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ABSTRACT

Tombusviridae is a family of plus-strand RNA plant viruses that contain single-stranded
RNA genomes with no 5 cap or 3 poly(A) tail. The 5 cap is an essential post-transcriptional
modification that increases the stability of mRNA molecules, by protecting them from 5-to-3
exoribonuclease decay. The lack of this modification in this virus family raised the question of
how these viruses protect their vulnerable genomic 5 ends from nuclease attack during infections.
Carnation Italian ringspot virus (CIRV) from the genus Tombusvirus, family Tombusviridae, has a
plus-strand RNA genome with a structured 5 untranslated region that | hypothesized could serve
as a protective substitute for the 5 cap. Results from my in vitro and in vivo studies with CIRV
showed that the higher-order RNA structure at the 5 end of its genome was able to effectively
prevent access of a 5-to-3 exoribonuclease (Xrn), thereby protecting it from being degraded by
Xrn during infections. In a second related study, | investigated a small viral RNA (svRNA) that
accumulated in infections with another member of the family Tombusviridae, Tobacco necrosis
virus-D (TNV-D; genus Betanecrovirus). In this case, | hypothesized that the svRNA represented
a stable degradation product that could be functionally relevant to successful TNV-D infections.
Through in vitro and in vivo analyses of TNV-D, | determined that the svRNA was indeed
generated from incomplete digestion of the TNV-D genome by Xrn, and that its accumulation was
beneficial in infections. Collectively, these findings extend and broaden our knowledge of the
roles of novel viral RNA structures in facilitating successful viral infections by either evading

(CIRV) or exploiting (TNV-D) the activity of the cellular exoribonuclease, Xrn.
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CHAPTER 1:

INTRODUCTION



1.1...Eukaryotic cellular mRNA turnover

Cellular gene expression is the process by which gene products (i.e. proteins) are
generated from specific instructions encoded within DNA sequences. The process occurs via two
main steps: transcription and translation (Orphanides and Reinberg, 2002; Clancy and Brown,
2008). During transcription, an RNA polymerase faithfully transcribes the protein information
encoded in the DNA into an RNA molecule called a messenger RNA (mRNA). The maturation
process of a eukaryotic mMRNA molecule requires three main modifications to be made prior to its
export to the cytoplasm; these include 5 -end capping, RNA splicing, and 3 -end polyadenylation
(Moore and Proudfoot, 2009). For capping, the 5 terminal nucleotide of the nascent pre-mRNA is
covalently linked to a 7-methylguanosine (m’G) cap prior to completion of transcription. RNA
splicing occurs post-transcriptionally, and involves the removal of non-coding introns, leaving only
the protein-coding exons in the final MRNA. This is followed by the non-templated addition of a
polyadenylate [poly(A)] tail to the 3 end of the mature mRNA. Once completed, the mature mRNA
is then exported to the cytoplasm, where its amino acid codons are translated sequentially by

ribosomes to construct the encoded polypeptide (Cooper, 2000; Kéhler and Hurt, 2007).

1.1.1. mRNA turnover

There are two main functions associated with the 5 -cap and the 3 -poly(A) tail: they serve
as both recruitment signals for factors involved in protein translation, and as protective structures
at the terminal ends that maintain stability of the mMRNA molecule (Ramanathan et al., 2016;
Nicholson and Pasquinelli, 2019). The latter purpose of these modifications relates to their ability
to enhance survivability of the mRNA molecule in the cellular environment, and loss of either,

usually by enzymatic removal, triggers degradation of the mRNA. The enzymes that comprise



the mRNA decay machinery have vital roles in different cellular processes, including control of

gene expression, RNA quality control, and the antiviral response.

Cellular gene expression is regulated at multiple levels to fine-tune the amount of mMRNA
produced, based on their quantitative, spatial, or temporal requirement. One of the main ways in
which a cell exerts regulatory control over mRNA expression involves the use of mRNA decay
pathways (Figure 1). Of these, the most widely used is the deadenylation-dependent pathway
(Parker and Song, 2004; Garneau et al., 2007; Schoenberg and Maquat, 2012). As the name
suggests, removal of the poly(A) tail of the mature mRNA is the first step that occurs, which is
carried out by a deadenylation complex, followed by 5 cap removal by a decapping complex. The
resulting mMRNA intermediates then serve as substrates for 5 -t0-3 exoribonucleases and 3 -to-5
exoribonucleases that degrade from the 5 and 3 ends, respectively. Less often used are the
deadenylation-independent and endonuclease-mediated cleavage pathways (Wilusz et al.,
2001). During deadenylation-independent mRNA decay, the 5 cap is removed by the decapping
complex first, which allows for immediate 5-to-3 exoribonuclease digestion of the mRNA from
the 5 end. Endonuclease-mediated cleavage of an mRNA can also occur, resulting in 5 and 3
cleaved fragments that are then degraded by 3-to-5 and 5 -to-3 exoribonucleases, respectively;

this pathway also occurs during aberrant mRNA degradation (Wilusz et al., 2001).
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Figure 1. Cellular mRNA decay mechanisms. A) Deadenylation-dependent mRNA decay. Removal of the poly(A)
tail by the deadenylation complex (CCR4-NOT or PARN) precedes exoribonuclease decay. Prior to 5-to-3
exoribonuclease activity, the 5 cap is removed first by the decapping complex (DCP1/DCP2) followed by 5 -to-3
digestion by Xrnl. 3-to-5 digestion from the 3 end can occur with or without 5 cap removal. B) Deadenylation-
independent mMRNA decay. Removal of the 5 cap by the decapping complex occurs independently of deadenylation,
triggering 5-to-3 degradation of the uncapped mRNA by Xrnl. C) Endonuclease-mediated mRNA decay. Internal
endonucleolytic cleavage within the mMRNA molecule results in 5 and 3 fragments, which are degraded by the exosome
and Xrnl, respectively. (Adapted from Garneau et al., 2007)

MRNA surveillance factors monitor and eliminate aberrant mMRNAs using endonuclease-
mediated cleavage via two main mechanisms: nonsense-mediated decay (NMD), and no-go
decay (Chang et al., 2007; Harigaya and Parker, 2010). The NMD pathway scans for premature
termination codons (PTCs) that, if left unchecked, could result in truncated, potentially harmful
proteins. NMD factors recognize PTCs and trigger endonucleolytic cleavage of the mRNA just
upstream of the PTC, which activates exoribonucleases to eliminate the cleaved fragments.
Similarly, during no-go decay, ribosomes that stall during translation elongation recruit
endonucleases that cleave upstream of the stalled ribosome and trigger exoribonuclease decay.
Both of these aberrant mMRNA surveillance mechanisms trigger endonucleolytic-cleavage of the
MRNA, followed by exoribonuclease decay of the resulting fragments. Non-stop decay (NSD) is

another mechanism used to eliminate aberrant mRNAs, however, without the use of



endonucleolytic cleavage (Frischmeyer et al., 2002). NSD identifies mRNAs lacking a stop codon,
and triggers either deadenylation followed by 3-to-5 decay, or decapping, followed by 5 -to-3

exoribonucleolytic decay (van Hoof et al., 2002).

The host antiviral response in plants triggers a cascade of reactions, whereby foreign viral
RNAs are used to generate dsRNA, which are then processed into smaller RNAs that direct
endonucleolytic cleavage of the viral RNA (Muhammad et al., 2019). As with cleaved cellular
MRNAs, the viral RNA fragments are then digested from their ends by exoribonucleases. Some
of the most important factors that are common to all of the decay mechanisms outlined above are
the exoribonucleases themselves, whose substrate-specificity include either full-length cellular

MRNAs, or endonucleolytically-cleaved fragments of cellular and foreign RNAs.

1.2...Eukaryotic exoribonucleases

The term ‘exoribonuclease’ refers to a ribonuclease that hydrolyzes phosphodiester bonds
between adjoining nucleotides in an RNA molecule from either its 5- or 3-terminus. Thus,
exoribonucleases are defined in terms of the direction of their activity: 5 -to-3 exoribonucleases
remove nucleotides starting at the 5 end of an RNA molecule progressing towards the 3 end,
whereas 3-t0-5 exoribonucleases work in the opposite direction. As described in the previous
section, exoribonucleases primarily degrade RNA substrates marked for degradation, such as
cellular mRNAs and foreign RNAs. In the cell, these enzymes can be located in the nucleus,
randomly dispersed in the cytosol, or contained within discrete cytoplasmic foci called processing
(P) bodies (Decker and Parker, 2012). P-bodies serve as storage reservoirs and decay centers
for untranslated mRNAs in the cytoplasm and contain exoribonucleases and other factors
involved with mRNA decay, such as decapping and deadenylating proteins (Schoenberg and

Maquat, 2012; Luo et al., 2018).



The main cytosolic 3-to-5 exoribonuclease actually exists as a complex, referred to as
the exosome (Mitchell et al., 1997). It includes a hexameric ring structure formed by six proteins,
to which a trimeric ‘cap’ is attached, totaling nine separate proteins. This barrel-shaped,
nonameric structure, however, lacks catalytic activity, which is instead provided by either by a
dual 3-to-5 exo- and endoribonuclease, Rrp44, or a 3-to-5 exoribonuclease, Rrp6 (Kowalinski
et al., 2016; Kilchert et al., 2016). The function of the exosome varies based on its location. The
nuclear exosome is mainly responsible for 3 processing of nocoding RNAs such as small
nucleolar RNAs (snoRNAs) and ribosomal RNAs (rRNAs), and for removal of defective precursor
RNAs (Houseley et al., 2006). By contrast, the cytosolic exosome complex is primarily involved
in mMRNA decay and RNA silencing, and functions as the main cytosolic 3-to-5 exoribonuclease

in the cell.

5-t0-3 exoribonucleases (Xrns) can also exist in the nucleus or cytoplasm, and their
functions vary based on their localization (Nagarajan et al., 2013). The two main Xrns in animals
are Xrnl and Xrn2, which localize to the cytoplasm and nucleus, respectively. Plants have no
Xrnl, but instead have genes encoding Xrn2, Xrn3, and Xrn4 proteins, the first two of which are
nuclear, and the latter of which is cytoplasmic (Figure 2) (Kastenmayer and Green, 2000).
Although there is no plant ortholog for Xrn1, a cytoplasmic Xrn2 ortholog is present, which is Xrn4.
The structures of Xrnl and Xrn4 and their general functions will be discussed as the topic of the
next section. One of the main functions of Xrn2 in the nucleus pertains to transcription termination
via the torpedo model (West et al., 2004; Tollervey, 2004). During transcription of a nascent
MRNA by RNA polymerase II, endonucleolytic cleavage is triggered following transcription of the
polyadenylation signal. The 5 -liberated mRNA fragment is then polyadenylated at its free 3 end
generated from the cleavage event. The 3 remaining RNA fragment still attached to the actively
synthesizing polymerase, is bound by Xrn2 at its 5 end, which then degrades the remaining RNA

faster than it is being synthesized by the polymerase, ultimately ‘torpedoing’ (i.e. knocking) the



polymerase off the DNA template (Tollervey, 2004). Xrn2 is also involved in processing of
noncoding RNAs such as rRNAs, snoRNAs and tRNAs. In higher plants, an additional Xrn-family
protein, Xrn3 is also present in the nucleus (Kastenmayer and Green, 2000). Xrn3 is an ortholog
of Xrn2, and the two are similarly sized. Both Xrn2 and Xrn3 are endogenous suppressors of
post-transcriptional gene silencing (PTGS) in plants (Gy et al., 2007). The mechanism for PTGS
usually begins by the creation of dsSRNA from uncapped aberrant RNA by cellular RNA-dependent
RNA polymerases (RdRps). These dsRNAs are then recognized and processed by the RNA-
induced silencing complex (RISC), which uses them to direct endonucleolytic cleavage of the
complementary target RNA. Both of these nuclear Xrns were shown to degrade the templates

for dsRNA synthesis, ultimately downregulating the PTGS system (Gy et al., 2007).
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Figure 2. Protein alignment of Xrn family in highe  r plants, animals, and yeast. The amino acid sequence of Xrn
proteins from higher plants (A. thaliana), animals (M. musculus and D. melanogaster) and yeast (S. cerevisiae and S.
pombe) were aligned using ClustalW software by Kastenmayer and Green (2000). Horizontal black lines correspond
to each full-length protein. Black bars represent regions with 40-50% sequence identity, whereas grey bars show
regions with 15-20% similarity. Diamond boxes show nuclear localization signals and the half-diamond in AtXrn4
indicates a partial N-terminal NLS. (Adapted from Kastenmayer and Green, 2000). Copyright (2000) National Academy
of Sciences, U.S.A.



1.3...5-to-3 Exoribonuclease 1 (Xrnl)

5-to-3 exoribonuclease 1 (Xrnl) is a cytoplasmic exoribonuclease that is expressed in
yeast and metazoans. This ubiquitously expressed enzyme plays a major role in cellular gene
expression, and was first identified, purified, and physically characterized by Audrey Stevens and
colleagues beginning in the late 1970's (Stevens, 1978; Stevens, 1980; Stevens and Maupin,
1987; Stevens, 2001). In addition to its primary role in cellular mMRNA turnover, Xrnl has functions
in other cellular processes related to mRNA regulation, RNA silencing, and the host antiviral
response pathway (Chang et al.,, 2011; Jones et al., 2012). Xrnl homologs and functional
equivalents have been studied in a wide variety of model organisms ranging from animals and
plants, to yeast, including detailed mutational analyses and the elucidation of crystal structures
(Page et al., 1998; Xiang et al., 2009; Jinek et al., 2011; Langeberg et al., 2020). Xrnl is mainly
localized within P-bodies in the cytoplasm, where it performs the majority of its mRNA-related
degradation functions. No cytoplasmic homolog for Xrnl exists in plants, however, an ortholog
of nuclear Xrn2 is present, called Xrn4 (Kastenmeyer and Green, 2000). Xrn4 has been shown
to perform many of the same functions as Xrnl, and is therefore considered to be the functional

equivalent of Xrnl in plants.

1.3.1. Xrn1/4 structure and homology

The overall size of Xrnl ranges from 1500 to 1700 amino acid residues, corresponding to
a protein of approximately 175 kilodaltons in mass. Schematically, the overall structure of the
enzyme resembles a bipartite, rectangular-shaped box that is divided into multiple domains, each
with its own distinct function (Figure 3) (Chang et al., 2011; Langeberg et al., 2020). The N-
terminal region is highly conserved between different species and contains the catalytic core of

the enzyme, whereas the C-terminal region is more variable by comparison. This lower



conservation observed in the C-terminus reflects the different functions of Xrnl that may be
required in different species-related contexts. Indeed, truncations of the C-terminus by as many
as 500 residues is well-tolerated, and the enzymes remain active in vitro (Page et al., 1998; Jinek
et al., 2011). The nuclease domain, located at the N-terminal end, is divided into two domains
called CR1 and CR2, and houses the catalytic core of the enzyme (Chang et al., 2011; Langeberg
et al., 2020). In yeast, the nuclease domain is interrupted at the center, between CR1 and CR2,
by an additional domain shown to interact with the 80S ribosome to degrade RNA templates on
which the ribosome has stalled during translation (Tesina et al., 2019). At the C-terminal end of
the nuclease domain are the PAZ and Tudor domains, which provide structural support to the
catalytic motifs, and interact with the 40S ribosomal subunit in yeast. Immediately adjacent to
these domains are the winged-helix and SH3-like motifs, which make contact with the tower

domain in the active site and stabilize the N-terminal end, respectively (Jinek et al., 2011).

A PAZ/ Winged  SH3-
XRN catalytic Tudor KOW  helix like
674 779 850 1026 1046 1140
N-terminal core C-terminal arch
B

Figure 3. Structure of D. melanogaster Xrnl (DmXrnl). A) Schematic representation of DmXrnl. The C-terminal
region removed prior to crystallization is shown as thick grey line. The catalytic core, consisting of CR1 and CR2
domains is shown as a blue bar and the Paz/Tudor domains are shown in green. KOW, Winged Helix and SH3-like
domains are shown in yellow, pink and red, respectively. B) Ribbon representation of a DmXrn1-substrate complex.
Colour coding corresponds to the schematic diagram in panel A. A Mg?* ion is represented by a purple sphere and the
nucleic acid substrate is shown in black. (Adapted from Jinek et al., 2011)



The N-terminal catalytic domain of Xrnl contains highly conserved, and some strictly
conserved, residues that are involved with processive degradation of RNA substrates. The
catalytic core of the enzyme is located at the base of a tower domain helix, which enables
exonuclease activity exclusively (Jinek et al., 2011). Within the active site itself are a set of acidic
and basic residues, which are essential for coordinating magnesium ions and water molecules,
and interacting with the negatively charged 5 phosphate of the RNA substrate, respectively (Jinek
et al., 2011; Langeberg et al., 2020). The basic amino acid pocket does not accommodate 5
capped and 5 triphosphorylated RNAs, allowing for only 5 monophosphorylated substrates to
enter the catalytic center. The acidic residues are strictly conserved, and characteristic of Mg?*-
dependent nuclease enzymes (Chang et al., 2011). A - stacking interaction occurs between
the first and third nucleotides of the substrate, capped by strictly conserved amino acid residues,
His41 and Trp540 in Drosophila melanogaster Xrnl, at the 5 and 3 end, respectively (Jinek et
al., 2011). As aresult, substrate recognition by the enzyme requires three free nucleotides in the
RNA for enzyme to bind, and for hydrolysis to occur. For its catalytic activity, Xrnl uses a
Brownian ratchet mechanism to direct processive degradation of the RNA substrate, via His41
and the basic pocket, which together aid in enzyme processivity, duplex unwinding, and hydrolytic

directionality.

In plants, Xrn4 is the cytoplasmic ortholog of nuclear Xrn2, and thus many of the structural
findings associated with Xrn2 can be extended to Xrn4 (Kastenmeyer and Green, 2000).
Sequence similarity between Xrnl and Xrn2 is relatively high around the active site, and the two
share a common mechanism of action (Xiang et al., 2009; Chang et al., 2011). By contrast, the
C-terminal region is much less conserved between the two, and significant portions are missing
in Xrn2. Indeed, Xrn2, and its ortholog Xrn4, are much smaller than Xrn1, at approximately 950
amino acids (115 kDa). One of the main structural differences between Xrn4 and Xrn2 is that the

former is missing a complete bipartite nuclear localization signal (NLS) present in the latter
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(Figure 2) (Kastenmeyer and Green, 2000). Accordingly, the origin of Xrn4 is speculated to be
due to loss of the functional NLS in Xrn2, resulting in a cytoplasmic Xrn2; the existence of a
conserved N-terminal region of the NLS in Xrn4, but no C-terminus, supports this theory

(Kastenmeyer and Green, 2000).

1.3.2. Xrn1/4 function

Yeast Xrnl and plant Xrn4 (Xrn1/4) activity can only proceed on an RNA substrate bearing
a monophosphate on its 5 terminal nucleotide (Stevens, 2001; Jinek et al., 2011). Therefore,
MRNASs containing a 5 cap must first be decapped to generate a 5 monophosphorylated end.
Uncapped viral RNAs, such as those utilized by members of the plant virus family Tombusviridae
contain a 5 terminal triphosphate (discussed in later sections). For Xrnl/4 to engage these
substrates, the ¢ and b-phosphate moieties must first be removed, usually via a
pyrophosphatase. In addition to their other functions, pyrophosphatases are also part of the host
antiviral response, specifically responding to and removing uncapped, triphosphorylated RNA, by
converting them to monophosphorylated substrates for exoribonuclease decay (Burke and

Sullivan, 2017; Amador-Cainiizares et al., 2018).

There is significant overlap in the molecular functions of yeast Xrnl and plant Xrn4.
Indeed, overexpression or silencing of either often produces similar molecular outcomes (Cheng
et al., 2007; Jaag and Nagy, 2009). The main Xrnl functions discovered so far involve mRNA-
related activities, RNA silencing, and noncoding RNA processing. The mRNA-related activities
of Xrnl relate to its role in transcription, translation, and degradation of mRNA. The control of
MRNA degradation is its main mRNA-related function. Most mRNA decay occurs via a
deadenylation-dependent mechanism, whereby the poly(A) tail is first removed by the

deadenylation complex, followed by removal of the 5 cap by the decapping complex (Hsu and

11



Stevens, 1993; Schoenberg and Maquat, 2012). The resulting mRNA molecules contain a 5
monophosphate and a partial 3 poly(A) tail, which are then degraded by Xrnl in the 5-to-3

direction. Deadenylation-independent mechanisms also occur, albeit less frequently.

The NMD pathway does not require deadenylation to occur, but instead requires NMD
factors to scan mRNAs for PTCs, which, once found, cause endonucleolytic cleavage of the
MRNA; the resulting 3 cleavage products are then degraded by Xrnl (Gatfield and Izaurralde,
2004; Eberle et al., 2009; Nagarajan et al., 2019). Deadenylation-independent decapping of the
MRNA also results in an mRNA that is an immediate substrate for Xrnl decay (Badis et al., 2004).
Degradation of mRNA can also occur co-translationally, whereby mRNAs can remain associated
with translating ribosomes during deadenylation, decapping and subsequent decay by Xrnl (Hu

et al., 2009).

Similarly, during no-go decay, mRNAs containing stalled ribosomes are degraded to
eliminate truncated, potentially harmful proteins from being translated, through direct physical
contact between the 80S ribosome and Xrnl (Doma and Parker, 2006; Tesina et al., 2019).
Interestingly, Xrnl was also found to function as a transcriptional activator by degrading decapped
MRNAs and facilitating subsequent transport of Xrnl-complexed decay factors (DF) into the
nucleus for transcription activation (Haimovich et al., 2013). These DFs, along with Xrnl, were
able to bind to promoter regions in chromatinized DNA, and activate transcription of certain genes
by RNA polymerase Il. This model effectively links the processes of mMRNA decay and
transcription, placing Xrnl in a pivotal bridging role between the two. Recently, a novel finding
presented by the same researchers showed that Xrnl activity is also able to facilitate protein
translation initiation, through an interaction with the eukaryotic translation factor, elF4G (Blasco-
Moreno et al., 2019). Collectively, these unexpected findings implicate Xrnl activity with most

stages of the mRNA life cycle, including transcription, translation, and degradation. It is currently
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unknown whether the translation- and transcription-related roles of Xrnl are shared by Xrn4 in

plants.

Nevertheless, a common role for both enzymes occurs during RNA silencing. The RNA
silencing machinery in animals and plants is triggered by either microRNAs (miRNAs) or small
interfering RNAs (siRNAs). Although their origins and biogenesis pathways differ, their mode of
action is essentially the same. Following siRNA- or miRNA-directed cleavage of an mRNA
substrate by the RISC complex, plant Xrn4 degrades the 3 decay intermediate of the cleaved
MRNA in the 5 -to-3 direction (Souret et al., 2004; Orban and Izaurralde, 2005; Valencia-Sanchez
et al., 2006). Whereas mRNA cleavage occurs often in plants, its occurrence in animals is much
rarer, as small RNA-directed targeting of mMRNAs usually results in reversible translation inhibition,
rather than cleavage (Yekta et al., 2004; Bartel, 2009; Xu et al., 2016). Nevertheless, in the few

cases in which it does occur, 5 -to-3 degradation of the 3 cleaved fragment is carried out by Xrn1l.

Xrnl is also involved with processing certain noncoding RNAs (ncRNAs). Small nucleolar
RNAs (snoRNAs) are small ncRNAs in the nucleus that provide guided modification of other
RNAs, such as pre-rRNAs and tRNAs (Maxwell and Fournier, 1995). Pre-rRNAs are nascent
rRNA molecules that require modification in the nucleus before they can associate with
ribosomes, and direct translation of proteins in the cytosol. ncRNAs such as snoRNAs and pre-
rRNAs require yeast Xrnl activity to trim their 5 ends as an essential part of their processing
(Petfalski et al., 1998). It is unknown whether plant Xrn4 is required for noncoding RNA
processing in plants in the same way that Xrnl is for yeast/animals, especially because plant Xrn3
is also present in the nucleus, which may have coinciding functions in rRNA and snoRNA
processing with plant Xrn2. For all three plant Xrns to have overlapping roles in certain processes
would not be surprising, given that all three are related to plant Xrn2 (Kastenmayer and Green,
2000). As such, one of these roles occurs during PTGS in plants, where all three plant Xrns were

shown to be endogenous suppressors of PTGS by degrading single-stranded RNA templates of
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endogenous RdRps, preventing dsRNA formation and gene-specific targeting by the RISC

(Gazzani et al., 2004; Gy et al., 2007).

1.4...Plus-strand RNA plant viruses

Viruses are biological entities that are often described as obligate intracellular parasites;
that is, they survive by infecting a host cell and hijacking specific cellular machinery in order to
replicate their genomes and make progeny viruses (Breitbart and Rohwer, 2005). Plus-strand
RNA viruses are a class of virus that contain a single-stranded RNA genome that is messenger-
sensed, similar to mRNA. This means that viral proteins can be translated from the viral genome
directly upon entry into the cell (Ahlquist, 2006). Among the many types of plant viruses that have
been identified, the majority have been found to contain plus-strand RNA genomes (Gergerich
and Dolja, 2006; Hyodo and Okuno 2016). In addition, many plant diseases that affect
economically important crops are caused by plus-strand RNA plant viruses. This, taken together
with the fact that plant viruses serve as useful, and safer surrogates for the study of molecular
virology, supports ongoing and future research involving plus-strand RNA plant viruses. One of
the most extensively studied plus-strand RNA plant viruses is Tomato bushy stunt virus (TBSV),

the type member of the genus Tombusvirus in the family Tombusviridae.

The typical life cycle of the plus-strand RNA plant virus, TBSV, is depicted in Figure 4.
The TBSV life cycle begins with entry of the viral particle into the cell, which requires physical
damage to breach the plant cell wall. For tombusvirus infection, this damage is mediated by a
fungal vector from the genus Olpidium (Dias, 1970; Yamamura and Scholtof, 2005). Once inside
the cell, disassembly occurs via interaction with a plant Hsp70 homolog, Hsc70, which causes
conformational changes in the particle and triggers release of the plus-strand RNA genome into

the cytoplasm (Alam and Rochon, 2017). The coding-sense RNA genome is then bound by host
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translation factors and ribosomes that translate the viral replication proteins, including the viral
RdRp (Figure 4). The viral replication proteins, in concert with additional host proteins, recruit
the viral genome to membranous invaginations of intracellular organelles, called spherules, where
the viral replicase complex (VRC) assembles and replicates viral RNA (White and Nagy, 2004;
Belov and van Kuppeveld, 2012). Within the virus-induced spherule, the VRC makes multiple
copies of the plus-strand RNA genome through production of a complementary minus-strand RNA
intermediate. These newly synthesized viral progeny genomes are then released into the cytosol
to (i) be translated by ribosomes create more replication proteins and VRCs, or (ii) be used as
templates for subgenomic mMRNA (sg mRNA) transcription. Viral sg mRNAs are smaller mRNAs
that encode 3-encoded viral proteins. They are generated when the RdRp stalls prematurely
during synthesis of a genomic minus-strand, creating a truncated minus-strand RNA (White, 2002;
Choi and White, 2002). This truncated minus-strand is then used as a template to transcribe plus-
strand sg mRNAs that are 3-coterminal with the original genome. The sg mRNAs are then
released from VRCs into the cytosol where they are translated to generate additional viral
proteins, such as the capsid (CP), suppressor of gene silencing (SUP), and movement (MP)
proteins. The SUP protein supresses the host gene silencing response by binding and
sequestering small interfering RNAs (SiRNA) generated by dicer (Qiu et al., 2002; Lakatos et al.,
2004). The MP protein is required for cell-to-cell movement of the viral genome to neighbouring
cells through intercellular openings called plasmodesmata (Wolf et al., 1989; Desvoyes et al.,
2002). Once a sufficient amount of CP protein is translated, the progeny viral genomes are

packaged into infectious icosahedral particles within the cytoplasm.
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Figure 4. Plus-strand RNA plant virus (TBSV) life  cycle. The TBSV lifecycle begins with entry (i) into the cell via
a fungal vector. The virus then disassembles (ii) to release the plus-strand RNA genome into the cytosol, which is
immediately translated by ribosomes (iii) to generate the viral replication proteins. The viral replication proteins,
together with specific host factors, replicate the viral genome (iv) via a minus-strand intermediate to generate
progeny genomes. Some of these progeny genomes can be re-translated (v) by cellular ribosomes to produce
additional replication proteins. A subset of the progeny genomes are also used as templates for subgenomic mRNA
transcription (v) to generate additional viral factors, such as coat protein (CP), gene silencing suppressor (SUP) and
movement protein (MP). Once sufficient progeny viral genomes are made, some are encapsidated by CP into
particles (vi), while other are bound and moved through plasmodesmata to neighbouring cells by the MP (vi).
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1.5...Carnation Italian ringspot virus (CIRV)

Carnation Italian ringspot virus (CIRV) was first isolated from carnation plants imported to
Britain from Italy and the United States (Hollings et al., 1970). Itis a plus-strand RNA plant virus
in the Tombusvirus genus of the Tombusviridae family. Similar to other tombusviruses, such as
TBSV, it has a non-enveloped, icosahedral capsid approximately 30 nm in diameter, that is
assembled with 180 identical capsid subunits arranged in T=3 symmetry. Along with TBSV, CIRV

has served as an important model virus for molecular studies on tombusviruses.

1.5.1. Genome organization

The CIRV genome is made of plus-strand RNA approximately 4.8 kb in length, which lacks
a 5 cap and 3 poly(A) tail (Figure 5). The genome is polycistronic and comprises five open
reading frames (ORFs) that encode viral proteins, flanked by 5- and 3-untranslated regions
(UTRs) at the terminal ends of the genome. The 5 proximal ORFs encode two membrane-
associated replication proteins, which are translated directly from the genome immediately upon
entry into the cell (White and Nagy, 2004). The three downstream auxiliary viral proteins are

translated from two smaller sg mRNAs that are transcribed during infections.

1.5.2. Viral protein expression strategies

Due to the limited coding potential of a small genome, tombusviruses such as CIRV utilize
unconventional protein expression strategies to translate viral proteins. These specialized
strategies enable the virus to exert tight regulatory control over the quantity and timing of protein
expression. The replication proteins, p36 and p95, share a common start codon, but each have

their own stop codon. Expression of p95, which is the RdRp, occurs through translational
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readthrough of the p36 stop codon by ribosomes, which results in a C-terminally extended p36
(Cimino et al., 2011). Translational readthrough is an inefficient process, generating twenty-fold
more p36 relative to p95, which allows for optimal VRC formation during replication (Scholthof et
al., 1995; Panavas et al., 2005a). In tombusviruses, subgenomic transcription occurs via a
premature transcription mechanism whereby long-range RNA-RNA interactions within the
genome force the RdRp to stall prematurely during synthesis of the minus-strand, creating
truncated minus-strand intermediates with transcriptional promoters at their 3 -ends (White, 2002;
Chkuaseli and White, 2020). The resulting minus-strands are then used to make plus-strands
that are 3 -coterminal with the genome and relocate downstream genomic ORFs to the 5 end of
their own message. Sg mRNAL is used to translate the coat protein (p41) and sg mMRNA2 is used
to translate both movement (p22) and suppressor of gene silencing (p19) proteins (Figure 5).
p22 and p19 are both translated from sg mMRNA2, and although the start codon for p19 is located
downstream of the start codon for p22 (Figure 5), p19 is made at higher levels (White and Nagy,
2004). This is attributed to the phenomenon of leaky scanning, whereby a weak Kozak consensus
sequence for p22, along with a short 5° UTR, result in ribosomes efficiently bypassing the p22
start codon during scanning, and accessing the downstream p19 start codon instead (Scholthof

et al., 1999).
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Figure 5. Schematic representation of CIRV RNAs. Viral ORFs are shown as grey boxes and the location of
subgenomic promoters are delineated below the genome using black arrows. The location of the 3 CITE in the 3UTR
in shown on the genome using a bracket. Approximate RNA sizes are shown on the right, in kilobases. (Adapted from
Gunawardene et al., 2021)

1.5.3. Viral protein functions

p36 is a membrane protein that is an auxiliary replication factor required during CIRV
replication and subgenomic transcription. It has multiple roles including RNA template selection
and recruitment to endoplasmic reticulum (ER) membranes, interacting with and recruiting
multiple host factors to the sites of replication, and forming the major protein-based structural
foundation of the VRC (White and Nagy, 2004; Gunawardene et al., 2017). The N-terminal end
of p36 was also found to be a major determinant for organelle targeting, with its deletion resulting
in VRC formation in the peroxisome instead of the ER (Burgyan et al., 1996). p95 is a C-terminal
extension of p36, and contains the catalytic motifs of the RdRp (Panavas et al., 2005a). Its N-
terminus corresponds to the entire p36 amino acid sequence, which allows it to interact with p36
during formation of the VRC within the membrane invaginations known as spherules. p95 is
responsible for both viral processes related to RNA synthesis: genome replication and
subgenomic transcription. The RdRps of tombusvirids (i.e. viruses in the family Tombusviridae),

are highly conserved amongst members of the family, and this is a major determining factor for
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inclusion into the family (Gunawardene et al., 2015). The overall structure of the tombusvirus
RdRp has been compared to the poliovirus RdRp (Hansen et al., 1997; O’'Reilly and Kao, 1998)
and, as a supergroup I, flavivirus-like, RARp superfamily member, was structurally modelled

based on the NS5B RdRp of Hepatitis C virus (Gunawardene et al., 2017).

The coat protein, p41, is used to encapsidate the genome into an icosahedral virion of
T=3 symmetry using 180 coat protein subunits per particle (White and Nagy, 2004). Studies have
shown that the coat protein is not essential for local cell-to-cell spread or systemic movement of
the virus through the plant, but it makes these processes more efficient (Scholtof et al., 1993;
White and Nagy, 2004). p19 plays a pivotal role in suppressing the plant host’s gene silencing
mechanisms during viral infection. Specifically, it binds, as a homodimer, to virus-specific SIRNAs
that are generated during tombusvirus infection, preventing them from being loaded into the RISC
(Lakatos et al., 2004). Consequently, the RISC is not able to target and cleave viral RNA, thus
allowing for efficient viral genome accumulation. The p22 movement protein is essential for cell-
to-cell movement of the virus within plants. It allows for viral dissemination into neighbouring cells
by increasing the size exclusion limit of plasmodesmata, through which it mediates translocation

of the viral genome (Desvoyes et al., 2002).

1.5.4. Viral UTRs

Similar to cellular mRNAs, the CIRV genome and associated subgenomic mRNAs both
contain 5 and 3 UTRs at their termini. These nocoding sequences have been studied extensively
in tombusviruses, revealing essential roles for the genomic UTRs for viral translation and
replication. The fact that tombusviruses, and all members of the Tombusviridae family, lack a 5
cap and a 3 poly(A) tail, the question is raised as to how these and similar plus-strand RNA

viruses have adapted to survive without these essential post-transcriptional modifications.
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Research thus far has implicated the viral UTRs as functional substitutes for the cap and poly(A)
tail during viral protein translation. It therefore stands to reason that the viral UTRs would also
help to stabilize and protect the viral genomic termini from host exoribonucleases, in a similar

manner to how a 5 cap and 3 poly(A) tail protects cellular mMRNAs.

1.5.4.1. CIRV5UTR

The CIRV 5 UTR is 143 nucleotides in length and is structurally comparable to the TBSV
5 UTR, which has been studied extensively. The genomic 5 UTR is involved in two essential viral
processes; namely, viral protein translation and viral genome replication (Nicholson and White,
2008; Nicholson et al., 2010; Wu et al.,, 2001; Ray et al.,, 2003, 2004). The 5UTRs of all
tombusviruses, including CIRV, are subdivided into three discrete parts: the T-shaped domain
(TSD), stem-loop-5 (SL5) and the downstream domain (DSD) (Figure 6). (Wu et al., 2001; Ray
et al.,, 2003, 2004). The TSD includes a three helix junction, with stem-1 (S1), containing the
genomic 5 terminus, at its base. The stability of the S1 stem has been previously established as
being essential for viral RNA accumulation using a subviral RNA replicon, termed a defective
interfering RNA or DI RNA (Wu et al., 2001; Ray et al., 2003). The minus-strand complement of
the 5 half of the TSD contains the minimal plus-strand promoter and an associated enhancer
element, called the promoter proximal enhancer (PPE); the latter is essential for efficient plus-
strand genome production during tombusvirus infection (Panavas et al., 2002; Panavas et al.,
2003). The minus-strand complement of the 5’'UTR also recruits host factors that facilitate plus-
strand production (Kovalev et al., 2012). The other two stems of the TSD extending from the
three-way junction are termed SL3 and SL4. It is worth noting that some tombusviruses have an
additional stem region, called S2, that is absent in CIRV. For viral protein translation,
tombusviruses utilize a long-range RNA-RNA interaction between the 5UTR and a 3 cap

independent translational element (3 CITE) located in the 3UTR, to relocate 3-CITE-bound
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protein translation factors to the 5 UTR (Nicholson et al., 2010). The 5 partner sequence for this
interaction lies in the loop of SL3 in the TSD. The other stem-loop, SL4, interacts with a 3 -proximal
segment of the 5 UTR to form a pseudoknot, PKTD1, previously shown to be important for viral

RNA synthesis (Ray et al., 2003).

Immediately 3 -adjacent to the TSD is SL5, which is a highly conserved stem-loop present
in all tombusviruses that is important for viral RNA accumulation. Its location suggests that it may
participate in a stacking interaction with the S1 stem of the TSD to form a quasi-continuous helix
(Holbrook, 2008). The 3 -proximal DSD comprises a bulged stem-loop and a short intervening
sequence of nucleotides preceding the AUG start codon, both of which are essential for viral RNA
accumulation. A short 5 nt sequence that overlaps with the start codon contains the downstream

partner sequence for the PKTD1 pseudoknot interaction.
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Figure 6. RNA secondary structure model of CIRV5  UTR. The TSD and DSD are shown below using brackets. The
sequences that pair to form the pseudoknot PKTD1 are highlighted in grey, and are connected with a dotted arrow. The
p36 start codon, which overlaps with PKTD1, is highlighted in green. (Adapted from Gunawardene et al., 2021)
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1.6...Tobacco necrosis virus-D (TNV-D)

Tobacco necrosis virus-D (TNV-D) was first isolated from tobacco seedlings displaying
symptoms of necrotic lesions on the leaves (Babos and Kassanis, 1963). TNV-D is a plus-strand
RNA plant virus in the genus Betanecrovirus, which is also in the Tombusviridae family. Like
CIRV, it has a non-enveloped, icosahedral capsid approximately 30 nm in diameter, displaying

T=3 symmetry.

1.6.1. Genome organization

The TNV-D genome is made of plus-strand RNA and is approximately 3.8 kb in length.
Like all tombusvirids, the genome lacks a 5 cap and 3 poly(A) tail (Figure 7). The genome
comprises five ORFs encoding viral proteins, flanked by 5 and 3 UTRs at the terminal ends of the
genome. Similar to CIRV, the 5 proximal ORFs encode two membrane-associated replication
proteins, one of which is the RdRp, which are translated directly from the genome following entry
into the cell. The three downstream auxiliary viral proteins are translated from two smaller sg

MRNAs that are transcribed during infections.
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Figure 7. Schematic representation of TNV-D RNAs.  Viral ORFs are shown as grey boxes and the location of
subgenomic promoters are delineated below the viral genome using black arrows. The approximate location of the
3 CITE in the 3UTR in shown on the genome using a bracket. The long-range PRTE-DRTE interaction required for
genome replicaton is shown above with a double-sided arrow. Approximate RNA sizes are shown on the right, in
kilobases. (Adapted from Gunawardene et al., 2019)
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1.6.2. Viral protein expression strategies and func  tions

The viral protein expression strategies utilized by TNV-D are comparable to those used
by CIRV. Although its auxiliary replication protein and RdRp, p22 and p82, respectively, are
smaller than those of CIRV, they are expressed from the genome by a similar translational
readthrough mechanism and perform equivalent functions during TNV-D infection (Molnar et al.,
1997; Fang and Coutts, 2013). In betanecroviruses, as with tombusviruses, subgenomic
transcription also occurs via the premature transcription mechanism, creating two smaller, 3
coterminal sg mRNAs for expressing the 3 -proximal proteins, p7a, p7b and p29 (Figure 7) (Jiwan
et al., 2011). A minor difference worth noting is that, in betanecroviruses, the p29 capsid protein
is also expressed from the genome, likely via the action of an internal ribosome entry site (IRES)
(Chkuaseli et al., 2015). TNV-D sg mRNA1 is used to translate the movement proteins p7a and
p7b, and sg mMRNA2 is used to express the capsid protein, p29. p7b is translated via leaky
scanning of the first encountered p7a start codon, which results in a p7a:p7b ratio of
approximately 14:1. Although both proteins are required for successful cell-to-cell movement, the
precise role of p7b has yet to be uncovered. p7a has been shown to interact with the viral RNA
genome, which is thought to help facilitate movement of the viral RNA into adjacent cells (Offei et
al., 1995). The TNV-D p29 capsid protein is required for encapsidation of the genome, and for

systemic movement of the virus within infected plants (Molnér et al., 1997).

1.6.3. Viral UTRs

The TNV-D UTRs function in a similar fashion to CIRV, except that the 5UTR of TNV-D
is significantly shorter and less-structured. The 5 and 3 UTRs measure approximately 38, and
305 nucleotides in length, respectively. As with tombusviruses, the TNV-D 3UTR has been

determined to be essential for viral infection during viral protein translation and genome
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replication, via the action of multiple RNA secondary and tertiary level interactions. By contrast,
the roles of the 5 UTR, which, due to its small size, is only predicted to contain a short hairpin, are

currently unknown.

1.6.3.1. TNV-D 3UTR

The TNV-D 3UTR is 305 nucleotides in length and has been extensively studied for its
role in viral protein translation and genome replication (Figure 8) (Coultts et al., 1991). It contains
several different structures and sequences that are intimately involved with the two
aforementioned processes: these include SLY, SLX, the downstream linker sequence (DL), a
Barley yellow dwarf virus-like translation element (BTE), the distal readthrough element (DRTE),
SL2, SL1, and a replication silencer element. Interestingly, some of these elements engage in
long-range RNA-RNA interactions with other regions within the TNV-D RNA to help facilitate

translational readthrough or genome replication.

Mutational analysis of the two predicted hairpins, SLY and SLX, demonstrated that, of the
two, SLX is particularly important for viral genome replication; although the mechanism by which
it meditates this process is unknown (Figure 8 ) (Newburn et al., 2020). 3 to the SLX is an internal
replication element called the DL, which forms a long-range RNA-RNA interaction with its partner
sequence in the p82 coding sequence (not shown) called the upstream linker (UL). This UL-DL
interaction forms the RNA-based platform on which the viral replicase complex is assembled prior
to genome replication (Newburn et al., 2020). Located just downstream of the DL is the BTE,
which is a type of 3 CITE (Figure 8) (Shen and Miller, 2004b). Its primary function is to recruit
eukaryotic translation initiation factors (elFs) to the viral 3UTR and mediate translation of both
the genome and sg mRNAs. Currently, no long-range RNA-RNA interaction between the 5 and

3 UTR has been identified in TNV-D, and therefore it is unknown how the host elFs are relocated
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to the 5 end of the genome for viral protein translation initiation (Chkuaseli et al., 2015). The
overall structure of the TNV-D BTE is T-shaped, resembling a hammerhead, with two stem-loops
radiating from a central point, that are connected to the rest of the 3 CITE through a long basal
stem helix (Shen and Miller, 2004b). Like other BTESs, a conserved functional element within the
TNV-D BTE required for elF binding is a 17 nucleotide-long sequence overlapping SL1. This
sequence has been shown to interact with the scaffolding protein, elF4G, in the elF4F complex,
whose recruitment and activity is essential for translation initiation (Treder et al., 2008; Kraft et

al., 2013).

Immediately downstream of the BTE is a bulged stem-loop RNA structure referred to as
SL2, which has been shown to be involved in viral genome replication, as well as readthrough
production of p82 (Figure 8) (Newburn and White, 2017). At the base of the 3 half of SL2 is a
short pyrimidine-rich sequence called the DRTE, which participates in a long-range RNA-RNA
interaction with the proximal readthrough element located at the p82 stop codon (Figure 7). The
PRTE-DRTE interaction is required to promote translational readthrough production of p22
(Cimino et al., 2011; Newburn et al., 2014). The most 3 proximal secondary structure in the TNV-
D 3UTR is SL1, which is essential for genome replication (Shen and Miller, 2004a; Newburn and
White, 2017). SL1 and the terminal four nucleotides at the 3 end of TNV-D RNA represent the
genomic promoter (gPR), to which the RdRp binds in order to synthesize minus-strands. The
terminal nucleotides also form a base-pairing interaction with a bulge in the 3 half of SL2, which
likely protects the 3-end of the viral genome from nuclease attack (Newburn and White, 2017).
Overall, the multiple essential sequences and structures in the TNV-D 3UTR make it a hotspot

for activity related to viral RNA synthesis and viral protein translation.
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Figure 8. RNA secondary structure model of TNV-D 3 UTR. All substructures including SLY, SLX, BTE, SL2 and
SL1 are labeled. The p29 stop codon is highlighted in red and the DRTE sequence is highlighted in grey. Sequences
participitating in the silencer interaction are shown in black boxes with white text, and are joined by a dotted arrow.

1.7...Exoribonuclease-resistant RNAs (xrRNAS)

Over the last decade, a new field of research in RNA biology has emerged focusing on
secondary and tertiary level RNA structures within viral RNAs that are able to independently resist
actively digesting 5-to-3 exoribonucleases, such as Xrns. The structural properties of these
exoribonuclease-resistant RNAs (xrRNAs) have been extensively studied in members of the well-
known family of arthropod-borne animal viruses, Flaviviridae (Kieft et al., 2015). The following
section outlines the fundamental details about xrRNAs, specifically related to their structure and

mechanism for blocking Xrn, and the functions of the decay intermediates they form.
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1.7.1. Structure and mechanism for exoribonuclease inhibition

The primary sequence of an RNA molecule, which can be described as the
phosphodiester-linked sequence of nucleosides, helps to determine the overall folding pattern of
the RNA, depending on its environment. Secondary structure motifs are formed by hydrogen-
bonding interactions between nearby primary sequences, and include a diverse array of
structures, such as helices, terminal and internal loops, and bulges (Nowakowski and Tinoco Jr,
1997). Interactions between two or more secondary structures result in tertiary level folding, the
most well-known of which is the RNA pseudoknot. Higher-order structures act to increase the

thermodynamic stability of RNAs, by lowering the total free energy associated with the molecules.

1.7.1.1. Mammalian virus XxrRNAs

Exoribonuclease-resistant RNAs (xrRNAs) are defined as highly structured RNA
sequences that can independently block active degradation by 5 -to-3 exoribonucleases, such as
Xrn (Kieft et al., 2015). The structural basis of an xrRNA involves both secondary and tertiary
level interactions that cooperatively interact to form a physical barrier against actively digesting
5-to-3 exoribonucleases. The structural properties of flavivirus xrRNAs have been studied
extensively and were determined to be the structures responsible for generation of 3 UTR decay
intermediates called subgenomic flaviviral RNAs (sfRNAs) (Jones et al., 2021; Vicens and Kieft,
2021). During Xrnl digestion of the flavivirus genome, stalling of Xrn1 occurs at local, specifically-
folded RNA structures in the 3UTR, resulting in undigested, non-coding sfRNAs. The xrRNA
structures of two flaviviruses, Murray Valley encephalitis virus (MVEV) and Zika virus (ZIKV), have
been solved by X-ray crystallography (Chapman et al., 2014; Akiyama et al., 2016). Based on
these studies, it was found that xrRNAs resist Xrnl degradation by utilizing a local, independently-

folding RNA structure-based mechanism. The xrRNA structure is highly conserved among
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flaviviruses and involves an approximately 50-nucleotide long sequence forming a three-helix
junction with highly conserved nucleotides near the Xrnl stall site. A ring-like structure is formed
through multiple secondary and tertiary-level interactions, which include coaxial stacking of the
first two helices, and an essential pseudoknot interaction stacked on a fourth helix, which further
stabilizes the fold. Together with additional interactions between the 5 leading edge of the RNA
and the third helix, the 5 end is dragged through the ring-like structure (Figure 9). As Xrnl
approaches the stall site, a molecular ‘knot’ is formed around the 5 end, secured by the
pseudoknot, and through specific contacts between the winged-helix domain of Xrnl and the
xrRNA, essential conformational changes required for the enzyme’s processivity are prevented
from occurring (Chapman et al., 2014; Akiyama et al., 2016). This effectively inhibits the enzyme’s
ability to unwind and degrade the xrRNA, which eventually causes the enzyme to disengage the

substrate, leaving behind an undigested sfRNA.

P4

SCNMV

Figure 9. Ring-like RNA structures in diverse xrRN  As. 3D models of the ring-like structures formed by MVE, ZIKV
and SCNMV xrRNAs are shown. The sequence comprising the ring structure is shown in magenta, and the rest of the
xrRNA is shown in grey. The 5 end is shown as a magenta sphere. See text for additional details. (Adapted from Vicens
and Kieft, 2021)
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1.7.1.2. Plant virus xrRNAs

Research aimed at understanding the diversity of xrRNA structures has also been pursued
in plant viruses, including those of the family Tombusviridae. Notably, the first example of an
xrRNA was reported in the bi-segmented dianthovirus, Red clover necrotic mosaic virus (RCNMV)
from the family Tombusviridae (lwakawa et al., 2008). The study reported that during RCNMV
infection, a small noncoding viral RNA, termed SR1f, was generated following incomplete
digestion of the RNA1l genome by a 5-t0o-3 exoribonuclease. The identity of the plant
exoribonuclease responsible for generation of SR1f was not confirmed, and based on the current
literature, still remains unknown. Considering its cytoplasmic localization and its functional
equivalency to yeast Xrnl (which can also generate SR1f in vitro), it is likely that the enzyme
responsible is plant Xrn4 (Steckelberg et al., 2018a). The xrRNA structure required to stall Xrn
was mapped to a ~40-nucleotide long region of the dianthovirus 3 UTR, which is significantly
shorter than the ~70-nucleotide long flavivirus xrRNA. This highly conserved nuclease-resistant
RNA is present in all dianthoviruses and has been solved using X-ray crystallography in Sweet
clover necrotic mosaic virus (SCNMV; Steckelberg et al., 2018a). Unlike the flavivirus xrRNA, the
crystal structure of the SCNMV xrRNA shows a single stem-loop comprising two stacked helices
separated by an internal loop, with a single stranded region at its 3 end. Although the dianthovirus
xrRNA structurally contrasts that of the flaviviruses, the underlying mechanism for
exoribonuclease-blocking is the same; that is, a pseudoknot interaction formed between the
terminal loop of the hairpin and the single stranded region forms a ring-link structure around the
5 end (Figure 9). This encircling of the 5 end occurs by co-degradational remodeling, whereby
chewing of the base of the first helix by Xrn promotes formation of the pseudoknot, which is the

major structure-reinforcing interaction of the xrRNA.

A crystal structure has also been solved for an xrRNA in Potato leafroll virus (PLRV), which

is a polerovirus in the Tombusviridae-related family of plant viruses, Luteoviridae (Steckelberg et
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al., 2020). The PLRV xrRNA has similar structural features to the dianthovirus xrRNA, with only
minor differences in size, and interacting nucleotides. Despite their broader similarities, the
sequences and structures that comprise the xrRNAs of dianthoviruses/poleroviruses and
flaviviruses differ quite substantially from one another. For this reason, a classification system
was devised to distinguish the two types of xrRNAs, where xrRNAp is used to refer to the type
contained in viruses from the Tombusviridae and Luteoviridae families, and xrRNAk is used to

broadly refer to those utilized by flaviviruses (Steckelberg et al., 2018b).

In Beet necrotic yellow vein virus (BNYVV), a 20-nucleotide-long sequence in the RNA3
segment of its genome, referred to as coremin, was shown to inhibit Xrn4 to produce a noncoding
RNA, ncRNA3 during infection (Peltier et al., 2012; Flobinus et al., 2018; Dilweg et al., 2019).
This ncRNA3 can be generated during infection, and in vitro using purified Xrnl. This much
smaller Xrn-resistant structure, which underlies repression of Xrn4 activity by the BNYVV

genome, has not been explored in detail and no atomic structural models are yet available.

1.7.1.3. Other viral xrRNAs

A different type of xrRNA was discovered in the 3UTRs of phlebovirus and arenavirus
MRNAs that stalls Xrnl. Unlike the viruses discussed thus far, the phlebo- and arenaviruses
contain segmented genomes made of minus-strand RNA and their viral proteins are translated
from capped plus-strand mMRNAs that are transcribed during infection (Charley et al., 2018). These
viral messages contain sequences in their 3 UTR that were found to stall and repress Xrnl activity
using cell-free extracts and purified recombinant Xrnl. The core region responsible for stalling
Xrnl was mapped to G-rich sequences, which are believed to form G-quadraplexes able to block
Xrnl progression. G-quadraplexes are highly stable RNA secondary structure elements that

occur in regions with a high concentration of G residues (Varshney et al., 2020). Through non-
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Watson Crick base pairing interactions, nearby G’s interact with one another to form a tetrad,
which then stack on adjacent G-tetrads to form the quadraplex. Although these unusual xrRNAs
were able to independently inhibit Xrn1, the function of the resulting decay intermediates has not

yet been explored.

RNA structures resembling xrRNAs have also been found within the 5 UTR of some viral
genomes. In Hepatitis C virus (HCV) and Bovine viral diarrhea virus (BVDV), which are non-
arthropod-borne members of the Flaviviridae family, it was found that structured regions in the
5 UTR of their plus-strand genomic RNA can stall actively digesting Xrnl (Moon et al., 2015a).
Stalling was attributed to multiple RNA secondary and tertiary level interactions comprising an
internal ribosome entry site (IRES), located in the distal portion of the 5 UTR. A crystal structure
of the HCV/BVDV resistant RNA, and the mechanistic details governing its suppression of Xrnl-

mediated digestion have not yet been investigated.

1.7.1.4. Defining xrRNA activity

Yeast 20S narnavirus has a long RNA stem structure at the 5 end of its RNA genome that
prevents 5-to-3 exoribonuclease Xrnl access to the 5 terminal nucleotides (Esteban et al.,
2008). Specifically, the first four nucleotides at the 5 end of the viral genome are G residues,
which base-pair with C residues in a downstream partner sequence, resulting in the 5 terminus
being paired at the base of a long stem structure. Accordingly, the virus protects its 5 end by
burying it within strong secondary structure, rendering it inaccessible to Xrn loading. The enzyme,
being unable to load onto the RNA template, is thus unable to digest it. This contrasts with
xrRNAs, which block actively digesting 5 -to-3 exoribonucleases. Unfortunately, the 5 end of the

20S narnavirus was not tested for its ability to block an actively digesting 5 -to-3 exoribonuclease
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(Esteban et al., 2008). Therefore, without knowing whether it displays one of their key defining

functional properties, it cannot be classified as an xrRNA.

With respect to their three-dimensional conformation, the ring-like RNA structure formed
around the 5 end, stabilized by the pseudoknot, is present in all xrRNAs, and is thus a structurally
defining feature (Figure 9) (Vicens and Kieft, 2021). Another common trait to all xrRNAs
discovered so far is that they can be transposed into different sequence contexts (i.e. they are
modular); this means that moving the minimal xrRNA sequence to a different RNA would result in
proper folding of the xrRNA, and protection of the recipient RNA sequence downstream of the
resistant structure from decay. It was also found that the xrRNA structures from both flaviviruses
and dianthoviruses were able to block different types of 5-to-3 exoribonucleases in addition to
Xrnl, which include a yeast decapping and 5-to-3 exoribonuclease protein 1 (Dxol) and a
bacterial 5-to-3 exoribonuclease RNase J1 (MacFadden et al., 2018). This suggests that these
xrRNAs utilize a general blocking mechanism that is effective against all exoribonucleases.
Despite their diverse origins, the similarity of the structural features used by these different viruses
for blocking Xrn, along with their transposability and common response to diverse
exoribonucleases, illustrates the convergent evolution of these RNA structures, whereby different
RNA sequences have independently evolved the ability to block 5-t0-3 exoribonuclease

progression via a common mechanism.

1.7.2. Function of exoribonuclease-resistant RNA de  cay intermediates

The functional degradation intermediates generated by Xrnl stalling at the 3UTR of the
flavivirus RNA genome are called sfRNAs. These noncoding sfRNAs are approximately 500-
nucleotides in length and accumulate to high levels during flavivirus infection. Therefore, a

significant amount of research has been dedicated to investigating the roles of sSfRNAs during
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flavivirus infection. Flaviviruses are able to infect both arthropod and vertebrate hosts, and, as a
result, some of the functions attributed to sfRNAs differ between the two hosts (Slonchak and
Khromykh, 2018). Two functions common to both types of hosts is the ability for sSfRNAs to inhibit
Xrnl and dicer activity. sfRNAs were shown to reversibly inhibit Xrnl in vitro via competitive
inhibition, whereby degradation of a competitor RNA by Xrnl was inhibited when co-treated with
a full-length flavivirus 3 that is, stalling of Xrnl at the xrRNA structure in the 3 UTR substrate
led to delayed enzyme disengagement, and thus reduced engagement with the competitor RNA
(Moon et al., 2012). The findings were also confirmed in vivo, where an increased accumulation
of uncapped RNAs was observed in flavivirus-infected cells, suggesting repressed Xrnl activity
(Moon et al., 2012). By using a distinct, yet related mechanism, sfRNAs were also shown to
competitively inhibit dicer activity, by binding this essential antiviral host protein and acting as a
sponge, resulting in reduced levels of siRNAs derived from flavivirus RNA during infection, and
disruption of the RNAi and miRNA biogenesis pathways (Moon et al., 2015b). Other effects of
sfRNAs in vertebrate hosts include inhibition of the type 1 interferon (IFN) response pathway and
induction of apoptosis in infected cells, which help the virus to evade the host’s antiviral response
and enhance viral propagation and spread to neighbouring cells, respectively. In mosquitos,
sfRNAs also help flaviviruses to evade the Toll pathway, which is an antiviral response system
that operates independently of RNAIi. Overall, these findings demonstrate a multitude of functions
for sfRNAs during flavivirus infection that are primarily centered on evading the host antiviral

response, which it accomplishes via interactions with different cellular pathways.

Stalling of Xrnl in the 5UTR of the non-arthropod-borne members of the Flaviviridae
family, HCV and BVDV, results in undigested near-full-length genomes containing part of the
5 UTR. The fact that they contain a fully intact IRES element, suggests that accumulation of these
decay intermediates may impact viral protein translation (Moon et al., 2015a). Similar to the

flavivirus sfRNAs, it was also found that the HCV and BVDV 5 UTRs were able to reversibly block

34



Xrnl activity. When the HCV 5 UTR alone was added downstream of a reporter gene construct
and transfected into human cells, viral infection resulted in an increase in global mMRNA stability
and abundance (Moon et al., 2015a), which would be expected if Xrnl were inhibited given its
pivotal role in cellular mMRNA turnover. Taken together with the fact that the decay intermediates
produced by Xrnl stalling contain intact IRES structures in the undigested 5 UTR, these findings
suggest that viruses like HCV and BVDV may inhibit Xrnl activity, and consequently increase

global mMRNA abundance, in order to promote viral protein translation.

The degradation product SR1f, formed during infection of the plant virus RCNMV, was
also determined to play a role during protein translation, mainly by inhibiting cap-independent and
cap-dependent translation, suggesting a role in both viral and cellular protein translation,
respectively (lwakawa et al., 2008). Given that it contains a 3 CITE in its sequence, which is
required by the virus for binding the elF4F complex during viral cap-independent protein
translation initiation, it is likely that SR1f acts as a sponge for binding and sequestering host

translation factors during RCNMV infection (Miller et al., 2016).

Some decay intermediates generated by incomplete Xrn activity facilitate other aspects of
the viral life cycle, beyond protein translation. For example, ncRNA3, which is produced by
incomplete digestion of the BNYVV genome by Xrn4, was found to enhance long-distance
systemic movement of the virus within the plant, by acting as an auxiliary viral suppressor of RNA

silencing (Flobinus et al., 2016).
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1.8...Plant viruses and Xrn — other examples

Although most of the research into Xrn’s involvement with viral infection has focused
primarily on animal viruses, there have been some studies that have also found a role for Xrn
during plant virus infections. Most of these studies suggest that Xrn acts mainly as a restriction
factor during infections, however, a few studies suggest that, for some plant viruses, Xrn may
have a positive, or proviral role during infection. This section summarizes the current literature
on the interactions between Xrn and plant viruses where, in several cases, xrRNA involvement

has not been implicated.

The idea that Xrn may negatively impact survival of a single-stranded RNA virus is an
intuitive notion, given that the primary substrate for Xrn is single-stranded RNA. In addition, Xrn
requires a 5-monophosphorylated terminal nucleotide for its catalytic activity, meaning that, for
the cell to eliminate foreign RNAs such as viruses, those RNAs containing modified 5 ends must
be unmodified first, so that exoribonucleases such as Xrn can recognize and eliminate the RNA.
Potyviruses, such as Turnip mosaic virus (TuMV), are the largest genus of plant viruses, and
contain plus-strand RNA genomes with a genome-linked viral protein (VPg) covalently attached
to their 5 terminal nucleotide (Verma et al., 2014). The VPg protein has several functions during
viral infection, including protection of the 5 end from exoribonucleases (Ulimer and Semler, 2016).
Knockdown of Xrn4 in Nicotiana benthamiana followed by infection with TuMV resulted in an
increased accumulation of viral RNAs, implicating Xrn4 as a restriction factor for these viruses (Li
and Wang, 2018). Also worth noting is that the virally-encoded multifunctional proteinase, HC-
Pro, was shown to bind with and inhibit Xrn4 activity during TuMV infection, suggesting that the
virus has adapted to the host's antiviral response by repurposing one of its own viral proteins to
suppress the activity of a major antiviral host factor (Li and Wang, 2018; Ala-Poikela et al., 2019;

Ballut et al., 2005).
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A restrictive role for Xrn was also observed during infection with the well-studied Tobacco
mosaic virus (TMV), the first virus ever isolated. Tobamoviruses such as TMV contain a 5
methylguanosine cap structure at the 5 end of their genomes, and as a result, are also not direct
substrates for Xrn during infection. Nevertheless, silencing of Xrn4 in N. benthamiana resulted in
an increase in TMV RNA, and promoted systemic viral infection, whereas overexpression resulted
in suppression of TMV viral RNA production (Peng et al., 2011; Jiang et al., 2018). Plant viruses
containing genomes with unmodified 5 ends, such as tombusviruses, were also shown to be
targets for Xrn4 activity in whole plant infections (Panavas et al., 2005b). Two sets of reciprocal
studies analysing viral RNA accumulation in the presence or absence of Xrn4 showed that
silencing Xrn4 caused an increase in tombusvirus RNA accumulation during infection, whereas
overexpression of the enzyme resulted in accelerated degradation of tombusvirus RNAs
(Serviene et al.,, 2005; Cheng et al., 2006; Cheng et al., 2007; Jaag and Nagy, 2009).
Interestingly, overexpression of Xrn4 led to the accumulation of replicable 5 truncated viral RNAs
lacking most of the 5 UTR that were also able to move systemically throughout the plant (Cheng
et al., 2007). The replicability of these truncated RNAs is surprising considering that they lack the
plus-strand initiation promoter and PPE elements, both of which are necessary for optimal

tombusvirus genome replication (Panavas et al., 2002; Panavas et al., 2003).

Based on the studies described above, Xrn appears to act primarily as a restriction factor
during plant virus infection, whereby it likely interacts directly with viral RNA substrates,
accelerating their degradation. Despite this negative effect for Xrn on most single-stranded RNA
plant viruses, there have been some roles identified for this enzyme that are proviral in nature,
meaning that they enhance survivability of these types of viruses during infection. Bamboo
mosaic virus (BaMV) is a potexvirus with a plus-strand RNA genome containing a 5 cap and 3
poly(A) tail. Overexpression of Xrn4 in N. benthamiana resulted in increased levels of BaMV

accumulation, whereas silencing resulted in the opposite effect (Lee et al.,, 2016). Targeted
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mutagenesis of the catalytic core of the enzyme implicated Xrn4 nuclease activity directly, and
this proviral effect was determined not to involve Xrn4’'s RNAI-related function. Based on these
results, along with the fact that Xrn4 was associated with a BaMV replication protein-enriched
isolate, it is thought that Xrn4 may be recruited into the viral replicase complex during BaMV

replication, although its exact role is still unknown (Lee et al., 2016).

Silencing of Xrn4 during Beet necrotic yellow vein virus (BNYVYV) infection showed a
similar result, where a decrease in viral genome replication was observed during plant infections
(Flobinus et al., 2018). Benyviruses like BNYVV produce a small noncoding RNA called ncRNA3
during infection, which is required for long distance systemic movement of the virus within the
plant (Flobinus et al., 2016). A 20-nucleotide-long coremin sequence in the RNA3 segment of the
BNYVV genome inhibits Xrn4 to produce ncRNA3 during infection, and in vitro, using purified
Xrnl (Peltier et al., 2012; Flobinus et al., 2018). This coremin sequence is highly conserved in
benyviruses, and sequences resembling it are also found in different plant virus families (Dilweg
et al., 2019). Interestingly, Xrn4 knockdown significantly reduced viral genome accumulation,
with little to no impact on ncRNA3 production, suggesting a replication-related requirement for

Xrn4, similar to BaMV (Flobinus et al., 2018).

Opium poppy mosaic virus (OPMV) is a plant virus from the Umbravirus genus, which is
a group of viruses closely related to Tombusviridae. OPMYV infection produces two viral sg
MRNAs of similar sizes, one of which is generated via an xrRNA structure (llyas et al., 2021).
Degradation of the OPMV genome by Xrn4 is halted prematurely at an intergenic XxrRNA site
corresponding to a sg mMRNA promoter, and the sg mRNA generated as a result encodes for a
protein, called p30, that is required for efficient genome replication. Accordingly, the presence of
an xrRNA site within the OPMV genome enables the virus to exploit the host antiviral Xrn4 protein

to assist with the production of one of its translatable sg mMRNAs. Also, the presence of the xrRNA
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within an intergenic region, as opposed to the 3UTR, suggests that these RNA species have

more diverse roles during viral infection than originally thought.

Most plant viruses contain plus-strand RNA genomes, and it is therefore unsurprising that
most will be susceptible to one of the main antiviral host proteins, Xrn4. It is equally predictable
that viruses, in their quest to overcome the host’s antiviral response, would evolve their own
adaptations that seek to evade or exploit this response. Some of the examples outlined above
show how a virally-encoded xrRNA structure can be used to exploit 5-to-3 exoribonuclease
activity to serve a specific viral purpose. Future research will likely uncover more xrRNA-related

viral adaptations that have evolved to counteract the host antiviral response.
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1.9...Purpose of research

1.9.1. Part 1

The impetus for my first project was based on previous observations made during
protoplast infection of a betanecrovirus, TNV-D (family Tombusviridae). Infections of TNV-D
resulted in the accumulation of a virally-derived small RNA species (svVRNA) that was detectable
during northern blotting using a 3 terminal probe (Jiwan and White, 2011). The size of the sSVRNA,
along with the fact that it was detectable using a probe complementary to the 3 terminus of the
TNV-D genome, suggested that it was derived from the 3 UTR of the viral RNA. Also, at the time,
an xrRNA structure was known to exist in the 3UTR of a Dianthovirus (family Tombusviridae),
RCNMV, which led to the generation of a noncoding RNA, SR1f, that was functionally relevant

(lwakawa et al., 2008).

These two observations lead to the hypothesis that the TNV-D svRNA was
generated via XrRNA-mediated stalling of Xrn4. Accordingly, structural and functional

analyses of the TNV-D svRNA were launched.

The major goals of this project were to:

(i) Map the structure of the svRNA

(i) l1dentify and characterize the RNA structural features leading to svRNA production by Xrn

(i) Investigate the viral RNA source of the svRNA during infections

(iv) Investigate the function of the svRNA and its requirement during plant infections

This study is presented in Chapter 2 in the form of a published research article.
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1.9.2. Part 2

Plus-strand RNA plant viruses in the family Tombusviridae contain single-stranded RNA
genomes lacking a 5 cap and 3 poly(A) tail. These two post-transcriptional modifications are
essential components for enhancing the stability of mRNAs, and thus their absence in these
viruses raises the question of how they are able to maintain genome integrity in a hostile cellular
environment rife with exoribonucleases. Expression of the main cytosolic 5-to-3 exoribonuclease
in plants, Xrn4, has been shown to be primarily restrictive to viral infection by members of
Tombusviridae, suggesting that some tombusvirid viral RNAs are substrates for Xrn4 activity

(Serviene et al., 2005; Cheng et al., 2006; Cheng et al., 2007; Jaag and Nagy, 2009).

The absence of a 5 cap, and the presence of highly structured RNA ele  ments in
their genomic 5 UTR, led to the hypothesis that tombusviruses prote ct their RNA genome
from Xrn4 using higher order RNA structures at the 5 end that prevent 5 -to-3
exoribonuclease access and decay. Accordingly, experiments to test this hypothesis were

launched using the model tombusvirus CIRV.

The major goals of this project were to:

(i) Determine if the CIRV 5UTR provides protection from Xrn

(ii) Identify the 5 UTR structural features that provide protection from Xrn

(iif) Ascertain if the 5UTR is an xrRNA

(iv) Determine the importance of the 5 UTR’s structural features during infections

This study is presented in Chapter 3 in the form of a published research article.
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Previous northern blot analyses of the betanecrovirus TNV-D (family Tombusviridae)
showed that a small viral RNA (svRNA) accumulated in plant protoplast infections (Jiwan and
White, 2011; doi: 10.1016/j.virol.2011.07.005). This svRNA was small, and detected using a 3 -
terminal probe, which, taken together, indicated its origin from the 3UTR of the TNV-D RNA
genome. In a different tombusvirid, RCNMYV, stalling of a plant 5-to-3 exoribonuclease at an
exoribonuclease-resistant RNA (xrRNA) structure in the viral RNA genome generated a 3 UTR-
derived svRNA that, importantly, facilitated viral infections (lwakawa et al., 2008; doi:
10.1128/JVI.01027-08). Based on the above observations, a study was initiated to determine the

structural and functional details of the TNV-D svRNA.

This chapter is presented in the form of a peer-reviewed, published journal article. The
findings of the study demonstrate that a novel xrRNA-like structure present in the 3UTR of the
TNV-D genome stalls Xrn to generate the svRNA; which has proviral functions during TNV-D
infections. The article, “A 212-nt Long RNA Structure in the Tobacco Necrosis Virus-D RNA

Genome is Resistant to Xrn Degradation " by Chaminda D. Gunawardene, Laura R. Newburn

and K. Andrew White was published in Nucleic Acids Research on September 26, 2019 (doi:
10.1093/nar/gkz668). | conceptualized and designed the experiments for the study together with
Dr. Andrew White. | performed the experiments and generated all of the data except for Figures
1C and 6, which were contributed by my co-author, Laura R. Newburn. | designed and formatted

all of the figures, performed all data analyses, and wrote the first draft of the manuscript.
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ABSTRACT

Plus-strand RNA viruses can accumulate viral RNA
degradation products during infections. Some of
these decay intermediates are generated by the cy-
tosolic 5'-to-3’ exoribonuclease Xrn1 (mammals and
yeast) or Xrn4 (plants) and are formed when the en-
zyme stalls on substrate RNAs upon encountering in-
hibitory RNA structures. Many Xrn-generated RNAs
correspond to 3'-terminal segments within the 3'-
UTR of viral genomes and perform important func-
tions during infections. Here we have investigated
a 3'-terminal small viral RNA (svRNA) generated by
Xrn during infections with Tobacco necrosis virus-D
(family Tombusviridae). Our results indicate that (i)
unlike known stalling RNA structures that are com-
pact and modular, the TNV-D structure encompasses
the entire 212 nt of the svRNA and is not function-
ally transposable, (ii) at least two tertiary interac-
tions within the RNA structure are required for ef-
fective Xrn blocking and (iii) most of the svRNA gen-
erated in infections is derived from viral polymerase-
generated subgenomic mRNA1. In vitro and in vivo
analyses allowed for inferences on roles for the
svRNA. Qur findings provide a new and distinct ad-
dition to the growing list of Xrn-resistant viral RNAs
and stalling structures found associated with differ-
ent plant and animal RNA viruses.

INTRODUCTION

Viruses face hostile cellular environments during infections
and their genomes represent key targets for cellular nucle-
ases. The genomes of plus-strand RNA viruses are sub-
strates both for endo- and exoribonucleases (1), and one ri-
bonuclease that engages viral RNAs is the cytosolic enzyme
Xrnl (2). This 5'-to-3' exoribonuclease plays a major role in
eukaryotic cellular mR NA turnover by converting messages
into nucleoside monophosphates (3). Access of Xrnl to the
5'-end of mRNAs requires prior removal of the cap struc-

ture, which creates RNAs with 5-monophosphates, the fa-
vored substrate for Xrnl (4). This exonuclease is highly pro-
cessive, however G-rich tracts and some RNA structures
can impede its progress (5).

Xrnl is a restriction factor for some plus-strand RNA
viruses (6,7), however, in some cases, its activity is beneficial
to infections (8,9). An example of this latter role comes from
flaviviruses where, during infections, fragments that are 3'-
coterminal with their plus-strand RNA genomes, termed
subgenomic flavivirus RNAs (sfRNAs), are generated by
Xrnl (10). The fragments that accumulate have well defined
5-termini and correspond to segments of the 3’-UTRs of
flavivirus RNA genomes. SFRNAs have been shown to in-
fluence symptoms and to modulate viral infections in dif-
ferent ways, including inhibiting host Xrnl exoribonucle-
ase and muting the host immune response (11). The forma-
tion of sTRNAs relies on the presence of RNA sequences
which form higher-order RNA structures that cause Xrnl
to stall (12-14). Notably, the atomic structures of the
stalling RNAs in two flaviviruses, Murray Valley encephali-
tis virus and Zika virus, have been solved (15,16). These
structures revealed similar complex folds which form RNA-
based braces that block Xrn1 progression. Additional anal-
yses revealed that these structures also stall other 5'-to-3 ex-
onucleases, suggesting a general barrier-based mechanism
for hindering nuclease movement (17). This phenomenon of
Xrnl stalling and generating distinct virally-derived 5'-ends
extends beyond flaviviruses. Xrnl-resistant RNAs have also
been identified in other mammalian RNA viruses such as
Hepatitis C virus and Bovine viral diarrhea virus (18), as
well as phleboviruses and arenaviruses (19). However, the
structural nature of the RNA elements responsible for these
stalling events remains undetermined.

In plants, cytosclic Xrn4 is the functional equivalent of
Xrnl (20) and can cither restrict (6,21) or facilitate infec-
tions (8). Similar to flaviviruses, small virally-derived 3'-
terminal fragments from different plus-strand RNA plant
viruses have been reported (22) and those associated with
luteoviruses are among the earliest described (23-25). The
origin of these luteovirus small RNAs is currently un-
known, but they may be products of Xrn4 activity dur-
ing plant infections. There are, however, two plant viruses,
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Beet necrotic yellow vein virus (BNYVYV; genus Benyvirus,
family Benyviridae) and Red clover necrotic mosaic virus
(RCNMYV; genus Dianthovirus, family Tombusviridae), for
which generation of Xrn-resistant RNAs have been con-
firmed. Non-coding RNA3 (ncRNA3), is derived from
genome segment RNA3 of BNYVV and is required for
long-distance movement of infections in plants (26,27).
NcRNA3 production in vitro by recombinant Xrnl involves
a 43 nt segment that forms two hairpin structures separated
by a spacer sequence (28). In RCNMYV, the RNAT-derived
fragment that accumulates is termed SRIf, and it facili-
tates plant infections, possibly by regulating viral transla-
tion, replication, or packaging (29). For RCNMYV, a 43 nt
long sequence is also needed for Xrnl stalling, but its se-
quence is distinct from that in BNYVV (30). The crystal
structure of the RCNMYV stall signal inferred an RNA fold
that could act as a brace against Xrn4, however, its confor-
mation 1s distinct from those found in flaviviruses (30).

In addition to RCNMYV, small 3'-terminal, genome-
derived, RNAs have been reported for other members of the
family Tombusviridae, but they have not been characterized
(31-34). This group includes Tobacco necrosis virus-D in
the genus Betanecrovirus, which has a ~3.8 kb plus-strand
RNA genome that is packaged into an icosahedral parti-
cle (35). The genome is neither 5'-capped nor 3'-poly(A)
tailed and encodes five open reading frames (ORFs) (Fig-
ure 1A). Upon infection, the accessory replication pro-
tein (p22) and its readthrough product (p88), the RNA-
dependent RNA polymerase, are translated directly from
the genome (36,37). Translation is mediated by an RNA
structure in the 3'-untranslated region (3'-UTR) termed
the 3 cap-independent translational enhancer (3'-CITE),
which functions by binding to cukaryotic initiation factor
4G (elF4G) (38,39). The 3-CITE also supports translation
of two subgenomic (sg) mRNAs that are transcribed during
infections (32). Two small proteins that mediate virus move-
ment within the plant, p7a and p7b, are expressed from the
larger sg mRNAI, while the viral capsid protein (CP) is
translated from sg mRINA2 (40) (Figure 1A).

Here, a 3'-terminal small viral RNA (svRNA) associated
with TNV-D infections was investigated. The results indi-
cate that it is generated by Xrn4 digestion and that a com-
plex RNA structure is involved in the stalling event leading
to its formation. Possible functions of this svRNA are in-
vestigated and discussed.

MATERIALS AND METHODS
TNV-D constructs

The full-length infectious TNV-D clone (GenBank
D00942.1) has been reported previously (35), and all
mutants were derived from this construct. The TNV-D sg
mRNAT (initiating at genome coordinate 2216) and sg
mRNA2 (coordinate 2557) clones were generated as de-
scribed previously (40). Standard overlapping PCR-based
mutagenesis was used to introduce mutations into the
genomic or subgenomic RNA clones of TNV-D. All clones
were sequenced to ensure the presence of only the intended
modifications.
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In vitro transcription and viral RNAs

All RNA transcripts were generated by in vitro transcrip-
tion of either Smal-linearized clones or 3'-ends that were
delineated by PCR-products, as described previously using
a T7-FlashScribe transcription kit (41). Capped luciferase
and wasabi mRNAs were transcribed from linearized ex-
pression vector using an AmpliCap-Max T7 Transcription
Kit. Transcript integrity was verified by agarose gel elec-
trophoresis prior to use. Transcript 50-svRINA, included the
fifty contiguous viral nucleotides 5'-proximal to the primary
Xrn termination site and was used for in-line probing and
Xrnl inhibition assays.

Protoplast infections and northern blot analysis

Protoplasts were isolated from 6- to 7-day-old cucumber
cotyledons as described previously (42). Following isola-
tion, 3 x 10° protoplasts were transfected with 5 pg of ge-
nomic TNV-D transcripts, mediated by PEG-CaCl,. Trans-
fected protoplasts were incubated under constant light for
22 h at 22°C. Total nucleic acids were phenol extracted and
cthanol precipitated, after which one-sixth of the prepa-
ration was separated in 2% agarose gels and transferred
to nylon membrane. Northern blot analysis was carried
out using two internally-labeled *P-labeled DNA oligonu-
cleotide probes that were complementary to two different
regions of the 3-UTR of TNV-D that did not overlap with
regions containing nucleotide substitutions in mutants: GA
CTGGGTTCCTAGAGAGATCTCTAGGTAAATAAAG

AGGGGAC-3(—), complementary to the 3'-terminal 39

nts of the viral genome (coordinates 3725-3763, under-
lined), and GTGATACGACGGCCCACCACCACAGT
GAGCCCGTTAAACCTGTTTCCCAGGATCC-3'(—)
complementary to the apical sequence of the BTE structure
(coordinates 3592-3646). Both probes were used for all
northern blot analyses, except for the BTE truncation
mutants, where only the 3’-terminal probe was used (due
to overlap between the BTE deletions and the BTE-
targeted probe) (36). Probes were generated using Klenow
fragment (NEB Cat# MO0210L) using primer/template
pairs. 3’-Terminal probe: template (+)5'-GTCCCCTCTT
TATTTACCTAGAGATCTCTCTAGGAACCCAGTC
and primer (—)5-GACTGGGT. BTE-targeted probe:
template: (+)5-GGATCCTGGGAAACAGGTTTAACG
GGCTCACTGTGGTGGTGGGCCGTCGTATCAC
and primer (—)5-GTGATACG). Probes were synthesized
using 5 U of Klenow fragment in the presence of [e-2P]-
dATP and unlabeled CTP, GTP and TTP for 1 h at 25°C.
Labeling reactions were stopped using 20 mM EDTA
and purified via G50 sephadex columns. All protoplast
infection experiments were repeated three times.

In vitro Xrnl digestion assay

Purified Xrnl from Saccharomyces cerevisiae was obtained
from New England Biolabs (NEB) (Cat# MO0338L). Buffer
conditions for reactions were followed as described pre-
viously (14). Briefly, 2 pg of wild-type (wt) or mutant sg
mRNAT were incubated in 1x EC3 buffer (100 mM NaCl,
10 mM MgCly, 50 mM Tris, pH 7.9, | mM DTT) with 0.5



peared tnree TImes. 1ne level 0T resistant SVKINA was calcu-
lated as a ratio: i.e. the level of resistant RNA divided by the
level of untreated precursor, which was set as 100%. Repre-
sentative northern blots used for quantification of svRNAs
in Figures 3D and 4A are provided in Supplemental Mate-
rial,

5'-RACE

RNAs extracted from TNV-infected protoplasts or gen-
erated by digestion with Xrnl in vitro were separated in
2% agarose gels. Bands corresponding to the svRNA were
excised as gel slices and the extracted RNA was ligated
to an oligonucleotide adaptor sequence containing an
SbfT site (bold): 5-GATCTGCAGCTTGAGCCTGCA
GGGTGCTGCGCAGAGTTCTACAGTCCGAC using
T4 RNA ligase (NEB). RT-PCR was carried out using a
reverse primer complementary to the genome 3'-terminus
(underlined) and containing a Sall site (bold), 5'-GCAGCA
CGTCGACGGGTTCCTAGAGAGATCTCTAGG, and
nested primer 5-GCAGCTTGAGCCTGCAGGGTGC.
PCR products were double-digested with SbfT and Sall
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were quantified using QuantityOne software and plotted to-
gether.

In vitro translation competition assay

Uncapped wt TNV-D genomic (0.1 pmol), sg mRNA (0.2
pmol), capped reporter luciferase mRINA or wasabi mRNA
(0.2 pmol) (Luciferase-pcDNA3, pTcl-Wasabi, obtained
from Addgene) were incubated with increasing molar
excesses (1:1 ratio up to 1:064) of uncapped wt svRNA or a
size-matched uncapped RNA control, derived from pUCI19,
5-CUGGCGAAAGGGGGAUGUGCUGCAAGGCGA
UUAAGUUGGGUAACGCCAGGGUUUUCCCAG
UCACGACGUUGUAAAACGACGGCCAGUGAA
UUCGAGCUCGGUACCCGGGGAUCCUCUAGA
GUCGACCUGCAGGCAUGCAAGCUUGGCGUAAU
CAUGGUCAUAGCUGUUUCCUGUGUGAAAUU
GUUAUCCGCUCACAAUUCCACACAACAUAC, in
a wheat germ extract translation system (Promega) (36).
Reactions of 20 pl included 10 pl wheat germ extract and
were incubated at 25°C for 2 h.
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CHAPTER 3:
“RNA Structure Protects the 5 -end of an Uncapped

Tombusvirus RNA Genome from Xrn Digestion”
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Tombusviridae is a family of plus-strand RNA plant viruses that contain single-stranded
RNA genomes lacking a 5 cap and 3 poly(A) tail. The 5 cap represents an important post-
transcriptional modification that helps to enhance the stability of mRNAs by protecting them
against 5 -to-3 exoribonucleases. For this reason, it was unknown how tombusvirids protect their
vulnerable 5 ends from exoribonuclease attack. Previous studies had indicated that the main
cytosolic 5-to-3 exoribonuclease in plants, Xrn4, is restrictive to tombusvirus infections. Based
on the susceptibility of tombusvirus infections to Xrn4 and the perceived vulnerability of their
uncapped 5 -ends to this enzyme, a study was initiated to investigate how tombusviruses protect

their viral genomes from Xrn4 decay.

This chapter is presented in the form of a peer-reviewed, published journal article. The
findings of the study demonstrate that the genomic 5 UTR of the tombusvirus CIRV folds into a
complex RNA structure that is able to evade Xrn-mediated degradation. The article, “RNA
Structure Protects the 5 -end of an Uncapped Tombusvirus RNA Genome from Xrn

Digestion ” by Chaminda D. Gunawardene, Jennifer S. H. Im and K. A ndrew White was

accepted for publication in Journal of Virology on August 2021 (doi: 10.1128/JVI1.01034-21). |
conceptualized and designed all of the experiments for the study together with Dr. Andrew White.
| performed all of the experiments except for Figure 5C and Figure 10, which were contributed by
my co-author, Jennifer S.H. Im. | designed and formatted all of the figures, performed all data

analyses, and wrote the first draft of the manuscript.
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CHAPTER 4:

DISCUSSION
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4.1...Study overview

Plant viruses have evolved different methods for evading and, at times, exploiting the host
antiviral response system. Several studies have suggested that interactions occur between Xrn4
and members of the family Tombusviridae, and the results imply that Xrn4 acts primarily as an
inhibitory host protein (i.e. restriction factor) during viral infections. The specific mechanisms
underlying the inhibitory role of Xrn4 have not been explored prior to the work presented in this
dissertation. In addition, although a canonical xrRNA structure was identified previously in the
Tombusviridae family (i.e. SR1f in RCNMV), there were no reposts of novel resistant RNA

structures that belie traditional xrRNA classification.

The focus of this dissertation was to elucidate the role of Xrn4 in the viral life-cycle of two
tombusvirids, one in the genus Tombusvirus and the other in the genus Betanecrovirus. The
studies conducted on these two viruses, presented in the form of published, peer-reviewed journal
articles, detail the activity of Xrn4 in two distinct viral processes: 3 -noncoding RNA generation
and 5 -end protection. Overall, the findings outline a novel xrRNA-like inhibitory RNA structure in
the TNV-D 3UTR that stalls Xrn4 to produce a noncoding, functionally-relevant svRNA, and a

protective role for the tombusvirus 5 UTR in preventing access to Xrn4.

The two studies presented in this dissertation describe avoidance and utilization
mechanisms of Xrn4 by two members of the Tombusviridae family. Through a highly structured
5 UTR, the tombusvirus CIRV is able to evade access and prevent decay of its viral genome by
Xrn4, whereas the betanecrovirus TNV-D employs an xrRNA-like structure in its 3UTR to stall
Xrn4 and generate a proviral, noncoding RNA. These two unique examples add to the repertoire
of viral mechanisms that promote infection through evasive or exploitative means when
confronted by the host’s antiviral defense system. The key findings of both projects are

summarized below:
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ii)

Vi)

vii)

An svRNA comprising most of the TNV-D 3UTR is generated from incomplete
digestion of primarily TNV-D sg mRNA1 by Xrn4.

The resistant RNA structure responsible for syRNA formation involves the base of the
BTE, parts of SL2, and the replication silencer interaction, and is not transposable
beyond its original viral context. The absence of this latter trait precludes its
classification as a traditional xrRNA.

The TNV-D svRNA is able to trans-inhibit protein translation from capped and
uncapped RNA templates, most likely by soaking up translation initiation factors via its
BTE.

Cooperative interaction between secondary and tertiary level RNA structures in the
tombusvirus 5 UTR act to bury and protect the 5 terminus from Xrn accessibility, and
subsequent decay.

The tombusvirus 5 UTR does not resist actively digesting Xrn, but instead prevents 5
access to the enzyme. It is therefore not considered to be an xrRNA and is more
accurately described as an Xrn-evading RNA (xeRNA).

The tombusvirus 5UTR not only protects the 5 nucleotide from Xrn4 access and
decay, but also from pyrophosphatase-mediated dephoshorylation of the two 5
terminal phosphates. Since dephosphorylation of the viral RNA precedes Xrn4
digestion, this step is most likely rate-limiting for degradation of uncapped,
triphosphorylated viral RNAs.

Replication-deficient 5 UTR mutants generated an additional viral RNA species, most
likely the product of incomplete Xrn digestion. Capping of the 5 end rescues

accumulation of the defective 5 UTR mutants in protoplasts infections.
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The two projects outlined in this dissertation began with the observation that a small viral
RNA (svRNA) accumulates during plant protoplast infection of the betanecrovirus TNV-D. Its
size, coupled with its detection in northern blots using a 3 terminal probe confirmed its origin from
the viral 3UTR. Based on previous work showing that 5-to-3 exoribonuclease-resistant RNAs
(xrRNASs) are responsible for the production of noncoding RNAs generated from the viral 3UTR
(lwakawa et al., 2008), we tested whether a similar structure may be responsible for production
of the TNV-D svRNA. We managed to confirm this, and in doing so, uncovered additional details
regarding the unique stalling structure, which we determined to be an outlier among xrRNAs, not

quite fulfilling all the criteria necessary for xrRNA classification (Gunawardene et al., 2019).

Following this, we wanted to determine whether 5 -to-3 exoribonucleases also interacted
with the 5 end of TNV-D genomic RNA, given that these single-stranded plus-strand RNA viruses
contain genomes with uncapped, and thus unprotected, 5 termini. Prior studies had shown that
other members of Tombusviridae, i.e. tombusviruses, are negatively impacted by Xrn4 expression
(Cheng et al., 2006; Cheng et al., 2007). As an initial test, we challenged the in vitro transcribed
5 -monophosphorylated TNV-D genome with purified Xrnl, alongside the RNA genomes of other
members of the Tombusviridae family, including a tombusvirus, an aureusvirus, and a carmovirus.
The results from this in vitro experiment showed that TNV-D was not as well protected from
exoribonuclease activity as the tombusvirus CIRV, or the aureusvirus CLSV. More importantly,
however, was that we noticed a trend in the degradation profiles of the tested RNA substrates,
where those viral RNA genomes with more highly structured 5 UTRs (e.g. CIRV and CLSV) were
more resistant to Xrnl activity than those with minimal structure (e.g. TNV-D and TCV). This
result, along with the fact that tombusvirus 5 UTRs had been extensively structurally characterized
(Wu et al., 2001; Ray et al., 2003, 2004), led us to focus our investigation on the resistance of the
CIRV 5UTR to Xrn. The results from this second study led us to conclude that the CIRV 5UTR

uses a distinct, evasive structure-based mechanism to confound Xrnl-mediated degradation.
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4.2...Two distinct modes of Xrn inhibition by tombusv irid RNAs

Xrnl/4 is a highly processive 5-t0-3 exoribonuclease that functions in the cytosol on
single-stranded, 5 -monophosphorylated RNA. Early biochemical analysis of its catalytic activity
showed that Xrn1 is inhibited by G-rich tracts in the RNA substrate (Stevens, 2001). The presence
of G-rich regions in some RNA viruses has been shown to inhibit Xrn1, likely through the formation
of G-quadruplex RNA structures (Charley et al., 2018). Other types of internal RNA structures
also able to stall an actively digesting Xrn and generate decay intermediates of viral RNA
genomes have also been described in detail (Kieft et al., 2015; Jones et al., 2021; Vicens and
Kieft, 2021). In contrast, some viral RNA genomes contain 5-terminal structures that do not
permit Xrn engagement (Esteban et al., 2008; Gunawardene et al., 2021). Collectively, these
findings indicate that there are clear distinctions in how RNAs defend themselves against the
enzyme'’s activity; i.e. (i) stalling an actively digesting Xrn, versus (ii) preventing Xrn from gaining

5-end access.

4.2.1. Stalling of Xrn by viral RNA

Exoribonuclease-resistant RNAs (xrRNAs) are discrete RNA sequences capable to
independently blocking actively digesting 5-t0-3 exoribonucleases such as Xrnl/4. Previous
studies on dianthoviruses and flaviviruses found that these viruses used xrRNA structures in their
viral genomes to stall Xrn1/4 in order to generate functional noncoding RNAs, called SR1f and
sfRNAs, respectively (Vicens and Kieft, 2021). The findings presented in this dissertation show
that the TNV-D svRNA that accumulated in infections is the product of incomplete digestion of
primarily sg mRNA1 by Xrn4 (Figure 1) (Gunawardene et al., 2019). Based on our findings, we
determined that a potential function of the svRNA is related to protein translation, where it would

act as a viral RNA sponge to soak up host translation factors (Figure 1). Given that the svRNA
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is generated primarily from sg mRNAL, which is transcribed from the genome during late infection
(Jiwan et al., 2011), its accumulation could act as a switch to downregulate genome translation

and trigger encaspidation once threshold amounts of sg mMRNA1 and capsid protein are attained.

The RNA structure responsible for TNV-D svRNA production is able to stall actively
digesting Xrn. Stalling of Xrn in this context presumably requires the formation of some type of
RNA knot, similar to the one formed by xrRNAs from flaviviruses and dianthoviruses. However,
the inhibitory RNA structure in the TNV-D 3 UTR was less effective at stalling purified Xrnl in vitro
than the known knot-like RNA structures (Gunawardene, unpublished observations), suggesting
that an alternative conformation may be involved. Also, the addition of as little as one nucleotide
to the 3 end of the 3 UTR abolished Xrn stalling, indicating that the so-called silencer interaction
between the 3 terminus and SL2 is an integral part of the blocking structure. Interestingly,
formation of this 3 -terminal interaction in the viral RNA likely has a dual protective function related
to exoribonucleases: (i) it forms part of the structure that stalls Xrn4 to generate the svRNA, and
(i) it could act to prevent access of the 3-to-5 exosome complex to the 3 end of the viral RNA
genome. Regarding the latter function, the silencer interaction would bury the 3 terminus in a

tertiary interaction that could make it inaccessible to the exosome complex (Bonneau et al., 2009).

99



gRNA

L

Xrn4 5UTR

Figure 1. Model for tombusvirid evasion (CIRV) and exploitation (TNV-D) of host Xrn4. Left panel. Depiction of
proposed interaction between plant Xrn4 and CIRV RNA genome in the cytosol. The xeRNA structure formed by the
CIRV 5UTR prevents access of the 5 terminal nucleotide to Xrn4. The white G encircled in black denotes the
structurally buried 5 terminal nucleotide. Right panel. Proposed model for TNV-D svRNA formation and function. The
sVRNA is generated via incomplete digestion of TNV-D sg mRNAL1 by Xrn4, which stalls just upstream of the BTE. The
newly formed svRNAs likely inhibit translation, by acting as sponges for host translation factors (e.g. elF4G), via their
BTE.

4.2.2. Evasion of Xrn by viral RNA

A previous study on a yeast RNA virus demonstrated that the structural context of the 5
end of the viral RNA genome conferred resistance to Xrnl (Esteban et al., 2008). In this
dissertation, the highly structured genomic 5 UTR of the plant tombusvirus CIRV was examined
for its ability to withstand exoribonuclease decay. Mutational analysis of specific 5 -proximal RNA
sequences demonstrated that cooperative folding of secondary and tertiary level RNA structures
are required to maintain genome integrity in the presence of Xrnl in vitro (Gunawardene et al.,
2021). The observed increase in genome integrity was most likely due to reduced enzyme access
to the 5 terminal nucleotide of the viral genome (Figure 1). In light of this ability, we referred to
the CIRV 5UTR as an Xrn-evading RNA (xeRNA). For an RNA structure to be classified as an

xeRNA, it must possess two main characteristics: (i) structurally, it must be located at the 5 end
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and incorporate the 5 functionally, it must prohibit
engagement by Xrn and, in doing so, protect the integrity of the downstream sequence. Burying
the 5 terminal nucleotide within strong RNA structure is an essential part of the conformational
fold of an xeRNA, as this prevents loading of the RNA into the Xrn1 active site (Figure 1). Indeed,
Xrnl requires a minimum of two to three free nucleotides to engage the substrate within its active
site and initiate decay (Jinek et al., 2011), meaning that, for an RNA to avoid 5 -to-3 degradation,
the 5 terminal three nucleotides must not be in ssSRNA form. Accordingly, the 5 -termini of both
the CIRV genome and the 20S narnavirus RNA are classified as xeRNAs based on the two

aforementioned criteria.

Although the CIRV 5UTR was also tested for its ability to function as an xrRNA via
appendage of additional sequence upstream of it (i.e. poly(A) tracts), the downstream context of
the 3 end was not tested thoroughly. However, treatment of the complete viral genome with Xrnl
produced results comparable to treatment of defective interfering RNA-7 (DI-7), which contains
different, albeit viral, sequence downstream of the 5 UTR (Gunawardene et al., 2021). Also, the
5UTR on its own (i.e. RI) demonstrated near full protection against Xrnl activity, which suggests
that the conformational fold is highly stable on its own, and would likely still be functional with
different 3 sequences appended. In contrast, the inability of the blocking structure to tolerate
oligonucleotide additions to its 5 end confirms that it is unable to stall an actively progressing

Xrnl, and thus is not an xrRNA.

101



4 .3...Xrn inhibition and tombusvirids

The interplay between virus and host has resulted in intricate adaptations that have
evolved in viruses attempting to evade the antiviral activities of its host. In cases where evasion
is not possible, some viruses have even developed contingency methods for exploiting the
antiviral machinery to generate proviral elements. The antiviral factor studied in this dissertation
was plant Xrn4, which is implicated as the enzyme at the root of these observations. This section
will address questions related to the Xrn4's identity in these two studies, the frequency of xrRNAs
in the Tombusviridae family, and whether or not a connection exists between RNA structures that

inhibit Xrn4 and viral protein translation.

4.3.1. Is plant Xrn4 the enzyme responsible for the  se effects?

Plant Xrn4 is a cytoplasmic ortholog of yeast/animal nuclear Xrn2, and the functional
equivalent of cytoplasmic yeast/animal Xrnl. Higher plants possess three Xrn proteins; Xrn2,
Xrn3, and Xrn4, the latter two of which are Xrn2 orthologs (Kastenmeyer and Green, 2000). Xrn2
and Xrn3 are localized in the nucleus, whereas Xrn4 resides in the cytoplasm. Plant viruses in
the family Tombusviridae are uncapped, nonpolyadenylated plus-strand RNA viruses that are
strictly cytoplasmic. In addition, previous studies have identified a direct negative correlation
between Xrn4 expression and tombusvirus RNA accumulation in plants (Serviene et al., 2005;
Cheng et al., 2006; Cheng et al., 2007; Jaag and Nagy, 2009). Combined, these two lines of
evidence support the hypothesis that Xrn4 is the enzyme responsible for the phenotypes

observed in this dissertation.

However, the possibility exists that an exoribonuclease other than Xrn4 could be
completely or partially responsible for the observed effects. Evidence for this line of reasoning

comes from the fact that plants have two other Xrns, Xrn2 and Xrn3, and that animal Xrn2 is able
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to translocate to the cytoplasm to perform certain antiviral functions (Sedano and Sarnow, 2014).
Also, the active sites of the plant Xrns are highly conserved with one another, and with
yeast/animal Xrnl, meaning that the possibility exists that one of the other two Xrns could
potentially generate identical sSYRNA 5 ends with those generated by Xrnl in vitro. In addition, in
yeast, nuclear Xrn2 is able to substitute for loss of Xrn1 in the cytoplasm, and vice versa (Johnson,
1997; Kastenmeyer et al.,, 2001). However, given what is known about Xrn4 regarding its
functional interchangeability with Xrnl in plants (Kastenmeyer et al., 2001; Cheng et al., 2006;
Cheng et al., 2007), its negative impact on tombusvirus RNA accumulation (Cheng et al., 2007),
and that it is the only plant Xrn known to localize to the cytoplasm (Nagarajan et al., 2013;
Kastenmeyer and Green, 2000), it seems most likely that Xrn4 is the 5 -to-3 exoribonuclease that
interacts with and produces the phenotypes observed in both of the viruses studied in this

dissertation.

4.3.2. How common are xrRNAs among tombusvirids?

So far, xrRNA and xrRNA-like structures have been identified and structurally
characterized in the Dianthovirus and Betanecrovirus genera of the Tombusviridae family, which
generate SR1f in RCNMV, and the TNV-D svRNA described in this dissertation, respectively.
Interestingly, two additional xrRNAs may be present in the Tombusvirus genus. Northern blot
analysis of tombusvirus infections showed that svRNAs corresponding to tombusviral 5 UTRs are
detectable using a 3 terminal probe (White and Morris, 1994; Gunawardene et al., 2021).
However, unlike the TNV-D svRNA, treatment of the CIRV genome and subgenomic mRNAs with
purified Xrnl did not generate any svRNA in vitro. This result may suggest that the CIRV svRNA
is not produced by incomplete degradation of the viral 3UTR by Xrn, but is instead produced via
an unidentified subgenomic promoter. On the other hand, it is possible that production of the

tombusvirus svRNA relies on additional cellular factors that either facilitate folding of the inhibitory
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RNA structure, or bind to the RNA to act as a protein-based roadblock for Xrn. This could be
tested by inoculating in vitro transcribed 5-monophoshorylated CIRV genomic RNA into a plant
cell-free extract and checking whether the svRNA is produced. The tombusvirus 3 UTRs include
3 CITEs, and thus the candidate cellular proteins that could block Xrn would include eukaryotic
translation factors.

Based on the CIRV study in this dissertation, a long viral RNA (IVRNA) may also be
generated by Xrn from the genome (Gunawardene et al., 2021). In vitro Xrnl treatment of CIRV
5 UTR mutants generated a readily detectable IVRNA, approximately 1500 nts smaller than the
full-length genome. A similar-sized product is also generated during protoplast infections of
5 UTR mutants. Whether or not these two RNAs are the same molecule remains to be tested;
regardless, their characterization is of interest. The IVRNAs, which would not be capable of self-
replication, could still potentially serve as templates for subgenomic transcription, given that they
contain functional promoters and the long-range RNA-RNA interactions necessary for
subgenomic transcription (Chkuaseli and White, 2018; Chkuaseli and White, 2020). Indeed,
5 UTR mutants with reduced genome accumulation show a corresponding spike in subgenomic
MRNA production, relative to cognate genome accumulation (Gunawardene et al., 2021). Thus,
the xrRNA structure responsible for IVRNA production may serve as a contingency measure for
situations where the 5 UTR xeRNA structure is overcome by Xrn4, allowing for the production of
a still useful viral RNA that could produce subgenomic mRNAs.

The question of why viruses, such as those in the Tombusviridae family, use xrRNAs to
generate decay intermediates may be answered in part by the fact that they are limited in their
coding capacity based on their small genomes. xrRNAs in Tombusviridae and other plant viruses
have thus far been shown to (i) help generate translatable subgenomic mRNAs (llyas et al., 2021),
(i) facilitate long-distance viral movement (Flobinus et al., 2016), (iii) inhibit global protein
translation as a means of potentially triggering later viral life-cycle stages (lwakawa et al., 2008;
Gunawardene et al.,, 2019) and (iv) potentially creating exclusive templates for subgenomic

104



MRNA synthesis as speculated for the CIRV IVRNA. Thus, the limited coding potential of these
small plant viruses creates selective pressure for new and innovative gene expression and
regulatory strategies to develop, that either help the virus to circumvent host antiviral processes,

or to facilitate its own replicative cycle.

4.3.3. Potential connection between TNV-D 5 -end protection and protein translation

When testing the four tombusvirid RNA genomes with Xrnl in vitro, it was found that TNV-
D and TCV were significantly more susceptible to degradation than CIRV and CLSV
(Gunawardene et al., 2021). During viral infections, it is unlikely that these two viruses would be
much more susceptible to Xrn4 degradation than either of the other two, as all four are able to
successfully replicate and accumulate viral RNAs to appreciable levels in a mutual host.
Therefore, it is predicted that for TNV-D to maintain the integrity of its genome, a host factor is
recruited to the 5-end that stabilizes the region and physically impedes Xrn4 access and
degradation. Interestingly, TNV-D currently has no long-range RNA-RNA interaction identified
that unites its 5 and 3UTRs (i.e. 3CITE) to facilitate viral protein translation (Chkuaseli et al.,
2015). Inlight of this, it is possible that a host protein that is responsible for protecting the 5 end
is also involved in translation. For example, an RNA-binding protein that protects 5 end could
also mediate a bridging interaction with translation factors bound to the BTE in its 3 UTRs. Thus,
the 5-UTR-binding protein would serve a dual role; aiding with recruitment of the translational

machinery to the 5 end and protecting the 5 end from Xrn4 decay.
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4 .4.. Future directions

There are several future experiments that could be performed to further expand on the
findings presented in this dissertation; these possibilities are presented in the form of specific

research questions.

4.4.1. Can trans-expression of the TNV-D svRNA resc  ue mutant viral infection in plants?

Plant infections using infectious, svRNA-deficient TNV-D transcripts ( svRNA) resulted in
reduced symptoms and minimal viral RNA accumulation (Gunawardene et al, 2019). To confirm
that the phenotype observed during svRNA viral infection is in fact due to the absence of svRNA,
the infection could be repeated with a trans-expressed svRNA (Shen and Miller, 2004). A vector
containing svRNA could be simultaneously agroinfiltrated into N. benthamiana plants alongside
an svRNA-expressing vector(+svRNA), or a control empty vector. If the effects observed with the

SVRNA mutant alone are in fact due to a lack of sSvRNA, then a rescue in viral RNA accumulation
and symptomology would be expected in protoplasts and plants containing both the svRNA virus
and the +svRNA vector. This complementation test would help to further support the conclusions
drawn earlier that the TNV-D svRNA influences viral RNA accumulation and symptom generation

during infections.

4.4.2. Is plant Xrn4 the enzyme that engages the CI RV 5UTR and produces the TNV-D

svRNA?

Something else worth pursuing would be to do a gene-specific knockdown of Xrn4, and
observe the effects on CIRV and TNV-D replication in plants. The knockdown can be performed
in N. benthamiana using a TRV-based gene silencing vector containing a segment of the NbXrn4

MRNA sequence (Dinesh-Kumar et al., 2003; Jaag and Nagy, 2009). Agroinfiltration of the TRV
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silencing vector would occur first to allow time for Xrn4 silencing, followed by agroinfiltration of
either CIRV or TNV-D several days later into the systemically Xrn4-silenced upper leaves. After
allowing the infection to proceed, the infected leaves would be harvested, total RNA extracted,
and probed via Northern blotting to analyse viral RNA levels. Specifically, it would be determined
if replication of the defective CIRV 5 UTR mutants could be rescued, and whether TNV-D svRNA
production was abolished; the results of which would allow us to more confidently assert that the
enzyme responsible for the effects observed with each virus was in fact due to plant Xrn4. To
add to this, knockdowns of both Xrn2 and Xrn3 could also be done in parallel, to determine if

these enzymes are also involved with either the CIRV 5 UTR or the TNV-D svRNA.

4.4.3. Can 3D structural modeling of the CIRV xeRNA  or TNV-D svRNA provide us with any

additional information?

The findings presented in this dissertation suggest that the xeRNA structure formed by the
CIRV 5 UTR represents a tightly folded RNA conformation comprising both secondary and tertiary
level interactions. The lack of degradation and dephosphorylation of the 5 UTR observed when
treated with Xrnl and RppH in vitro, along with the near full protection demonstrated by the 5 UTR
on its own against Xrnl activity, suggests that the 5 nucleotide is buried within this tightly folded
structure, granting minimal accessibility to either of these enzymes. It would be interesting to
develop a 3D structural model of the CIRV xeRNA, using modern structural analysis techniques,
to confirm this theory. To do this, a crystal structure of the entire wild-type CIRV 5UTR could be
solved using X-ray crystallography, or alternatively, a cryo-electron microscopy (cryo-EM) image
could be generated (Ferré-D'Amaré et al., 1998; Ke and Doudna, 2004; Kappel et al., 2020).
These studies rely on the structures being stable and uniform enough to form crystals or generate
equivalent images by cryo-EM. The maintenance of a compact RNA structure during

electrophoresis suggests that the CIRV 5UTR may be stable enough for these studies
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(Gunawardene et al., 2021). If successful, an atomic structural model would reveal how different
components of the 5UTR interact collectively to form the xeRNA structure. The xrRNA-like
inhibitory structure responsible for TNV-D svRNA formation could be more challenging to model
using these methods, because the stalling structure proved to be less effective than the knot-like
RNA structures at stalling purified Xrnl in vitro, and thus its structure may be less stable

(Gunawardene, unpublished observations).

4.4.4. |s a host factor required for 5 -end protection in TNV-D and TCV?

In vitro Xrnl treatment of tombusvirid RNA genomes yielded varying results, where the
viruses with highly structured 5 UTRs (CIRV and CLSV) were more resistant to Xrnl than those
with less structure (TNV-D and TCV) (Gunawardene et al., 2021). To determine if a host factor
is required for protection of the TNV-D genome, an experiment could be performed using a
tobacco cell-free extract instead of purified Xrnl. Specifically, in vitro transcribed 5-
monophosphorylated viral RNA genomes could be incubated in cell-free extract, followed by RNA
extraction and gel electrophoresis. The cell-free extract system contains all of the host factors
necessary for viral replication and translation (Komoda et al., 2004; lwakawa et al., 2007), in
addition to Xrn4, and therefore any potential host factor required by the virus for 5 end protection
would presumably also be present. If there is a host factor required by TNV-D and TCV, and it is
present in the cell-free extract, we would expect to see similar degradation profiles between TNV-
D, TCV and CIRV. The results of this experiment could potentially provide evidence that a host
factor is involved in protecting the 5 UTRs of TNV-D and TCV. Further, to determine the identity
of the host factor, an RNA-protein affinity purification assay can be performed (Windbichler and
Schroeder, 2006). Briefly, the 5 UTRs of TNV-D and TCV would first be fused to a streptomycin-
binding aptamer, called a StreptoTag, and bound to streptomycin beads in a column. Next, the

cell-free extract would be added to the matrix, allowing for potential host factors to interact with
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and bind to the streptotagged 5UTR. Following several wash steps, the protein-bound
streptotagged 5 UTR would then be eluted using excess streptomycin, and the proteins recovered

subjected to mass spectrometry to determine their identity.

4.4.5. What is the xrRNA structure responsible for generating the CIRV IVRNA?

The formation of a long viral RNA (IVRNA) species from the CIRV genome with purified
Xrnl suggests that an xrRNA structure exists approximately 1500 nts downstream of the 5 end
(Gunawardene et al., 2021). Determining the structural basis for formation of this IVRNA decay
intermediate may help to identify the first xrRNA for this genus of Tombusviridae. The initial
course of action would be to map the 5 end of the IvRNA. This could be done by gel-purifying
the IVRNA directly from in vitro Xrn1 degradation assays and performing 5 rapid amplification of
cDNA ends (5 RACE) on the purified RNA. The results of this 5 end mapping would allow for
examination of the 5-terminal sequence that would likely correspond to the xrRNA. The RNA
structure in the stall region could then be examined through solution structure probing (e.g.
SHAPE) and, once defined, mutated to determine its importance of the predicted structure for
stalling. Transposability would also be tested via defining the minimal stalling sequence and then
inserting it into a different sequence context prior to Xrnl testing. The results of these experiments
will help to determine the key structural features of the Xrn stalling structure. To determine if the
IVRNA is important in infection, the xrRNA structure could be mutated to not block Xrn and the

effect on infections observed.

The high amount of IVRNA that accumulated during protoplast infections suggests that it
may be trans-replicated by functional replication proteins produced from the mutant full-length
genome. To investigate this possibility, its 5-end sequence would be examined to see if it

corresponded to promoter-like sequences (i.e. GAAA....). Minus-strand analysis of infections
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could also be performed to see if minus-strand IVRNA accumulate, which would support it
replicating in cells. Additionally, in vitro transcripts of the IvVRNA could be tested in co-inoculations
with CIRV helper virus genomes in plant protoplasts. IVRNA accumulation would then be
monitored and any observed increase in IVRNA levels over time would be consistent with its
replication in the coinfection. The collective findings from these experiments will determine
whether (i) the CIRV IVRNA is generated via an xrRNA, (ii) it is replicable and (iii) it is important

for CIRV infections.

4.5...Final thoughts

This dissertation has provided evidence that viral RNA structures are able to inhibit 5 -to-
3 exoribonucleases via two main mechanisms: by preventing access to 5 -terminal sequences
in CIRV and by stalling an actively digesting exoribonuclease in TNV-D. The structures
responsible for these two activities are referred to as xeRNAs (coined by us) and xrRNAs,
respectively. Together, these viral RNA structures illustrate some of the mechanisms utilized by
plant viruses that help to promote successful infections, either through avoidance of an antiviral
factor, or exploitation of it. The work adds two further examples of the varied roles that higher-

order RNA structures can play in biological systems.
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