioactivity
on the nitro-cellular and nylon membrane. As shown previously, the wild type but not the mutant
(APKI/II/II) CrPV IGR IRES bound to 80S ribosomes with high affinity (apparent Kp 0.4 nM)
(Jan and Sarnow 2002; C.J. Jang, Lo, and Janx 2008). The mutant CrPV APKI/II/III IRES contains
mutations that disrupts all three PK base-pairings (Figure 2.2A). Similarly, the wild type aNCV
IGR bound to purified ribosomes with a similar affinity as the CrPV IGR IRES (K, 0.7 nM). To
confirm the binding specificity of ribosome:IGR complex interactions, we performed competition
assays by addition of excess unlabeled IGR RNAs to the reaction prior to incubating with
ribosomes. As expected, adding increasing amounts of unlabeled wild type but not mutant CrPV
IGR decreased the levels of radiolabeled CrPV IGR bound to 80S ribosomes (Figure 2.2B, left).
Similarly, adding increasing amounts of unlabeled aNCV IGR also decreased the fraction of CrPV
IGR IRES-ribosome complex formation. In the reverse experiment, excess of unlabeled wild-type
CrPV and aNCV IGRs but not mutant CrPV IGR also competed for ribosomes from radiolabeled
aNCV (Figure 2.2B, right). The apparent K, measurements of the aNCV-ribosome complex

binding in the competition assay were similar to the direct filter binding assay (Kp 0.8 nM). Taken
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together, aNCV IGR RNA binds to purified ribosomes with high affinity and is likely to occupy

the same sites on the ribosome as the CrPV IGR IRES.
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Figure 2.2. Affinity of 80S-aNCV IGR IRES complexes.

(A) Filter binding assays. [**P]-aNCV IGR IRES, cricket paralysis virus (CrPV) IGR IRES or
mutant (APKI/II/IIT) CrPV IGR IRES (0.5 nM) were incubated with increasing amounts of purified
salt-washed 80S. The fractions bound were quantified by phosphor-imager analysis. (B)
Competition assays. Quantification of radiolabeled 80S-CrPV IGR IRES (left) or 80S-aNCV IGR
IRES (right) complex formation with increasing amounts of cold competitor RNAs (aNCV IGR

IRES, CrPV IGR IRES or mutant (APKI/II/III) CrPV IGR IRES). Shown are the averages +

standard deviation from at least three independent experiments.
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2.3.3 RNase protection analysis of aNCV IGR-ribosome complexes

We next examined whether aNCV IGR RNA binds within the inter-subunit space of the
ribosome. We previously developed a novel ribosome protection assay, whereby localization of
the RNA in the inter-subunit space or solvent side of the ribosome can be inferred by its
susceptibility to RNase I-mediated degradation (data not shown). Radiolabeled CrPV IGR IRES
in complex with purified ribosomes were incubated with RNase I and then the RNA was isolated
and resolved on a urea-PAGE gel. RNase I treatment of radiolabeled CrPV IGR IRES prebound
to the ribosome resulted in faster migrating fragments, indicative of sequences that were protected
by the ribosome from degradation (Figure 2.3). Specifically, compared to the full-length CrPV
IGR IRES (188 nucleotides), RNase I treatment led to ribosome-protected fragments ranging from
50-160 nucleotides. Sequencing of these IRES fragments and mapping back to the IRES revealed
a signature core domain consisting of PKII and PKIII structures that were primarily protected by
the ribosome from RNase I (unpublished work). Importantly, RNase I treatment of the mutant
APKI/TI/IIT CrPV IGR IRES (TM) incubated with ribosomes did not lead to protected fragments,
indicating that the concentration of RNase I is sufficient to degrade the unprotected RNA. Similar
to that observed with the CrPV IGR IRES, RNase I-treatment of aNCV IGR-ribosome complexes
resulted in faster migrating fragments (Figure 2.3). Compared to the full-length aNCV IGR IRES
(291 nucleotides), several protected fragments ranging from 70 to 200 nucleotides were detected.

These results indicate that the aNCV IGR binds to the inter-subunit core of the ribosome.
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Figure 2.3. aNCV IGR IRES bound to 80S is RNase I-resistant.
Radiolabeled RNAs were incubated with 80S (0.6 uM) for 20 min before adding RNase I (1 U)

for 1 hr. RNAs from RNase I treated/untreated reactions were TRIZOL-extracted and loaded onto
urea-PAGE and visualized by phosphor-imager analysis. Shown is a representative gel from at

least two independent experiments.
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2.3.4 Determination of the aNCV IGR IRES initiation site

We next determined the start site of the aNCV IGR, which is predicted to be at a GCU
codon and adjacent to the PKI domain (Figure 2.1). To investigate this, we monitored initiating
ribosomes assembled on the aNCV IGR in rabbit reticulocyte lysates (RRL) by toeprinting, an
established primer extension assay (Nilsen 2013). Briefly, when reverse transcriptase encounters
the ribosome assembled on the IRES, a truncated cDNA product is generated, which can be
detected on a urea-PAGE gel. As shown previously, ribosomes assembled on the wild-type but not
mutant CrPV IGR IRES in RRL in the presence of cycloheximide resulted in toeprints at CC6232-
3, which is +20-21 nucleotides from the PKI domain CCU triplet, given that the first C is +1
(Figure 2.4B) (Jan and Sarnow 2002). This result showed that the ribosome can translocate on the
IGR IRES two cycles in the presence of cycloheximide (J E Wilson, Pestova, et al. 2000; Pestova
and Hellen 2003; Jan, Kinzy, and Sarnow 2003). Ribosomes assembled on the aNCV IGR in the
presence of cycloheximide resulted in a prominent toeprint at U308, which is +20 nucleotides from
the AUC codon, given that A is +1, which is consistent with ribosomes having translocated two
cycles (Figure 2.4B). To confirm that this toeprint is representative of translocated ribosomes on
the aNCV IGR, mutations within the PKI domain were generated that disrupted PKI base-pairing
(mPKI #1 and #2) or compensatory (comp) mutations that restored PKI base-pairing (Figure 2.4B).
Toeprint U308 was only detected when the PKI domain is intact, thus supporting the conclusion
that the initiating codon is the GCU alanine adjacent to the PKI of aNCV IGR.

To further confirm direct ribosome binding on the IRES, we performed toeprinting analysis
of purified ribosomes assembled on the aNCV IGR IRES. As shown previously, purified
ribosomes assembled on the wild-type but not mutant CrPV IGR IRES resulted in toeprints at

CA6226-7, which is +13-14 nucleotides from the PKI domain CCU triplet, given that the first C
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is +1 (Figure 2.4C). Purified ribosomes assembled on the aNCV IGR resulted in a toeprint at
C302, which is +13 nucleotides from the AUC codon, given that A is +1 (Figure 2.4C), thus
supporting the conclusion that ribosomes initially assembled on the aNCV IGR contain the AUC
codon in the ribosomal A site and subsequently, after the first pseudo-translocation step, the

adjacent start sitte GCU codon occupies the A site where IRES initiation starts from.
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Figure 2.4. Toeprinting analysis of 80S-aNCV IRES complexes.

(A) Schematic of IGR IRES PKI region. Mutations within the PKI region are annotated. (B) Primer
extension analysis was performed on in vitro transcribed bicistronic RNAs containing the indicated
wild-type or mutant CrPV IRES (left) or aNCV IRES or CrPV IRES (right) incubated in rabbit
reticulocyte lysate (RRL) pretreated with cycloheximide (0.68 mg/mL). For the aNCV IRES, the
sequencing ladder corresponds to nucleotides 279-331. The major toeprint is indicated at right,
which is twenty nucleotides downstream of AUCy9.; of PKI given that the A is +1. (C) Primer
extension analysis on in vitro transcribed bicistronic RNAs containing the indicated wild-type or
mutant aNCV IRES incubated with purified ribosomes. Sequencing ladder corresponds to aNCV
IRES nucleotides 269-319. The major toeprint is indicated at right, which is 13 nucleotides
downstream of AUCy9,. Shown is a representative gel from at least three independent

experiments.
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2.3.5 aNCV IGR IRES directs translation in vitro

To determine whether the aNCV IGR has IRES activity, we inserted the aNCV IGR in a
bicistronic reporter RNA construct and assessed translation in RRL (Figure 2.5A, B). In vitro
transcribed RNA was incubated in RRL in the presence of [**S]-methionine/cysteine to monitor
protein expression level. Wild type but not mutant (mPKI) aNCV IGR IRES was active in RRL in
vitro (Figure 2.5A lane 3). Importantly, mutating the aNCV PKI region in the reporter abolished
FLuc activity, indicating that IRES activity is compromised (Figure 2.5A, lanes 4 and 5). In
contrast, compensatory mutations that restored base-pairing rescued aNCV IGR IRES activity to
~50% of wild type (Figure 2.5A, lane 6). Unlike some dicistrovirus IGR IRESs that can direct +1
frame translation (Ren et al. 2012; Kerr et al. 2018), the aNCV IGR IRES does not do this in RRL
(data not shown). In summary, the aNCV IGR is a bona fide IRES.

To investigate whether the upstream region of the aNCV IRES is important for IRES
activity, we monitored translation of wild type and a mutant aNCV IRES, where the upstream
region has been deleted (A1-99). In RRL, both wild type and mutant (A1-99) aNCV can direct
IRES activity to similar levels (Figure 2.5B), indicating that this upstream region does not

contribute to IRES activity in vitro.
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Figure 2.5. In vitro translation assays in RRL.

(A) Schematic of bicistronic reporter construct containing the IRES within the intergenic region.
(B) In vitro-transcribed bicistronic reporter RNAs were incubated in rabbit reticulocyte lysate
(RRL) for 60 min in the presence of [**S]-methionine/cysteine. The reactions were loaded on an
SDS-PAGE gel, which was then dried and imaged by phosphor-imager analysis. (top) Integrity of
the in vitro transcribed RNAs are shown. (bottom) Quantification of the radiolabeled Renilla
(RLuc) and firefly (FLuc) luciferase proteins. ns, p > 0.05; **, p < 0.005. Shown are the averages

+ standard deviation from at least three independent experiments.
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2.3.6 Chimeric CrPV clone containing the aNCV IGR is infectious

Having demonstrated that the aNCV IGR can bind to ribosomes directly and drive IRES
activity from a non-AUG codon, we next examined whether the aNCV can support infection in a
more physiological system. Because only a partial sequence of the aNCV genome was recovered
in the 700-year-old caribou feces (Ng et al. 2014), we used a heterologous approach by generating
chimeric dicistrovirus CrPV clones by replacing IGR IRES with either the full-length aNCV
(CrPV-aNCV) or the mutant aNCV (A1-99), where the upstream 99 nucleotides is deleted (Au,
Elspass, and Jan 2017; Kerr et al. 2015) (Figure 2.6A). We first addressed whether the aNCV IGR
can support translation in the infectious clone. In Sf21 extracts, incubation of in vitro transcribed
chimeric CrPV-aNCYV led to translation of non-structural and structural proteins that are similar to
that of the wild-type CrPV infectious clone (Figure 2.6B). Of note, the chimeric CrPV-aNCV
containing either the full-length or the mutant aNCV (Al-99) led to similar expression of viral
proteins in vitro, consistent with previous data showing that the upstream 99 nucleotides do not
affect aNCV IRES activity. Compared to the CrPV clone RNA, translation of structural proteins
VP1 and VP2/3 was compromised in reactions containing the full-length and the mutant chimeric
CrPV-aNCV RNA, indicating a defect in aNCV IGR IRES translation in vitro under these
conditions (Figure 2.6B). The mutant CrPV containing a stop codon within ORF1 only resulted
in expression of the unprocessed ORF2 polyprotein (Kerr et al. 2015).

To determine whether the CrPV-aNCV clone is infectious, we transfected in vitro
transcribed RNA into S2 cells and monitored viral protein expression by immunoblotting.
Transfection of the wild-type CrPV and CrPV-aNCV containing the full-length aNCV IGR RNA
resulted in expression of the CrPV non-structural protein 1A and the structural protein VP2 at 120

h post-transfection (h.p.t) (Figure 2.6C), which from previous experience is indicative of
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productive infection (Kerr et al. 2015). By contrast, viral proteins were not detected in cells
transfected with the CrPV-aNCV (A1-99) clone. To confirm these results, we monitored viral
replication by RT-PCR analysis. Mirroring the viral protein expression, CrPV RNA was detected
by RT-PCR after transfection of the CrPV-aNCV and CrPV RNA but not the CrPV-aNCV (Al-
99) RNA (Figure 2.6D). Note that the CrPV RNA was detected at 72 h.p.t. whereas CrPV-aNCV
was not detected until 144 h.p.t., suggesting that the replication of the chimeric virus is delayed.
We attempted to propagate the CrPV-aNCV virus from transfected cells by reinfecting and
passaging in naive S2 cells. Despite multiple attempts, the CrPV-aNCV (Al-99) did not lead to
productive virus as measured by viral titres. However, the CrPV-aNCV yielded productive virus
(1.15 X 10M0 FFU/mL). We sequence verified that the aNCV IGR was intact in viral RNA
isolated from the propagated CrPV-aNCV (data not shown). To further validate virus production,
we infected S2 cells with CrPV-aNCV and monitored viral expression by immunoblotting.
Similarly to that observed with CrPV infection, the CrPV 1A protein produced from CrPV-aNCV
was detected at 2-10 h.p.i., albeit VP2 expression was reproducibly detected until 4 h.p.i., thus
likely reflecting the decreased IRES activity of aNCV compared to CrPV (Figure 2.6E). In
summary, we have demonstrated that the full-length aNCV IGR can support virus infection in a

heterologous infectious clone.
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Figure 2.6. Chimeric CrPV-aNCYV clone is infectious in Drosophila S2 cells.

(A) Schematic of the chimeric CrPV-aNCV clone replacing CrPV IGR IRES with that of the
aNCV IRES. (B) In vitro translation of CrPV and CrPV-aNCV RNAs in Sf21 extracts. CrPV-
ORF1-STOP contains a stop codon within the N-terminal ORF1, thus preventing expression of the
non-structural proteins. Reactions were resolved by SDS-PAGE and visualized by
autoradiography. (C) Immunoblotting of CrPV VP2 structural protein and 1A non-structural
protein. (D) RT-PCR of viral negative-strand RNA from Drosophila S2 cells transfected with the
indicated viral clone RNAs at 72 and 144 h after transfection. (E) Immunoblotting of CrPV 1A
and VP2 proteins from lysates of Drosophila S2 cells infected with CrPV or CrPV-aNCV chimera
(MOI 5) at the indicated h.p.i. Shown are representative gels from at least three independent

experiments.
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2.4 Discussion

Tracking back and identifying ancient RNA viruses may provide insights into the evolution
and origin of present-day viruses including the mechanisms that permit virus translation,
replication and host virus interactions. In this study, we have examined the IGR of an ancient
dicistrovirus that was discovered from 700-year-old ice-preserved caribou feces. To our
knowledge, the aNCV genome has not be identified in RNA metagenomic analysis; thus, this study
is the first to characterize the oldest IRES to date and provides insights into the origins of this type
of IRES. Using molecular and biochemical approaches, we demonstrate that the aNCV IGR
possesses IRES activity using a mechanism that is similar to that found in present day Type IV
dicistrovirus IRESs. The aNCV IGR can direct ribosome assembly directly and initiates translation
from a non-AUG codon. The aNCV IGR IRES can support virus infection in a heterologous
infectious clone; thus, a functional aNCV IGR IRES has been resurrected from an ancient RNA
virus.

The secondary structure model of the core aNCV IGR resembles classic Type I IGR IRESs
containing all three PKs. However, there are subtle differences, including the L1.1 bulge region,
responsible for 60S recruitment, which is comprised of a mixture of Type I and II IRESs elements.
Additionally, aNCV IGR contains 105 nucleotides upstream of the core IGR IRES, within which
several stem-loops are predicted. We showed that this upstream sequence is not required for aNCV
IGR IRES translation (Figure 2.5, 2.6) but is required for virus infection using the CrPV-aNCV.
RT-PCR analysis of the viral RNA suggests that the upstream region has a role in replication;
however, it may have other roles in the viral life cycle such as RNA stability or replication. Of

note, a few dicistrovirus IGRs also contain sequences beyond the core IRES structure. For example,
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the Rhopalosiphum padi virus (RhPV) contains an IGR that is over 500 nucleotides. Similar to the
aNCV IRES, the extra sequences within the RhPV IGR do not affect the Type I RhPV IGR IRES
(Domier, McCoppin, and D’arcy 2000). It will be interesting to investigate in more detail how
these extra IGR sequences play a role in the viral life cycle.

To date, there are increasing numbers of dicistrovirus-like genomes identified via
metagenomic studies (Shi et al. 2016; Wolfe, Dunavan, and Diamond 2007). From limited analysis,
it is clear that the IGR IRES structures can be distinct (i.e., Type I and II) and can have novel
functions (i.e., +1 reading frame selection). For example, the Halastavi arva virus IRES uses a
unique but similar streamlined mechanism as the CrPV IRES, where it bypasses the first pseudo-
trans-location event to direct translation initiation (Abaeva et al. 2020). Moreover, the IGR IRES
can direct translation in multiple species (Colussi et al. 2015; Thompson, Gulyas, and Sarnow
2001; J E Wilson, Powell, et al. 2000), suggesting that the IGR IRES mechanism may be a
molecular fossil of an RNA-based translational control strategy that existed in ancient viruses. IGR
IRESs are likely to have evolved through recombination of independent functional domains; the
PKI domains can be functionally swapped between Type I and II IRESs (C.J. Jang and Jan 2010;
Hertz and Thompson 2011). Furthermore, IRES elements in unrelated viruses appear to have
disseminated between these viruses via horizontal gene transfer (Arhab et al. 2020), further
supporting the idea that dicistrovirus IGR IRESs may have originated via recombination events.

Given that the aNCV IGR IRES structure resembles an IGR IRES found in contemporary
dicistrovirus genomes, it was not surprising that it functions by a similar mechanism. Relatively
speaking, the IGR IRES from a 700-year-old RNA viral genome is far from the presumed
primordial IRES. However, this study provides proof-in-concept that this viral RNA translation

mechanism can be resurrected and investigated to provide context in the evolution of viral
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mechanisms. The challenge in identifying more ancient RNA viral genomes and mechanisms has
been and will always be in capturing intact RNA viral genomes as RNA, compared to DNA virus
counterparts, are unstable and apt to degrade over time. The remarkable discoveries by Ng et al.
and others of ancient RNA viral genomes (Ng et al. 2014; Smith et al. 2014; Peyambari et al. 2019)
provide hope in the pursuit of identifying more ancient viruses that shed light into the origins of

contemporary viral mechanisms.
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Chapter 3: The search for Drosophila RNAs that have viral IGR IRES-

like properties

3.1 Introduction

The first IRESs were discovered in PV and EMCV in 1988 (S. K. Jang et al. 1988; Pelletier
and Sonenberg 1988). Given that important cellular mechanisms including splicing were first
discovered from virus systems (Berget, Moore, and Sharp 1977; L. T. Chow et al. 1977), it was
reasonable to hypothesize that cellular IRESs exist. Indeed, the first cellular IRES was identified
from the mRNA encoding the immunoglobulin heavy chain binding protein (Sarnow 1989;
Macejak and Sarnow 1991). Furthermore, the search for IRES elements in Drosophila genes lead
to the discovery of an IRES within the homeotic gene Antennapedia, which controls the formation
of legs during embryonic development (Oh, Scott, and Sarnow 1992). The detailed mechanism of
how cellular IRESs initiate translation remains to be investigated. However, it has been reported
that e[F4E or intact eIF4G is not required in some cellular IRESs mediated translation (Spriggs et
al. 2009). Furthermore, regulation of the translation factor, eIF2a via phosphorylation, also did not
inhibit protein synthesis of certain mRNAs containing IRESs (Gerlitz, Jagus, and Elroy-Stein 2002;
Subkhankulova, Mitchell, and Willis 2001).

Host and virus are proposed to co-evolve via genetic recombination. Many viral elements
are found to be imbedded in the host genome including fungus, plant and animal (Stedman 2015).
The insertion of viral elements in cellular genomes appears to be a relatively recent event but likely
continuously evolved over a million years (Horie et al. 2010; 2013). It has been hypothesized that

by incorporating a virus element within the host genome, this may provide an antiviral defense
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such that the host is resistant to that virus infection (Stedman 2015). Honey bee genomes contain
parts of the Israeli acute paralysis virus (IAPV) genome that are thought to provide virus-resistance
(Maori, Tanne, and Sela 2007). Drosophila containing cDNA fragments of viruses inserted within
the host genome can modulate virus infection via the RNA interference pathway (Goic et al. 2013).
It was also shown that viral RNA can combine with the host RNA to increase pathogenicity
(Khatchikian, Orlich, and Rott 1989; Meyers et al. 1991).

The IGR IRES, which contains the most streamlined translation mechanism, has only been
identified exclusively in the dicistrovirus family. So far, no cellular IGR IRESs have been
discovered. However, it is possible that fragments of the IGR IRES-like structure RNA may exist
in host mRNAs/genomes (Hatakeyama et al. 2004). Computational approaches have attempted to
identify IRES elements in eukaryotic mRNAs, but given that IRESs typically do not share a
sequence similarity, it has been challenging to use bioinformatics to identify them (Mignone et al.
2005; J. Wang and Gribskov 2019). One alternative approach would be to exploit the unique
properties of the IGR IRES, in particular direct IRES binding to the ribosome within the
intersubunit conserved ribosomal core. Towards this, previous work by a postdoc in the Jan lab, Dr.
Qing S Wang, used an adapted selected evolution approach (SELEX) to identify RNA elements in
the Drosophila genome that can bind to purified human ribosomes. This approach was inspired by
a similar SELEX-adapted screen that successfully identified a Hepatitis D virus ribozyme-like
sequence, a self-cleaving catalytic RNA, in the human CEPB3 gene (Author et al. 2006). Addressing
whether a sequence within the host genome has an IGR IRES-like property may reveal a common
core mechanism for ribosome recruitment and may provide insights into the evolution of this
unusual mechanism. Therefore, my hypothesis is that cellular genomes contain IGR IRES-like

elements. This chapter will focus on characterizing and validating the candidates identified from
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the screen using biochemical approaches. Among candidates being validated, three of them
showed promising results, which are named RNA3, RNA5, RNA7 respectively. All of three
candidates showed tight binding affinity to human ribosomes, and only RNAS5 can compete with
CrPV IGR IRES for ribosome binding. Using RNAS as a model, I generated mutations that
disrupted predicted stem-loops to determine whether these structures are important for ribosome
binding. Finally, I tested whether RNAS could affect translation of reporter RNAs in an in vitro
system. In summary, I have developed a pipeline consisting of biochemical techniques that can

systematically test candidate for properties that are IGR IRES-like.

3.2 Materials and methods

3.2.1 Plasmids and constructs

The candidate sequences were synthesized (Integrated DNA Technologies) and cloned into
pCR™4-TOPO™ vector (Thermofisher), per the manufacturer’s instructions. Mutant RNAS
constructs were generated using PCR-based mutagenesis. All constructs were verified by
sequencing.
3.2.2 In vitro transcription

Plasmids containing candidates were linearized with Notl or Pstl for positive- or negative
sense RNA synthesis, respectively. RNAs were in vitro transcribed using a bacteriophage T7 RNA
polymerase reaction. Radiolabeled RNAs were bulk labelled by incorporating a- [*2P] UTP (3000
Ci/mmol). RNA was purified using a RNeasy Kit (Qiagen). The integrity and purity of RNAs were
confirmed by agarose gel analysis. For purifying full-length RNA, in vitro transcription reactions
were loaded onto 6% (w/v) polyacrylamide/8M urea gel and following phosphorimage analysis

(Typhoon, GE life sciences), the main RNA band was cut out and gel eluted by incubating in 4X
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gel volume of 300mM NaOAc at 4 °C rotating overnight. RNA was precipitated in 2.5X volume
of ethanol containing 1 pL. RNA grade glycogen at -20 °C for 2 hr. After centrifugation, the RNA

pellet was washed 2X 75% ethanol and then resuspended in DEPC-treated water.

3.2.3 Purification of the 40S and 60S subunits

Ribosomal subunits were purified from HeLa cell pellets (National Cell Culture Centre) as
described (Jan and Sarnow 2002). In brief, HeLa cells were lysed in a lysis buffer (15 mM Tris—
HCI (pH 7.5),300 mM NaCl, 6 mM MgCl2, 1% (v/v) Triton X-100, 1 mg/ml heparin). Debris was
removed by centrifuging at 23,000 g and the supernatant was layered on a 30% (w/w) cushion of
sucrose in 0.5 M KCl and centrifuged at 100,000 g to pellet crude ribosomes. Ribosomes were
gently resuspended in buffer B (20 mM Tris—HCI (pH 7.5), 6 mM magnesium acetate, 150 mM
KCl, 6.8% (w/v) sucrose, | mM DTT) at 4 °C, treated with puromycin (final 2.3 mM) to release
ribosomes from mRNA, and KCI (final 500 mM) was added to wash and separate 80S ribosomes
into 40S and 60S. The dissociated ribosomes were then separated on a 10%—-30% (w/w) sucrose
gradient. The 40S and 60S peaks were detected by measuring the absorbance at 260 nm.
Corresponding fractions were pooled, concentrated using Amicon Ultra spin concentrators
(Millipore) in buffer C (20 mM Tris—HCI (pH 7.5), 0.2 mM EDTA, 10 mM KCI, 1 mM
MgCl2,6.8% sucrose). The concentration of 40S and 60S subunits was determined by
spectrophotometry, using the conversions 1 A260 nm =50 nM for 40S subunits, and 1 A260

nm = 25 nM for 60S subunits.

3.2.4 Filter-binding assays
The radiolabeled candidate RNAs (final 0.5 nM) were preheated at 65 °C for 3 min,
followed by the addition of 1x Buffer E (final concentration: 20 mM Tris pH 7.5, 100 mM KCl,

2.5 mM MgOAc, 0.25 mM Spermidine, and 2 mM DTT) and slowed cooling in a water bath
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preheated to 60 °C for 20 min. The prefolded RNAs, with 50 ng/uL of non-competitor RNAs, were
incubated with increasing amounts of 40S subunits from 0.1 nM to 100 nM, and 1.5 fold excess
of 60S subunits for 20 min at room temperature. Non-competitor RNAs were in vitro transcribed
from the pcDNA3 vector 880-948 nucleotides. Reactions were then loaded onto a Bio-Dot
filtration apparatus (Bio-Rad) including a double membrane of nitrocellulose and nylon pre-
washed with buffer E. Membranes were then washed three times with buffer E, dried, and the
radioactivity were imaged and quantified by phosphorimager analysis.

Radiolabeled candidate RNAs (final 0.5 nM), IRES competitors, and non-competitor
RNAs (50 ng/uL) were pre-folded in buffer E. Unlabeled IRES competitors were added in
increasing concentrations from 2 nM to 250 nM. RNAs were then incubated with 25 nM 40S and
37.5 nM 60S subunits at room temperature for 20 min. Reactions were then loaded onto the Bio-
Dot filtration apparatus, and data were fitted to the Linn-Riggs equation that describes competitive
ligand binding to the target.

3.2.5 Ribosome protection assay

[*?P]-labeled RNAs (final 0.1 uM) were pre-folded in buffer E and incubated with 0.6 uM
40S and 0.9 pM 60S at room temperature for 20 min. 1 pLL of 1U/uL of RNase I (Ambion) was
added to the mixture and incubated at 20 °C for 1 hr. RNAs without RNase I treatment were
incubated at 20 °C with the same time length. RNAs from mixtures with or without RNase I
treatment were TRIZOL-extracted and loaded onto 6% (w/v) polyacrylamide/8M urea gels to
separate them. RNA Ladders (Ambion) were synthesized per manufacturer’s instruction. Gels

were dried and imaged by phosphorimager analysis.
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3.2.6 Translation competition in RRL

Uncapped bicistronic RNAs and candidate RNAs were first pre-folded by heating at 65 °C
for 3 min, followed by the addition of 1x Buffer E and slowed cooling at room temperature for
10 min. The pre-folded candidate RNAs (0.6 uM, 1.3 uM, 2.6 uM) and the pre-folded bicistronic
RNAs (0.02 uM) were incubated in rabbit reticulocyte lysate (RRL) translation extract (Promega)
which contained 8 U Ribolock inhibitor (Fermentas), 20 pM amino acid mix minus methionine,
0.3 pl [35S]-methionine/cysteine (PerkinElmer, >1000 Ci/mmol), and 75 mM KOAc pH 7.5 at 30
°C for 1 hr. The translated proteins were resolved using SDS-PAGE and analyzed by

phosphorimager analysis.

3.3 Results

3.3.1 SELEX screen identifies potential RNA candidates that can bind directly to ribosomes

The IGR IRES can drive translation by an unprecedented mechanism (Kerr and Jan 2016).
Two unique properties of IGR IRESs are direct binding to ribosomes with high affinity and binding
within the ribosomal conserved core consisting of the space that tRNAs normally occupy during
translation (Jan and Sarnow 2002; Ferndndez et al. 2014). The IGR IRES mimics tRNA
interactions with the ribosome including the anticodon:codon domain. However, the IRES also
contains unique domains that interact with the ribosome which are not observed with tRNA
binding. PKII and PKIII make extensive interactions with 40S and 60S responsible for recruiting
ribosomes. For example, SLIV and SLV from PKIII interact with rps7 and rps25 of 40S,and 1.1
interacts with L1 stalk of 60S (Kerr and Jan 2016). Thus, the IRES has evolved RNA structural
elements that can interact and manipulate the ribosome. The origin of these RNA domains is not

known. To search for RNA elements that have similar viral IGR IRES properties, previous work
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by a postdoc in the lab (Dr. Qing S Wang) used an adapted selected evolution approach (SELEX) to
identify elements in the Drosophila genome that can bind to purified ribosomes specifically. Here,
the Drosophila genome was extracted from Drosophila Schneider line 2 (S2) cells and randomly
digested to short fragments (150-250 nucleotides) by DNase I, which is in the size range of
dicistrovirus IGR IRESs (Figure 3.1A). The digested fragments were then in vitro transcribed into
RNAs and incubated with purified human 40S and 60S ribosomal subunits, followed by sucrose
gradient centrifugation to isolate the fraction containing 80S ribosomes and thus RNAs that bind
to 80S. Fractions containing 80S were collected and RNAs were TRIZOL-extracted. The extracted
RNAs underwent RT-PCR to generate cDNAs which were used for the next round selection. In
summary, ten rounds of selection were performed. As a proof of principle, after each round of
selection, half of amplified candidate RNAs were radiolabeled by a- [*2P] CTP and mixed with
purified ribosomes followed by sucrose gradient centrifugation to confirm their binding to 80S
ribosomes. As shown in Figure 3.1B, in the initial round, almost all of the radioactivity was located
in the non-ribosome bound fractions. After the 5% round of selection, ~10% of radiolabeled RNAs
were found in fractions 16-19, the 80S ribosome fractions. After round 10, the percentage of
radiolabeled RN As binding to 80S ribosomes was doubled to 20%. This result indicated that RN As
were enriched that have the ability to bind to purified 80S ribosomes. After the last round, the
extracted RNAs were divided equally into two pools. RNAs from the first pool were RT-PCR
amplified and sequenced by Ion Torrent technology to generate a candidate list that potentially
have high binding affinity to ribosomes. RNAs from the second pool were transformed into cDNA
using RT-PCR, in-vitro transcribed, mixed with ribosomes, and treated with RNase I. As
previously shown, IGR IRESs bind to the ribosomal core and are protected from RNase I

degradation (X. Wang et al. 2021). With RNase I treatment, only the candidate RNAs that bind
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within ribosomes will be protected and any RNAs that bind the solvent side of ribosomes will be
degraded. The protected RNA fragments were sequenced by next-generation RNA-Sequencing
(RNA-Seq) to generate a second candidate list (Ingolia et al. 2012). Ribosomal RNAs (rRNAs)

were removed during cDNA library preparation.
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Figure 3.1. Selection IGR IRES-like RNA elements in genomic RNA library

(A) Pipeline of an adapted SELEX of genomic RNAs that bind to 80S ribosomes. Candidates were
generated by extracting Drosophila genome which was digested into short fragments (average 200
nt) followed by in vitro transcription. Candidates that bind to 80S ribosomes were selected after
sucrose gradient centrifugation, extracted, reverse-transcribed to cDNA and PCR-amplified using
T7 promoter-containing primers for the next round of selection. From the last round, selected
candidates together with 80S were either sequenced by Ion-torrent or subjected with RNase I
followed by RNA-Seq. (B) Enrichment of genomic RNAs that can bind to 80S ribosomes by
sucrose gradient centrifugation. Purified human ribosomes incubated with [*?P]-radiolabeled
enriched RNAs were separated by sucrose gradient centrifugation followed by fractionation.
Radioactivity in each fraction was normalized to the total radioactivity in all fractions. For
screening, RNAs from the 80S ribosomes (fractions 16-18) were isolated and purified. The screen

and the sucrose gradient validation were performed by Dr. Qing Wang.
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A total of 694 candidates were identified from Ion Torrent and RNA-Seq technologies that
identify RNAs that are solvent accessible and RNAs that bind within the ribosomal core. 157
candidates were identified by Ion Torrent technology which represent enriched RNAs that are
solvent-accessible and that can bind within the ribosomal core. 591 candidates were identified by
RNA-Seq which represent RNA fragments that are protected by the ribosome from RNase I
digestion. 54 candidates were found from both methods (Figure 3.2A). Figure 3.2B summarizes
the genome position of candidates from the top 20 RNAs from each method. The candidates were

ranked based on the number of reads mapped back to the genome.
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Figure 3.2. Summary of SELEX screen.

(A) Total number of candidates identified from each sequencing method and the overlapping
number of candidates discovered by both methods. (B) Venn diagram showing the genomic

location of the top 20 candidates from each sequencing method.
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A few tRNAs including Glu-tRNA, Ala-tRNA, Lys-tRNA and Leu-tRNA were detected in
the enriched RNA bound within the ribosomal core and sequenced by the RNA-Seq approach.
This result provided confidence that bona fide RN As bound within the ribosomal core are enriched.
Indeed, it has been shown that tRNAs can bind to ribosome under conditions with high salt
requiring no translation factors (Fahlman and Uhlenbeck 2004). However, no tRNAs were
detected from the Ion Torrent approach which identified RNAs binding to solvent side or
intersubunit of ribosome, which is likely due to the limited sequencing depth of this method (Liu
et al. 2012).

To begin validating this approach, I selected high-ranking (i.e., highest number of reads)
candidates that were identified by both sequencing methods. The candidate DNAs encoding the
RNAs were cloned into a TOPO™ vector flanked with T7 and T3 promoters. I extended the
sequence of the candidates by 60 nucleotides as it is possible that RNase I treatment likely digested
the full length structure RNA to result in a minimal core RNA fragment that is protected by the
ribosome. Both sense and antisense strands of RNAs were synthesized by using either the T7 or
T3 promoter. We performed several assays including the ribosome binding assay, the ribosome
competition assay and the ribosome protection assay to test whether candidate RNAs act similarly
to the viral IGR IRES. We also selected the highest ranked candidate RNAs from the RNase I-
protected RNA-seq approach. Their biological function in terms of the effect on translation was
tested using an in vitro translation system, which will be discussed in section 3.3.6.

3.3.2 Ribosome binding of candidate RNAs

One of the most unique characteristics of the IGR IRES mechanism is its high binding

affinity to the ribosome (Jan and Sarnow 2002; C. J. Jang and Jan 2010). To test whether the

candidate RNAs have this similar property, in vitro ribosome binding assays were performed (C.
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J. Jang and Jan 2010). RNA was synthesized by in vitro transcription reactions using T7 or T3
polymerase. Similar to what had been done in section section 2.3.2, [*’P]-labeled RNA was
incubated with increasing amounts of purified salt-washed human 40S and 60S ribosomal subunits
and the fraction of binding was monitored by filter binding assay (C. J. Jang and Jan 2010). The
fraction of ribosome:RNA complexes was calculated as described in section section 2.3.2. Briefly,
the dissociation constant was calculated from the concentration of ribosomes when the fraction of
RNAs bound to the ribosomes was half of the saturated fraction.

In summary, a total of 13 candidate RNAs were tested. Their genomic information
including gene position and length of candidates are summarized in Table 3.1. Seven of the
thirteen RNAs were from the combined list which includes candidates detected from both Ion-
Torrent that sequenced candidates that are solvent-accessible and that can bind within the
ribosomal core and RNA-Seq that sequenced candidates protected within the ribosomal core from
RNase degradation, named as RNA2, RNA3, RNAS, RNA7, RNAS8, RNA15 and RNA48. The
other 6 candidates were from the list generated by RNA-Seq, named as cut3, cut6, cut8, cutl4,
cut22, cut28. To maximize the structural integrity of each candidate, I included 30 nucleotides
upstream and downstream of the candidate sequence. Only three of the thirteen candidate RNAs,
RNA3, RNAS and RNA7, showed appreciative ribosome binding affinities (apparent Kp 5.9 nM,
3.9 nM, 2.1 nM) and were considered within a similar range as the CrPV IGR IRES-ribosome
complex (0.5 nM) (Figure 3.3A). RNA3 and RNA7 have a similar saturation point, which is
around 0.4 whereas RNAS has a higher saturation point at 0.6, all of which are lower than that of
the CrPV IGR IRES. It is possible that these candidate RN As are not fully folded properly to allow
ribosome binding. As a negative control, I generated the antisense-strand of RNA3, RNAS and

RNA7. None of the antisense RNAs showed any binding to ribosomes and had similar binding as
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the defective mutant (APKI/II/IIT) CrPV IGR IRES, thus demonstrating that the sense candidate

RNAs, RNA3, RNAS5 and RNA7 bind specifically to the ribosome (Figure 3.3B).

Detected Length
Candidate Gene Position
(bp)
RNA2 CG31145 exon 54
RNA3 Plexus intron 45
Nicotinic
RNAS acetylcholine intron 91
receptor
RNA7 Serrate exon 95
RNAS Mekk1 exon 60
RNAIS Milton intron 91
RNA48 CGY452 exon 64
cut3 Intergenic region 45
cut6 Intergenic region 38
cut8 Big bang intron 45
cutl4 O/E associated zinc exon 27
finger protein
cut22 CG2852 exon 111
cut28 Heat shock 70-kDa exon 104
protein cognate 3

Table 3.1. Genomic information of candidates being tested from ribosome binding assay.
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Figure 3.3. Affinity of 80S-RNA candidate complexes.

80S-RNA binding by filter bindng assays of (A) [*?P]-candidate RNAs, (B) anti-sense candidate
RNAs, wild-type or mutant (APKI/II/IIT) CrPV IGR IRES (0.5 nM) were incubated with increasing
amounts of purified salt-washed 80S (y-axis). (C) Competition binding assays. Quantification of
radiolabeled 80S-CrPV IGR IRES or 80S-candidate complex formation (12 nM 80S and 0.5 nM
radiolabeled RNA) with increasing amounts of cold competitor RNAs CrPV IGR IRES (left) or
mutant (APKI/II/III) CrPV IGR IRES (right) (y-axis). The fraction bound is normalized to reactons

with no competitor RNA (x-axis). Shown are the averages + standard deviation from at least three

independent experiments.
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3.3.3 Ribosome competition assays
To further confirm the binding specificity of 80S ribosome-candidate RNA interactions,
we applied ribosome competition assays by incubating excess unlabeled wild-type or mutant

(APKI/I/II) CrPV IGR IRES to the reaction prior to incubating with ribosomes. As shown

previously, incubating increasing amount of competitor wild-type but not mutant (APKI/II/III)
CrPV IGR IRES was able to compete for 80S from the radiolabeled CrPV IGR IRES (Figure 3.3C,
black line). A similar trend was observed in reactions with increasing amounts of wild-type CrPV
IGR IRES and radiolabeled RNAS; the fraction of 80S-RNAS decreased, however, the degree of
competition was less (Figure 3.3C, blue line). The lack of competition with increasing mutant
(APKI/II/IIT) CrPV IGR IRES for 80S ribosomes from RNAS indicated that RNAS binds
specifically with 80S (Figure 3.3C, right). However, the incomplete competition between wild-
type CrPV IGR and RNAS5 may suggest that the binding interface of RNAS on the ribosome may
not fully overlap with that of the CrPV IGR IRES. On the other hand, increasing competitor wild-
type or mutant (APKI/II/III) CrPV IGR IRES competed for 80S from RNA3 and RNA7 (Figure
3.3C, orange/green line), thus indicating that they bound to ribosomes with non-specific
interactions. Therefore, as RNAS showed specific binding to 80S ribosomes, we focused our
studies on this candidate RNA.

3.3.4 Mutations in RNAS alter its binding affinity to ribosomes

The CrPV IGR IRES adopts a structure comprising of overlapping pseudoknots (PKI, II and III)
and apical loops of stem-loops to interact specifically with distinct regions of the ribosome (Jan
and Sarnow 2002; C. J. Jang and Jan 2010). To assess the possible key ribosome-interaction

regions within RNAS, we attempted to predict a secondary structure model of the RNAS
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sequence. RNASJS is found within an intron region of nicotinic acetylcholine receptor alphal.
This receptor is involved in responses to the neurotransmitter acetylcholine, and the subunit
alphal is associated with resistance to neonicotinoid insecticides (Somers et al. 2017). The
RNAS5 sequence is 91 nucleotides in length. A sequence alignment of RNAS was also performed
to identify sequence conservation among Drosophila family and other species (Figure 3.4). The
RNAS5 sequence was uploaded onto mFold, which predicts possible secondary structures of an
RNA based on energy minimization (Zuker 2003) (Figure 3.5A). Overall, RNAS5 has a predicted
structure including five SL structures. I chose four different stem-loop regions from the
predicted RNAS structure and generated mutations at these four sites to disrupt basepairing or
within the apical loops using site-directed mutagenesis, which are UUG42-4, GCG70-2,
CGC121-13, and UUA129-31 (Figure 3.5A). The four mutant constructs were tested for
ribosome binding using the filter binding assay. As shown, all mutant IRESs were still able to
bind to various extents as compared to the wild-type RNAS (Figure 3.5B). Interestingly,
mutations at CGC121-3 (apparent Kp 11 £ 2 nM) and UUA129-31 (Kp 9 + 2 nM) slightly
increased the binding affinity compared to wild-type RNAS (Kp 17 + 3 nM) and mutation at
UUG42-4 (Kp 47 = 10 nM) slightly decreased binding, whereas mutation at GCG70-2 (Kp 19 +3
nM) did not alter 80S binding compared to the wild-type RNAS. This result suggested that the

stem at UUG42-4 contributes to interactions with ribosomes.
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Figure 3.4. Alignment of RNAS within Drosophila and other species.

RNAS sequence was blasted and aligned. The corlored regions represent conserved sequences with

RNAS.
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Figure 3.5. Mutations at certain stem and loop regions of RNAS affect its ribosome binding
affinity.

(A) Secondary structure of RNAS predicted by mFold. Four different locations within RNAS5 are
mutated to the alternate Watson-crick bases and denotated in the box. (B) Filter binding assays of
RNAS with mutations created at UUG42-4, GCG70-2, CGC121-3, UUA129-31. Shown are the

averages * standard deviation from at least two independent experiments.
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3.3.5 None of the candidates show protection by ribosomes from RNase I

As mentioned earlier, one of the characteristics of IGR IRES is that it binds within the
intersubunit space of the ribosome (Fernandez et al. 2014; X. Wang et al. 2021). We previously
developed a new biochemical assay to monitor structured RNAs that can bind to the ribosomal
core (X. Wang et al. 2021). Briefly, radiolabeled RNAs in complex with purified ribosomes were
incubated with RNase I, and the protected RNA fragments were isolated and resolved on a urea-
PAGE gel. I performed the RNase protection analysis to test whether the candidate RNAs bind
within the ribosomal core. I tested all of the candidates that were validated in the ribosome binding
assay (RNA3, RNAS5, RNA7). All candidate RNAs were not protected by the ribosome from
RNAse I treatment. It was surprising that RNAS was not protected as it was shown to bind to
ribosomes and compete with CrPV IGR (Figure 3.6). This result suggested that RNAS or part of

RNA 5 might be solvent accessible when bound to the ribosome.
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Figure 3.6. RNA candidates bound to the 80S subunit are not resistrant to RNase 1.

[*?P]-labeled CrPV IGR IRES, mutant (APKI/II/III) CrPV IGR IRES and indicated candidate
RNAs were incubated with purified 80S ribosome subunit (0.6 uM) for 20 min prior to the addition
of RNase I (1 U) for 1 hr. RNAs from RNase I treated/untreated reactions were TRIZOL-extracted
and resolved on a urea-PAGE and the bands were visualized using phosphorimager. The expected
band size for each RNA is pointed. Shown is a representative gel from at least three independent

experiments.
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3.3.6 RNAS does not affect translation level in vitro

As RNAS5 showed binding to ribosomes, I want to test whether it could have any biological
function on translation. There is precedent that RNAs can regulate translation by binding to
ribosomes (Pircher et al. 2014; Bakowska-Zywicka, Kasprzyk, and Twardowski 2016). To address
this question, a bicistronic construct including a T7 promoter directing canonical Renilla luciferase
and a CrPV IGR IRES directing cap-independent Firefly luciferase was used. A fixed amount of
bicistronic RNA and increasing amounts of the candidate RNAs were incubated, and the
translation level of RLuc/FLuc in the RRL cell-free translation system was monitored using [*S]-
methionine/cysteine (Figure 3.7A, top). CrPV IGR with mutation at PKI was used as a positive
control, as this mutant IRES can bind to ribosomes but is defective in translation initiation. The
mutant (APKI/II/IIT) CrPV IGR was also used as the negative control.

Adding increasing amounts of CrPV IGR APKI (Figure 3.7A) decreased the levels of both
RLuc and FLuc expression, suggesting that the CrPV IGR IRES can block and sequester ribosomes
for translation. The decreased level of RLuc was comparable to the decreased level of FLuc
(Figure 3.7B). This result suggests that the excess of CrPV IGR sequesters the free pool of
ribosomes, and as a result decreases both scanning-dependent/cap-independent translation. I then
tested both the positive-sense of RNAS which showed binding to the ribosome and its negative-
sense transcript which was shown not to bind to ribosomes (Figure 3.7A, right). Incubation of
increasing amounts of RNAS did not decrease FLuc expression (Figure 3.7B). The antisense of
RNAS5 did not affect FLuc expression neither. Although incubation of RNAS reduced RLuc
expression, the decrease was comparable to that when antisense-RNAS5 was incubated, thus
indicating that the effect of RNAS is non-specific. In summary, RNAS did not affect both

scanning-dependent and cap-independent translation in the RRL system.
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Figure 3.7. Incubation of RNAS in an in-vitro tranalsation reaction of bicistronic reporter
has no impact on reporter RNA translation in RRL.

(A) Top. Schematic of bicistronic reporter incubating with RNAS. The upstream RLuc and the
downstream FLuc are expressed by scanning-mediated and IRES-mediated translation repectively.
Bottom. Uncapped bicistronic reporter RNAs (0.02 uM) with increasing amount of CrPV IGR
mPKI, CrPV IGR APKI/I/III, RNAS or antisense-RNAS5 (0.6-2.6 uM) incubating in RRL for 60
min in the presence of [**S]-methionine/cysteine. (B) Quantification of the radiolabeled Renilla
(RLuc) and firefly (FLuc) luciferase proteins, normalized to the luciferase level where no
candidate was added. ns, p > 0.05. Shown are the averages * standard deviation from at least three

independent experiments.
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3.4 Discussion

The IGR IRES possesses the most streamlined translation mechanism and discovering
cellular IGR IRES-like element may lead to insights into the co-evolution between the host and
the virus and shed light onto the origin of this unique mechanism. Here we used an adapted selected
evolution approach (SELEX) to identify cellular RNA elements that can bind to ribosomes
specifically and possibly identify cellular IGR IRES-like element. From the candidate lists
generated from the screen, candidates with high read counts were tested. Only RNA3, RNAS and
RNA7 showed binding to purified human ribosomes, and only RNAS binds specifically to the
ribosome. However, RNAS most likely binds to the solvent side of ribosome.

Although the screen so far did not yield bona fide RNAs that can bind within the ribosome
core, I did find RNAS that can bind to the ribosome and be competed by the CrPV IRES, thus
suggesting that part of RNAS binds to the ribosomal core. Since RNAS is located in one of the
introns of nicotinic acetylcholine receptor alphal, it is less likely to be directly involved in
initiating translation. However, it might have other roles including mediating translation by
interacting with the ribosome.

It is well established that the structure of IGR IRESs directs ribosome binding. RNA can
bind to ribosomes via interacting with ribosomal proteins and hybridizing with rRNA (Matsuda
and Mauro 2014; Argetsinger Steitz and Jakes 1975). In section 3.3.4 site-directed mutagenesis at
different sites within RNAS was performed to test whether the mutated site is a key ribosome
interaction region. Most mutations did not change the binding affinity significantly. UUG42-4
doubled the apparent dissociation constant of RNAS which suggested a potential interacting region.

Searching for the sequence conservation of RNAS5 among different species might hint which region
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within RNAS is important. From a Blast search result (Figure 3.4), sequences near the 3’ end of
RNAS5 were found to be conserved within Drosophila family including Drosophila busckii which
is native to North America, Drosophila rhopaloa, Drosophila elegans and so on. Sequences near
the 5° end or in the middle were also found to be conserved with other species not belonging to
Drosophila such as bony fishes, turtles and bacteria that across both animal and bacteria. A partial
sequence that was conserved in mosquitos locates at the conserved region within Drosophila.
Sequences conserved among Drosophila species could be interesting, and indeed there is a SL
within that region and was not mutated in the first trial. In the first trial of site-directed mutagenesis,
UuG42-4, GCG70-2, CGC121-3, and UUA129-31 were mutated. The SL where UUG42-4 is
located has multiple baseparing regions, and only mutating three nucleotides at the top of the SL
might not be strong enough to break the structure. Mutating both UCA38-40 and UUG42-4 may
be needed to completely unfold the SL. There are many possible structures and higher order of
structures such as pseudoknots which might not be captured by mFold. Instead, a structural probing
approach should be performed in the presence or absence of ribosomes, which will provide
structural data analysis and can infer possible conformational changes upon binding to the
ribosome.

None of the candidates tested were protected by ribosomes after RNase I digestion and this
can be explained by several reasons. The RNAs being detected from the screen after RNase I
treatment are fragments of the RNA, thus it is possible that the structured RNAs that can bind to
the ribosome is larger than this fragment. To circumvent this, I included ~30 nucleotides upstream
and downstream of the RNA fragment but it is possible that long distance tertiary structures may
not be captured by this approach. The next step would be expanding the sequences to be included

by 100-200 nucleotides upstream and downstream of the candidate. The amount of RNase I and
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the incubation time can also be optimized to different candidates since they were based on the
titration result from CrPV IGR IRES. Depending on the stability of the folded RNA structure,
different candidates could be more susceptible to RNase I degradation if the condition is not
optimized even though they bind to ribosomes.

RNAs have been known to regulate translation by targeting mRNAs, including microRNA
and small interference RNA. Over the last few decades, various non-protein-coding RNAs
(ncRNAs) have been identified as an emerging translation regulators by interfering with ribosomes.
By directly interacting with ribosomes or polysomes, ncRNAs inhibit global or mRNA specific
translation, by interfering with tRNA binding to ribosomal P site or competing with mRNA
binding to block translation for example (Pircher et al. 2014; Himeno, Kurita, and Muto 2014;
Gebetsberger et al. 2017). ncRNAs have also been shown to stimulate protein synthesis by
promoting the recruitment of mRNA during translation initiation (Barbosa, Calhoun, and Wieden
2020). These mechanisms are found in Archaea and eukaryotic systems. There is also a hypothesis
that ncRNAs can regulate translation by binding to ribosomes unspecifically and thus represent
biological noise (Pircher, Gebetsberger, and Polacek 2014). As I showed RNAS binding to
ribosomes but possibly not fully within the core (section 3.3.2 and section 3.3.5), we wondered
whether RNAS can regulate translation. Incubating RNAS in RRL translation extracts did not
specifically affect IGR IRES or scanning dependent translation. Considering that both the SELEX
screen and the binding assay used human ribosomes, it is quite possible that the RNAS does not
bind to rabbit ribosomes, thus a future direction would be to test RNAS5 in a human translation
system (Hela lysate). ncRNAs can regulate translation by binding to ribosomes under specific

stress conditions (Pircher et al. 2014; Bakowska-Zywicka, Kasprzyk, and Twardowski 2016;
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Gebetsberger et al. 2012). Thus another direction would be to test RNAS regulating translation
under different stress conditions.

Another finding from this assay is that adding excess of CrPV IRES APKI can inhibit both
scanning-dependent/cap-independent translation. This result is intriguing as it suggests that the
IGR IRES can sequester ribosomes. In cells, CrPV IGR IRES translation is 0.8% of cap-dependent
translation, indicating that CrPV IGR is weak (Q. S. Wang and Jan 2014). Under virus infection,
overall cap-dependent translation is shutoff and CrPV IGR IRES translation is stimulated (Garrey
etal.2010). A future direction would be to test the effect of CrPV IGR IRES in cells by transfecting
excess of mutant (APKI) CrPV IGR RNA into cells with or without CrPV infection. One idea that
we had was to see if we can sequester ribosomes to the CrPV IGR IRES through an RNA with
repeated IGR IRESs. This will in effect increase the unit mole of IRES ribosome binding sites on
the IRES per RNA. Several challenges exist when designing this RNA, such as how to ensure each
IGR IRES folds properly and how long the linker sequen