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Abstract

RNA structures can have important and diverse functions. Influenza A viruses have eight
negative sense RNA genome segments. When two influenza virus strains infect the same cell
their progeny can package segments from both strains. This process, termed reassortment,

can lead to rapid genetic shifts that have previously generated pandemic strains.

In this investigation the RNA-RNA interaction maps for several influenza viruses are generated
using a high-throughput sequencing approach. This reveals extensive, redundant networks of
RNA-RNA interactions between the genomic viral RNA segments. This analysis includes
H1N1 and H3N2 reassortants, where these interactions can explain preferential co-
segregation of segments during reassortment. It is also demonstrated, using chemical probing
techniques, that there is extensive local RNA structure within the influenza genomic segments.
Several structures conserved between the HIN1 and H3N2 viruses are identified, which may
provide targets for future functional investigations. The structure of an influenza nucleoprotein,
which binds to the influenza genomic RNA, is investigated. The first structure of a H3N2 virus

NP is presented which shows high structural conservation with other influenza nucleoproteins.

In contrast to influenza viruses, the Severe Acute Respiratory Syndrome Coronavirus-2
genome is made up of a single positive sense strand of RNA. Sequencing approaches reveal
that in virio the genome contains many structures formed mostly through short-range base
paring (bases separated by <100 bp). A large number of structures are observed that are
conserved amongst other coronaviruses and may provide targets for drug development.
Overall, this work reveals the presence of diverse and abundant RNA structures in viruses

from two families.
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1. Introduction

1.1 Influenza classification, epidemiology, and societal impacts

Influenza is a respiratory disease that each year is estimated to cause 290,000 to 650,000
deaths worldwide (luliano et al., 2018) and cost the US economy $11.2 billion (Putri et al.,
2018). Infection tends to exhibit seasonality, with annual epidemics occurring during the winter
months (or the rainy season in equatorial regions). Influenza viruses have been responsible
for four pandemics since the start of the 20™ century, in 1918, 1959, 1968, and 2009. The
most severe of these, the 1918 ‘Spanish flu', is estimated to have killed more than 50 million
people (Taubenberger and Morens, 2006). Influenza viruses can also be pathogenic to many
other species of mammals and birds. This includes a number of livestock species, with ~40
million poultry culled each year to curb the spread of highly pathogenic avian influenza viruses

(Boni et al., 2013).

Influenza viruses are divided amongst four genera within the Orthomyxoviridae family,
alphainfluenzavirus (Influenza A viruses), betainfluenzavirus (Influenza B viruses),
gammainfluenzavirus (Influenza C viruses), and deltainfluenzavirus (Influenza D viruses).
Influenza D viruses have been isolated from swine and cattle, with the latter believed to
represent the species’ main reservoir (Mazzetto et al., 2020). Influenza C viruses infect swine
and humans, but tend to be associated with only mild disease (Sederdahl and Williams, 2020).
Influenza B viruses have been detected in humans and seals and are a frequent cause of
influenza epidemics. The focus of this thesis is on Influenza A Viruses (IAVs). The natural
reservoir for 1AVs is birds, however they infect a wide range of mammals as diverse as
humans, bats, and whales. IAVs are divided into subtypes based on the taxonomy of their
antigenic Hemagglutinin (HA) and Neuraminidase (NA) proteins. These subtypes are denoted

by H and N numbers (e.g. HIN1, H7N9, or H18N11), currently there are 18 Hand 11 N groups.
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IAVs make the largest contribution to annual influenza epidemics and have been responsible

for all recorded influenza pandemics (Houser and Subbarao, 2015).

1.2 Influenza replication

IAVs have a genome composed of eight segments of negative sense genomic Ribonucleic
Acid (VRNA), each encoding at least one essential protein. These VRNAs fold back on
themselves with both termini bound by a single copy of the trimeric influenza polymerase (3P),
which is composed of the viral Polymerase Basic 1 (PB1), Polymerase Basic 2 (PB2), and
Polymerase Acidic (PA) proteins. The rest of the VRNA is coated by many copies of the viral
Nucleoprotein (NP) (Fig. 1). These viral Ribonucleoprotein (vVRNP) complexes are encased
within a coat formed by the viral Matrix protein (M1), which sits inside a host-derived
membranous layer. Three viral proteins protrude from the virion surface: HA, NA, and the ion

channel M2.
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Figure 1: A diagram of a vVRNP.

The influenza genome is composed of eight negative sense RNAs (VRNA shown by blue line).
Both termini of the genomic RNA are bound by the trimeric influenza polymerase (shown by
three brown circles) and the rest of the VRNA is bound by the influenza nucleoprotein (shown
by green circles) to make a VRNP complex.

Homo-trimers of the HA protein can bind to the terminal sialic acids of the glycan chains of
glycoproteins and glycolipids located on the cell surface (with the exception of the H17 and
H18 HA proteins, which bind to major histocompatibility complex class Il proteins) (Karakus et
al., 2019). Sialic acids can be connected to their glycan chains via a-2,3 or a-2,6 linkages. The
proportions of these linkages vary by species and tissue, with the former abundant in the avian
intestine and the latter in the upper respiratory tract in humans (Matrosovich et al., 2004).
These represent the respective sites of influenza replication in the two species. As such, the
affinity of different HA proteins for the two forms of linkage is thought to contribute to the host
tropism displayed by different IAVs (de Graaf and Fouchier, 2014). There is also evidence that
binding may occur to some classes of phosphorylated, but non-sialyated glycans, though the
relative contribution this makes during natural infection is undetermined (Byrd-Leotis et al.,

2019).
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Upon cellular attachment, the virus is internalised by receptor-mediated endocytosis (Matlin
et al., 1981) or micropinocytosis (De Vries et al., 2011). A number of host proteins have been
suggested to act as entry receptors, including the epidermal growth factor receptor (Eierhoff
etal., 2010), nucleolin (Chan et al., 2016), and the voltage-dependant calcium channel CaVv1.2
(Fujioka et al., 2018). During endosomal acidification, the HA protein undergoes a
conformational change, exposing its fusion peptide from its pre-fusion position in a
hydrophobic pocket (Gao et al., 2020a). This change facilitates fusion of the viral and

endosomal membranes, allowing the virus to release its contents into the cytoplasm (Fig. 2).

Translation T
NN,
2.
¢
. P mRNA ~
4
4 T Transcripition
4
4 " VRNA
) . %
p 4 —,’7 " e
s e — \/ Replication
1 ‘ y
3. ' CRNA &7

A

Figure 2: The influenza replication cycle.

1. Influenza virions bind to sialic acids on the cell surface and are endocytosed. 2. Acidification
of the endosome leads to HA mediated fusion of the viral and endosomal membranes allowing
release of the VRNPs into the cytoplasm. 3. The VRNPs are imported into the nucleus via
importin-g. 4. Inside the nucleus the negative sense VRNP is replicated via a full length positive
sense intermediate (cCRNA). The vRNA is also transcribed to produce mRNA. (5) The mRNA
is exported from the nucleus to allow production of viral proteins. (6) Newly made vRNPs are
exported from the nucleus by the CRM1 pathway. (7) Rab-11 coated vesicles traffic the vVRNPs
to the cell membrane. (8) Virions bud from the cell membrane.
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Inside virions, the M1 protein is associated with the vRNPs via interaction with NP (Noton et
al., 2007). This association must be broken to allow release of the vRNPs into the cytoplasm.
Destabilisation of the M-NP interaction is thought to occur through a mixture of the M2
mediated transport of potassium ions into the virion during endosomal acidification and
possible interactions with host proteins (Borau and Stertz, 2021). After the vVRNPs have been
released the nuclear localisation signal of the NP proteins recruits importin-a (O'Neill et al.,
1995). Importin-a can in turn interact with the importin-f transporter that facilitates transport

of the vVRNPs into the nucleus, via the nuclear pore complex (Dou et al., 2018).

The nucleus is the site of both transcription and replication of the influenza virus genome. The
viral polymerase transcribes the negative sense genomic RNA into positive sense, capped
and polyadenylated, messenger RNA (mMRNA) that can be transported from the nucleus for
translation. The influenza polymerase steals methylated 5' cap structures for the influenza
MRNASs using a process called cap-snatching (Walker and Fodor, 2019). This first requires 3P
to interact with the host RNA polymerase II, bringing the vVRNP to be transcribed into close
proximity with a capped host mRNA transcript. The cap binding domain of PB2 binds to the
cap of the host RNA, which is then cleaved by the PA endonuclease domain (Fodor and Te
Velthuis, 2020). This cleavage results in the production of a 10-14 nucleotide capped RNA,
which is transferred to the active site of the viral polymerase. This short host-derived RNA has
complementarity to the 3' sequence of the VRNA and is used to prime initiation of transcription
(Fodor and Te Velthuis, 2020). The influenza mRNAs are exported to the cytoplasm or

endoplasmic reticulum (HA, NA, and M2) to allow translation of the viral proteins.

Replication of the influenza genome requires the production of full-length positive sense
copies of the VRNAs, termed complementary RNAs (cCRNAs). These act as replication
intermediates that can be transcribed to produce more copies of the negative sense VRNASs.
The synthesis of cRNA from VRNA begins with de novo initiation at the 3' end of the vRNA to
produce a pppApG dinucleotide, a process dependent upon the viral polymerase’s priming

loop (Te Velthuis et al., 2016). This dinucleotide is then extended by the viral polymerase to
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produce the full length cRNA. Much like vRNA, the cRNA is folded back on itself with the 5'
and 3’ termini both bound by 3P and the rest of the RNA bound with NP to produce a
complementary ribonucleoprotein complex (York et al., 2013). The production of vVRNA from
cRNA begins with the synthesis of pppApG at the 4" and 5™ bases from the 3’ terminus of the
cRNA. The cRNA template then slides to position the first two bases of the template on the
pppApPG dinucleotide, priming cRNA to VRNA replication from position 1. This process is called
the ‘prime and realign’ step of replication and is dependent upon the formation of a dimeric

complex, formed from two 3P complexes (i.e. a dimer of heterotrimers) (Fan et al., 2019).

1.3 Packaging of the influenza genome

The exact mechanism that triggers packaging of influenza vRNPs into virions (as opposed to
host RNAS) is not known. It has been shown that the inclusion of the 5’ and 3' regions of VRNA
is sufficient to achieve packaging of foreign RNA sequences (Liang et al., 2005) or of naturally
occurring defective interfering (DI) RNAs (Duhaut and Dimmock, 2002). These regions are of
~50-250 nucleotides in length (depending on the segment) with successive deletions from the
non-terminal ends leading to a gradual decrease in packaging efficiency. Synonymous
mutations in these regions have been found to reduce packaging efficiency by as much as
90% (Marsh et al., 2008). This reduction suggests that these terminal regions contain some

sort of packaging signal.

As a segmented virus, influenza faces the additional challenge of packaging at least one of
each of its eight different genome segments in order to produce an infectious particle. The
vast majority of influenza virions have been shown to package exactly eight segments (Noda
et al., 2006) (Noda et al., 2012) (Fournier et al., 2012). If segments were selected randomly
for packaging, only one in ~400 particles would be infectious due to most not receiving all
eight different vRNAs. However, a much higher proportion of particles are observed to be

infectious (Noton et al., 2009) (Wei et al., 2007). Fluorescence In Situ Hybridisation (FISH)
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analysis (Chou et al., 2012) and studies using reporter genes (Inagaki et al., 2012) also
indicate that the majority of particles contain all 8 different vVRNAs. This observation suggests
that there is a selective mechanism governing the assembly of the different VRNAS into

bundles ready for packaging (this process is referred to as ‘bundling’).

The most well-supported explanation for selective bundling is that the process is mediated by
RNA-RNA interactions between segments. In vitro studies using native Electrophoretic
Mobility Shift Assays (EMSASs) have indicated that the eight segments form an interaction
network in which each segment interacts with at least one other segment (Fournier et al.,
2012). Another study using EMSAs showed that these interaction networks appear to be
different for different viruses and are not limited to the terminal regions that make up the
minimal requirements for packaging of a segment (Gavazzi et al., 2013). More recently
Psoralen Crosslinking of Ligated, and Selected Hybrids (SPLASH) has been performed on
IAVs allowing direct capture of inter-segment interactions on a genome wide scale (Dadonaite
et al., 2019). This study indicated that there are extensive, redundant networks of RNA

interactions between the vVRNAS that are not limited to terminal regions.

The vRNPs are exported from the nucleus by the CRM1 pathway and transported to the cell
membrane by interaction with Rab11 coated vesicles (Bruce et al., 2010) (de Castro Martin et
al., 2017). Itis not clear if the process of bundling begins in the nucleus or takes place entirely
in cytoplasm (Chou et al., 2013) (Lakdawala et al., 2014). One study using FISH found that
not all possible sub-bundles (bundles of fewer than eight segments) are seen during the
genome assembly process and that the sub-bundles rarely contain multiple copies of the same

segment (Haralampiev et al., 2020).

18



1.4 Reassortment

Frequent changes in the amino acid sequence of the HA and NA proteins prevent universal
immunity against IAVs and ensure the annual occurrence of influenza outbreaks. This diversity
of sequence is accomplished through a combination of antigenic drift, due to the error prone
influenza polymerase, and antigenic shift, due to reassortment. Reassortment occurs when
two (or more) different influenza viruses infect the same cell (Fig. 3). Their progeny can then
package a mixture of segments from both parental strains. This can produce large genetic
shifts, particularly where it occurs between viruses circulating predominantly in different

species (Mena et al., 2016).

H1N1 H3N2

H1N2

Figure 3: The process of reassortment.

When two IAVs infect the same cell their offspring may package segments from both viruses.
In this example, the offspring packages a H1 HA and a N2 NA segment meaning it would be
classified in a different sub-type to both of the parental strains.
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In vitro reassortment experiments show that it is often not possible to generate progeny
containing all of the theoretically possible combinations of gene segments from two parental
strains (Jackson et al., 2009) (Li et al., 2008a). In addition, certain VRNAs have a tendency to
co-segregate during reassortment (Essere et al., 2013) (Cobbin et al., 2014) and more closely
related viruses tend to reassort more efficiently than those that are more distantly related
(Gerber et al., 2014), suggesting reassortment is not an entirely random process. If inter-
segment RNA-RNA interactions govern segment bundling, it seems likely that these same
interactions may influence the propensity for segments from different IAVs to be packaged

into the same virion during reassortment events.

1.5 RNA structure in viruses

Aside from their role in influenza segment bundling, structures formed through RNA-RNA
interactions can have important and diverse functional roles. This includes the aminoacyl-
transferase activity of ribosomal RNA and regulatory protein recruitment to the Untranslated
Regions (UTRs) of mMRNAs. The genomes of many RNA viruses have been found to contain
structured regions essential to virus function. An example of this are internal ribosome entry
sites (IRES), which were first identified in picornaviruses (Pelletier and Sonenberg, 1988).
IRES allow viral RNAs to be translated in a cap-independent manner. The poliovirus IRES is
a 450-nuclectide region containing five stem-loop structures, which recruit a number of IRES-
transacting factors. The 3'-most stem-loop is bound by the eukaryotic initiation factors 4A and
4G, which then indirectly recruit the ribosome through interactions with other initiation factors

(Beckham et al., 2020).

Viruses have also developed other RNA structures designed to facilitate translation. An
example of this are the 3' located cap-independent translation elements seen in a number of
plant viruses. This includes the multi-partite stem-loop structure of the barley yellow dwarf
virus. This structure is able to directly recruit eukaryotic initiation factor 4G and form interaction
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with the 5' region of the genome (effectively circularising the genome). This allows recruitment
of the ribosome to the 5' region and has been suggested to help recycle it as it reaches the 3'
end (Jaafar and Kieft, 2019). Another example of functional RNA structure in a virus is the
‘kissing loop’ required for packaging of the Human immunodeficiency Virus (HIV) genome
(Paillart et al., 1996). This structure is formed from a 9-nucleotide loop which contains a 6-
nucleotide long palindromic sequence. HIV packages two copies of its genome per viral
particle and this is mediated by an inter-segment interaction between these loops, located in

the 5' UTR of the genome (Mundigala et al., 2014).

1.6 RNA structure prediction

Attempts at computationally predicting the structures of RNA based on their sequence have
been ongoing for over half a century (Tinoco et al., 1971) and mainly use covariance or
Minimum Free Energy (MFE) based approaches. Covariance based approaches perform
comparative analysis of homologous RNA sequences. As sequences diverge from a common
ancestor, it is assumed that important RNA structures will be maintained. These approaches
assume that when a mutation occurs in a residue involved in a region of base pairing, its
partner will also mutate to maintain sequence complementarity. However, such techniques
suffer from high false positive rates, in part due to difficulties in establishing appropriate

negative controls (Eddy, 2014).

MFE approaches to structure prediction assume that at equilibrium RNA will form the most
stable structure available to it, corresponding to that with the lowest free energy. At the most
basic level, this could be thought of as trying to fold the sequence into the structure which
gives the highest number of paired bases (Fig. 4). More sophisticated approaches utilise data
from melting experiments that have been performed on a large range of RNA sequences in
the context of different structures (Freier et al., 1986) (Turner and Mathews, 2010). The energy

values determined in these experiments can be used to assign free energy contributions to
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particular base pairs. To simplify structure prediction, the energy contribution of a base pair is
usually predicted based only in the context of the two base pairs immediately either side of it.
This is termed the next nearest neighbour energy model. The energy contribution of loops is
determined primarily by their length and degree (which is a function of the number of enclosed
bases and the identity of the base pair enclosing the loop) (Lorenz et al., 2016). MFE prediction
seeks to generate the structure in which the sum of the free energy scores for all of the base

pairs (negative contribution) and loops (positive contribution) present is lowest.
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Figure 4: lllustrating MFE based RNA structure prediction.

The RNA shown could fold into a number of different conformations (3 of which are shown). It
is likely that the RNA will form the most stable structure (the one with the lowest free energy).
Paired regions give a negative contribution (favoured) to the free energy and loops a positive
contribution (disfavoured). Note this figure is meant as an illustration of the process and the
values given are not accurate. Adapted from (Tinoco et al., 1971).

Predicting structures using MFE can be reasonably effective for short RNAs with accuracies

of ~70% seen for some sequences shorter than 500 nucleotides (Mathews et al., 1999).
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However, accuracy declines considerably as RNA length increases (Doshi et al., 2004) and
MFE prediction cannot account for factors that arise when RNA is folded in vivo, such as
protein binding, that may alter RNA structure. It also ignores the effect of tertiary interactions,
which can have a substantial impact on RNA folding (base pairs contribute -0.9 to -3.4
kcal/mol whilst the contribution of tertiary interactions ranges from -0.3 to -1.5 kcal/mol)
(Schroeder, 2018). This means that experimental data is often required to achieve accurate
predictions of RNA structure. This most commonly entails the use of chemical probes which

can selectively modify RNA.

Chemical probes that will preferentially modify single stranded RNA bases have been
developed since the 1960s (Metz and Brown, 1969). Examples of these reagents include
Dimethyl Sulphate (DMS), 1-Cyclohexyl-3'-(2-Morpholinoethyl) Carbodiimide and 1-Ethyl-3-
(3-Dimethylaminopropyl) Carbodiimide (EDC) (Fig. 5) (Ehresmann et al., 1987) (Wang et al.,
2019). Modified bases terminate reverse transcription. Thus, the position of a modified base
can be determined by performing primer extension assays and then determining the size of
the reverse transcription products (by gel electrophoresis). As the chemical probes used
preferentially modify single stranded nucleotides, those nucleotides that are frequently seen

to be modified can be inferred to be single stranded.
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Figure 5: Modification of RNA by SHAPE reagents, EDC, and DMS.

A number of chemical probes are able to preferentially modify unpaired nucleotides. The
information gained from probing experiments can thus give information on the structure of a
given RNA. Adapted from (Mitchell 11l et al., 2019).

Today the same principles are used in combination with high-throughput sequencing
technologies to probe much longer RNAs and achieve greater depths of information. In
addition, under certain conditions reverse transcriptase’s can be used that will introduce
mutations into the complimentary Deoxyribonucleic Acid (cDNA) at chemically modified bases
(either a mismatch, insertion, or deletion) rather than terminating. These mutations can be
identified when mapping the sequencing reads back to the reference genome. These
Mutational Profiling (MaP) approaches can further increase sequencing depth as they allow

for multiple modifications to be detected per piece of RNA (Smola et al., 2015).

One of the most popular techniques to emerge for probing RNA secondary structure has been
Selective 2' Hydroxyl Acylation analysed by Primer Extension (SHAPE) (Fig. 5) (Wilkinson et

al., 2006). Hydrogen bonds can form between the 2' hydroxyl and 3’ oxygen in the sugar
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phosphate backbone. The greater rigidity of double stranded RNA will stabilise these
interactions. However, in single stranded RNA this hydrogen bonding will be more transient
as the greater flexibility allows the 2' and 3" positions to become separated by greater
distances. When not involved in hydrogen bonding the 2' hydroxyl is more nucleophilic
allowing it to interact with SHAPE reagents. Thus regions of single stranded RNA are more
likely to see high modification frequencies. The most popular SHAPE reagents are currently
2-methylnicotinic acid imidazolide (NAI) and 1-Methyl-7-nitroisatoic anhydride (1M7), due to
their fast reactivity time, ability to cross lipid membranes, and unbiased modification of all 4

bases (Busan et al., 2019).

Regardless of the reagent used structural probing data is used to assign a reactivity value to
each nucleotide in the probed RNA. This is done by comparing the mutation rate of a given
nucleotide in the chemically modified sample to its mutation rate in a control sample, where
the reagent is not added. The reactivity rates have no units and are normalised to arbitrary
values. Normalisation can be performed in a number of different ways, but usually involves
dividing all of the reactivity values in a dataset by the reactivity value of a relatively highly
reactive base in that dataset (Deigan et al., 2009) (Zarringhalam et al., 2012) (Incarnato et al.,
2018). For example, the reactivity values of all bases could be divided by the reactivity value
of the base that is the 90" percentile when bases are ordered by reactivity. This results in the
vast majority of bases having a reactivity value in the range 0 to 2. A low reactivity value
indicates that a particular base is likely to be structurally constrained and a high value indicates

that it is likely to be single stranded.

It is important to note that reactivity values from probing experiments do not give an
unambiguous indication as to whether or not a base is paired, but rather confer probabilistic
information on the likelihood of this being the case. Attempts to quantify this for SHAPE data
suggest that a very low reactivity value (i.e. normalised SHAPE value below 0.1) indicates that
a base is ~5 times more likely to be paired than unpaired whilst a high reactivity value (i.e.

normalised SHAPE value above 1) indicates that a base is ~5 times more likely to be unpaired
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than paired (Sukosd et al., 2013) (Eddy, 2014). This shows that there is substantial overlap in
the reactivity value distributions of paired and unpaired bases. The exact relationship between
reactivity value and the probability of base pairing is likely to vary depending upon the RNA
(e.g. an RNA with lots of bases structurally constrained by non-base pairing interactions would
give lower quality information in SHAPE probing) and the experimental set up (e.g. chemical

probe used) (Kutchko and Laederach, 2017).

The probabilistic relationship between base pairing and reactivity values obtained from
chemical probing experiments means that it is advisable to use reactivity values as ‘soft
constraints’ to RNA structure prediction (as opposed to hard constraints where a lowly reactive
base would be forced to base pair). Deigan et al proposed to incorporate chemical probing
data into structure prediction by applying the reactivity values from SHAPE data as a pseudo-

free energy term to MFE based prediction (Deigan et al., 2009).

Equation 1: AGi=m log(ai+1) + b

In equation 1 AG'i represents the free energy contribution that will be assigned to a particular
base, i, when the prediction program is attempting to determine the structure with the lowest
free energy. The term ai is the relative SHAPE reactivity assigned to a base while m and b are
free parameters. In the original paper by Deigan, values of m = 2.6 and b = 0.8 kcal mol™
were found to give the most accurate structure prediction, based on chemical probing of RNA
structures previously determined by crystallography (Deigan et al., 2009). When using these
default parameters, the equation has the effect of applying an extra —0.8 kcal mol™ to the free
energy contribution of a base pair with a relative reactivity value of O (i.e. the probing data is
in agreement with that residue being base paired). Conversely the program will be
discouraged from predicting structures where bases exhibiting high relative reactivity are base

paired (a relative reactivity value of 2 would lead to +2.1 kcal mol™ being added to the free
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energy contribution of that base pair). In this manner structure prediction was able to be
achieved with ~90% accuracy against structures determined by crystallography (Deigan et al.,

2009).

A number of slightly different approaches have been proposed for integrating SHAPE reactivity
values as pseudo-free energy terms for structure prediction (Zarringhalam et al., 2012)
(Washietl et al., 2012). All claim to increase structure prediction accuracy in comparison to
predictions made without incorporating SHAPE reactivities. However, there is no consensus
that any one of these approaches is superior to the others. This is in part due to the lack of
complete RNA structures that have been determined by X-ray crystallography or Cryo-

Electron Microscopy (Cryo-EM) against which to compare the different folding approaches.

A given RNA can be folded to form many different structures, with the number of possible
structures increasing exponentially with the length of the RNA. This collection of possible
structures is termed the structural ‘ensemble’. By generating the ensemble of possible
structures, along with the free energies of these structures, it is possible to calculate the
partition function for a particular RNA (McCaskill, 1990). The partition function is a
dimensionless figure encoding statistical information on a system in thermodynamic
equilibrium. It, in theory, represents the ratio between the number of particles that will adopt
the most stable structure and the number of particles that will adopt alternative structures, at
a given temperature. Only a limited number of sub-optimal structures, within a certain free
energy range from the lowest free energy structure, are generally considered in this calculation
(Wuchty et al., 1999). Individual structures in an RNA can be assigned pairing probabilities

based on their free energy relative to the partition function (Mathews, 2004).

The partition function also allows the calculation of Shannon entropy — a measure of the
uncertainty associated with the formation of a structure in a given region of an RNA. Shannon
entropy is calculated by determining the probability of a base being paired with its partner
relative to the possibility of it pairing with all of its potential partners (Huynen et al., 1997)

(Siegfried et al., 2014). This means that if a region can form two (or more) structures that have
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similar free energies the region will have high Shannon entropy (note the structure may still
have high pairing probability if these structures have low free energy). This is partly a measure
of uncertainty around the pairing status of a base and partially attempts to address the fact
that an RNA may not form a single stable structure. RNA may exist in an equilibrium, adopting
one or more alternative structures. Dealing with structural ensembles is a particular limitation
of SHAPE experiments, where the reactivity data is averaged out over many copies of an

RNA, which may form different structures.

1.7 Determination of RNA structure by interaction capture

Alternative methods for determining RNA structure seek to directly capture RNA-RNA
interactions by using chemical crosslinking. The most commonly used reagents are
derivatives of psoralen. Psoralen preferentially intercalates into double stranded regions of
RNA where there are adjacent, opposite pyrimidines (with a preference for uracil over
cytosine) (Fig. 6A) (Cimino et al., 1985). Upon exposure to long wave UV radiation, the
interacting RNAs will be crosslinked together through reversible covalent bonds. Multiple
techniques use psoralen derivatives to analyse RNA-RNA interactions including SPLASH
(Sharma et al., 2016), Ligation of Interacting RNA followed by high-throughput sequencing
(LIGR-seq) (Lu et al., 2016), Psoralen Analysis of RNA Interactions and Structures (PARIS)
(Aw et al., 2016), and Crosslinking Of Matched RNAs and Deep Sequencing (COMRADES)

(Ziv et al., 2018).
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Figure 6: Chemical crosslinking for RNA interaction capture

(A) The mechanism by which psoralen crosslinks pyrimidines which are in close proximity due
to RNA-RNA interactions. (B) The structures of different psoralen derivatives used in chemical
crosslinking experiments.

All of the psoralen-based RNA interactions techniques use a very similar methodology. After
crosslinking, the RNA is usually fragmented (either chemically or by nuclease treatment).
Proximity ligation is then performed to join the two interacting RNAs into one single hybrid
strand. The cross-linking can then be reversed by exposure to short wave UV radiation,
removing the psoralen. This leaves hybrid strands, made up of the interacting regions of RNA,

which can be reverse transcribed and used to generate sequencing libraries. By mapping the
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sequencing reads back to the reference genome (at the two different locations), it is possible

to identify the interacting partners.

The psoralen crosslinking techniques differ mostly in the manner in which they enrich for
crosslinked RNA. SPLASH makes use of the biotin tag on the psoralen-Polyethylene Glycol 3
(PEG3)-biotin (commercial name EZIink) (Fig. 6B) molecule to affinity purify the crosslinked
RNA (Sharma et al., 2016). Both PARIS and LIGR-seq use 4'-Aminomethyltrioxsalen (AMT)
for crosslinking and enrich for crosslinked RNA by electrophoresis or use of a single-stranded
specific nuclease (RNAse R) respectively (Aw et al., 2016) (Lu et al., 2016). COMRADES uses
4,5'8-Trimethylpsoralen-4'-methylamino PEG3 Azide (PTAz) for crosslinking. Initial
enrichment for the RNA of interest is performed using biotinylated capture probes. Following
this, a biotin is added to the crosslinked RNA via a click chemistry reaction between the azide
group on the PTAz and a strained alkyne-functionalised biotin derivative, to allow enrichment

of cross-linked RNA (Ziv et al., 2018).

1.8 Thesis objectives

The objectives of this thesis were to investigate the presence and function of RNA structure
in viruses. Chapter 3 seeks to determine the RNA-RNA interactions between the influenza
VRNAs. Extensive, redundant networks are uncovered and their importance in reassortment
is demonstrated. In chapter 4, the intra-segment RNA-RNA interactions in the influenza
genome are investigated. These structures are found to differ greatly between viruses from
different sub-types, though some conserved structures are identified that may provide targets
for future functional studies. In chapter 5, the structure of the influenza NP protein, which coats
the VRNA, is investigated. The first structure of a H3N2 virus NP is presented which shows
high structural conservation with other IAV NPs. Chapter 6 investigates the presence of RNA

structure in the Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) genome.
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A large number of structures are observed that are conserved amongst other coronaviruses

and may provide targets for drug development.
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2. Methods

2.1 Cell culture and determination of viral titres

2.1.1 Cell culture

Madin-Darby Canine Kidney (MDCK) cells were grown in Minimum Essential Medium (MEM)

(Merck) with 10 units/mL penicillin (Gibco), 10 pg/mL streptomycin (Gibco), 2 mM L-glutamine

and 10% Fetal Calf Serum (FCS) (Table. 1). Human Embryonic Kidney 293T (HEK) cells were

grown in Dulbecco’s modified Eagle medium (Merck) with 10% FCS, 10 units/mL penicillin

(Gibco), 10 pg/mL streptomycin (Gibco), and 2 mM I-glutamine. Vero Ccl-81 cells (ATCC)

were grown in Dulbecco’s modified Eagle medium (Merck) with 10% FCS, 10 units/mL

penicillin (Gibco), 10 ug/mL streptomycin (Gibco), and 2 mM I-glutamine. All cell types were

maintained by splitting 1 in 10 approximately every 3 days.

Media name

Ingredients

MDCK growth media

MEM with 10 units/mL penicillin, 10 pg/mL streptomycin, 2 mM L-
glutamine and 10% FCS.

HEK cell media

Dulbecco’s modified Eagle medium with 10% FCS, 10 units/mL

penicillin, 10 pg/mL streptomycin, and 2 mM I-glutamine.

Vero cell media

Dulbecco’s modified Eagle medium with 10% FCS, 10 units/mL
penicillin, 10 pg/mL streptomycin, and 2 mM I-glutamine.

WSN infection media

MEM with 10 units/mL penicillin, 10 pg/mL streptomycin, 2 mM L-
glutamine and 0.5% FCS.

Influenza infection media

MEM with 10 units/mL penicillin, 10 pg/mL streptomycin, 2 mM L-
glutamine and 0.3% BSA.

SARS-CoV-2 infection media

Dulbecco’s modified Eagle medium with 1% FCS, 10 units/mL

penicillin, 10 pg/mL streptomycin, and 2 mM I-glutamine.

Table 1: Cell growth and infection media.
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2.1.2 Influenza virus rescue

Virus rescue was performed using the 8 plasmid bi-directional system (Hoffmann et al., 2002).
The pPOLI plasmids for the 8 genome segments were mixed, with 500 ng added of each
plasmid. Next 8 pL of Lipofectamine 2000 Transfection Reagent (Invitrogen) was added to
242 uL of Opti-MEM (Gibco) and incubated for 5 minutes at room temperature. The plasmid
mixture was then added to the Opti-MEM-Lipofectamine mixture and incubated for a further
20 minutes at room temperature. HEK cells were split and 9 x 10° cells added to one well of a
6 well plate in 1.5 mL of MEM with 2 mM L-glutamine, and 10% FCS. The mixture containing
the plasmids was then added to the cells and incubated for 24 hours at 37°C, before washing
with Phosphate Buffered Saline (PBS) and adding 2 mL of MEM with 2 mM L-glutamine and

0.5% FCS.

After a further 48 hours at 37°C, 10 pL of the media from the cells was taken and added to
70% confluent MDCKSs in a T75 plate, in 10 mL of MEM with 2 mM L-glutamine and 0.5% FCS.
These cells were then incubated at 37°C until the cells displayed signs of infection (usually 48
hours). The media was then harvested and centrifuged at 2000 rpm in a Rotanta 460 R
centrifuge at 4°C for 10 minutes to remove cell debris. The supernatant was then aliquoted as

required and stored at -80°C.

2.1.3 Influenza plaque assay

MDCK cells were seeded on 6 well plates MEM (Merck) with 10 units/mL penicillin (Gibco),
10 pg/mL streptomycin (Gibco), 2 mM L-glutamine and 0.5% FCS. Cells were incubated at
37°C for 24 hours (until monolayer was ~80% confluent). Virus was serially diluted (usually in
10 fold increments) in MEM with 10 units/mL penicillin (Gibco), 10 pg/mL streptomycin (Gibco),

2 mM L-glutamine, and 1% FCS. Cells were washed twice with PBS and then the serially
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diluted virus was added to each well in a volume of 200 pL and left for 1 hour at room
temperature. During incubation the MEM (Merck) with 10 units/mL penicillin (Gibco), 10 pg/mL
streptomycin (Gibco), 2 mM L-glutamine and 0.5% FCS was mixed in a 1:1 volume to volume
ratio with 2% low gelling temperature agarose (dissolved in PBS). Each well of the six-well
plate then had 2 mL of this mixture added as an overlay. The overlay was allowed to set for
15 minutes at room temperature before plates were placed upside down and incubated for 3
days at 37°C. Coomassie blue solution was prepared by dissolving 2 g of Coomassie Brilliant
Blue R-250 (Sigma) in 375 mL water, 75 mL acetic acid, and 500 mL of ethanol. After
incubation the solid overlays were removed using a spatula and 1 mL of Coomassie blue
solution was added to each well. After incubating for 1 hour at room temperature the stain was
removed and wells washed with water. Plaques (non-stained regions in the monolayer) could

then be counted to determine viral titre.

2.1.4 Determination of viral titres for SARS-CoV-2

Plague assays were performed in 24 well plates with 0.5 mL of Vero cells, resuspended in
infection media at 5 x 10° cells/mL, added to each well. The cells were incubated with dilutions
of the virus stocks or purified virus for 2 hours at 37°C. A semi-solid overlay of 0.5 mL of
infection media containing 1.5% carboxymethyl cellulose was then added to each well. After
4 days of incubation at 37°C the overlays were removed and plaques were revealed by

staining with Amido Black.

Focus forming assays were performed as described previously (Skelly et al., 2021). In brief
100 pL of Vero cells, resuspended in infection media at 4.5 x 10° cells/mL, were added to each
well. The cells and diluted virus were incubated together for 2 hours at 37°C, before addition
of 100 pL of semi-solid overlay. After a further 20 hours of incubation at 37°C, overlays were
removed and cells were washed with PBS before being fixed with 4% paraformaldehyde in

PBS for 30 minutes. After fixation cells were washed in 1% ethanolamine in PBS and then
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permeabilised for 30 minutes at 37°C with 2% Triton X100 in PBS. Cells were incubated for 1
hour at room temperature with a primary antibody against the SARS-CoV-2 N protein (EY-2A
from Arthur Huang via Alain Townsend and Jack Tan). Following washes in PBS containing
1% Tween-20, a goat anti-human IgG antibody conjugated to HRP (Sigma A0170-1ML) was
added and infection foci revealed by addition of TrueBlue peroxidase substrate (Insight
Biotechnology Ltd). Following washes with water, foci were counted using an ELISPOT plate

reader.

2.2 Investigating inter-segment RNA-RNA interactions in influenza

2.2.1 Influenza virus production and purification

MDCK cells were gown until 70% confluent. Six T175 flasks per virus were infected at a
multiplicity of infection of 0.01 in MEM containing 2 mM L-glutamine, 0.3% BSA and 0.8 pg/mL
of TPCK-trypsin (Merck). Viruses used for SPLASH experiments were; A/Udorn/307/72
(H3N2) (Udorn), A/Puerto Rico/8/1934 (H1N1) (PR8), A/Wyoming/3/03 (H3N2) (Wyoming),

and reassortants of these strains (provided by Steven Rockman (Seqirus)).

After 48 hours the media was harvested and clarified by centrifugation at 4000 rpm in a
Rotanta 460 R centrifuge at 4°C. This was followed by a further clarification step of 15 min at
10,000 rpm in a SW32 rotor (Beckman Coulter) in an Optima XPN 80K Ultracentrifuge
(Beckman Coulter) at 4°C. The virus was then pelleted through a 30% sucrose cushion for 90
min at 25,000 rpm in an SW32 rotor in a Optima XPN 80K Ultracentrifuge (Beckman Coulter)
at 4°C before being resuspended in NTC buffer (100 mM NacCl, 20 mM Tris-HCI pH 7.4 and 5

mM CacCl,) (480 pL per virus).
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2.2.2 SPLASH of influenza viruses

SPLASH was performed as described previously (Dadonaite et al., 2019). In brief, Digitonin
(Merck) was added to purified virus to a final concentration of 0.01% and EZ-link™ Psoralen-
PEG3-Biotin (Thermo Fisher) to 200 uM. The mixture was irradiated for 45 minutes on the

long wave (365 nm) setting of an Ultra Violet Product™ Handheld UV Lamp (Fisher).

The samples were then subject to Proteinase K (Merck) digestion in PK buffer (0.5% Sodium
Dodecyl Sulphate (SDS), 100 mM Tris-Cl at pH 7.5, 50 mM NaCl, 10 mM
Ethylenediaminetetraacetic Acid (EDTA)) with 0.250 mg/mL Proteinase K. RNA was extracted
using TRI Reagent LS® (Sigma) according to manufacturer’s protocol. RNA was fragmented
using the NEBNext Magnesium RNA fragmentation Module (NEB) with 4 minutes
fragmentation. The samples were purified using the RNA Clean and Concentrator TM-5

(Zymo).

Crosslinked RNA was bound to Hydrophilic Streptavidin Magnetic Beads (NEB) via the biotin
tag on psoralen. 3' cyclic phosphates were removed using 40 units of T4 Polynucleotide
Kinase (NEB) (PNK) at 37°C for 4 hours. 5' phosphates were added using PNK according to
the manufacturer’s instructions. Samples were then washed twice with PNK buffer (NEB) and
proximity ligation performed with 30 units/uL of RNA Ligase 1 (NEB) in RNA ligase 1 buffer

with 10 mM ATP and 2 pL of RNasin. This reaction was incubated for 16 hours at 16°C.

Beads were washed twice in 1 mL of wash buffer (2X saline-sodium citrate (Invitrogen) and
0.5% SDS) before being resuspended in 100 pL of PK buffer. The beads were incubated at
95°C for 10 minutes and then resuspended in 100 pL of Tri Reagent LS. 100 pL of chloroform
was added and samples were centrifuged for 15 minutes at 14,000 x g at 4°C. RNA was
extracted using the RNA Clean and Concentrator TM-5. Samples were eluted in 100 pL of

H.O and irradiated for five minutes in a UVC 500 Crosslinker (Hoefer) (254 nm) to reverse
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crosslinking. RNA was precipitated by addition of 300 pL of 100% ethanol, 10 uL of 3M sodium
acetate and 1 L of 15 mg/mL GlycoBlue™ Coprecipitant (Invitrogen). After storage at -80°C
for >1 hour the samples were centrifuged at 16,000 x g for 30 minutes at 4°C. The pellets were

washed once in 70% ethanol and then resuspended in 8 pL of H20.

Libraries were prepared using the SMARTer smRNA-Seq Kit (Takara). Number of
amplification cycles was determined by performing real time Polymerase Chain Reaction
(gPCR). Samples were separated on 6% TBE gels and fragments of 300-450 bp selected.
The gel was fragmented and incubated for 2 hours at 37°C in 450 uL of elution buffer (1 M
sodium acetate, 1 mM EDTA). Samples were then centrifuged at 16,000 x g in a Costar Spin-
X Column (Corning) and precipitated at -80°C in 1 mL of 100% ethanol with 0.5 uL of
GlycoBlue. Library concentrations were assessed by Qubit and pooled into 2 nM libraries to

sequence 1x150 bp on a NextSeq 500 (lllumina).

2.2.3 SPLASH data analysis

The adaptors were trimmed from sequencing reads using Skewer v0.2.2 (Jiang et al., 2014)
and reads mapped back to the viral genomes using STAR v.2.5.3 (Dobin et al., 2013). Reads
where <20 nucleotides mapped back to each of the viral segments were discarded. Remaining
chimeric reads were deduplicated using CIGAR strings and alignment positions. Chimeric
read coordinates were used to produce an interaction matrix in R using software developed
by David Bauer (Francis Crick Institute). Interaction loci were selected manually and fitted with
Gaussian curves to determine an interaction window. Interaction plots were generated using

the Circlize package v.0.4.5 (Gu et al., 2014) in R v.3.5.1.

Intra-segment interactions were mapped and visualised using (currently unpublished)
software made by Anob Chakrabarti (Francis Crick Institute). The software uses pblat (Wang

and Kong, 2019) with step size of 5, tile size of 11, and minimum score of 15 to align reads to
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the reference genome. To ensure reads with high confidence alignments are used in further
analysis, reads with e-values < 0.001 are then removed. Any solutions were both alignments

overlap on the reference genome are removed (to filter out non-hybrid reads).

2.3 Investigating intra-segment RNA-RNA interactions in influenza

2.3.1 Chemical probing of influenza viruses

PR8, WSN, Wyoming, and reassortant viruses were grown and purified in the same manner
as for SPLASH (section 2.2.1). The same viruses were used with the addition of A/WSN/33
(HIN1) (WSN). Two T175 flasks of cells were infected for each virus with the exception of
Wyoming where 4 flasks were used. After purification viral pellets were resuspended in 160
pL of NTC. The virus was split into two 80 pL aliquots and 8.8 uL of 100 mM 1M7 (Tocris) or
DMSO was added to each. Samples were incubated at 37°C for 90 seconds. Following this
samples were subject to proteinase K digestion by adding 1.8 pL of proteinase K, 2.8 uL of
20% SDS, 2.2 uL of 0.5 M EDTA, and 10 pL of proteinase K buffer and incubating at 37°C for
30 minutes. Samples were then subject to Trizol LS (Ambion) extraction according to the

manufacturer’s instructions.

WSN was grown in media that contained 0.5% FCS, but not TPCK-trypsin or BSA. For WSN
six T175 flasks were used to produce virus. Following purification viral pellet was resuspended
in a volume of 400 L. The resuspended virus was split into 4 aliquots and 25 pL of 1M bicine
added to each. Each aliquot then had either 14 L of 100 mM 1M7, 14 uL of DMSO, 1.67 uL
of 10.67 M DMS, or 2 uL of 5.65 M EDC. DMS and EDC samples were incubated for 5 minutes
at 37°C while 1IM7 and DMSO samples were incubated at 37°C for 90 seconds. The DMS
reaction then had 67.6 uL of 1 M bicine and 23.6 uL of 1 M Dithiothreitol (DTT) to quench the
reaction. The 1IM7 and DMSO samples had 79 pL of NTC added to them. The EDC reaction

had 11.8 pL of 1 M DTT, was incubated for a further 5 minutes at 37°C, and then 79.2 pL of
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NTC was added. All reactions were then subject to proteinase K digestion by adding 4.6 L of
0.5 M EDTA, 2.3 uL of 19.5 mg/mL proteinase K, and 5.75 pL of 20% SDS. After incubating
for 40 minutes at 37°C samples were subject to TRI Reagent LS® (Sigma) extraction

according to the manufacturer’s instructions.

2.3.2 Reverse transcription and library preparation

All samples were diluted such that 150 ng of RNA was present in 8.65 L of water. A volume
of 3.35 L of a nonamer/dNTP mix (20 uM random ninemer primer and 30 mM dNTP mix) was
added to each sample and they were then incubated at 65°C for 10 minutes and then 4°C for
2 minutes. Next 7 pL of betaMAP buffer (0.14 M Tris pH 8.0, 0.21 M KClI, 0.03 M DTT, 2.9 M
betaine, 17 mM MnCl;, and 0.03 M DTT) was added to each reaction and samples incubated
at 23°C for 2 minutes. Then 1 pL of SuperScript Il reverse transcriptase was added to the
reaction mixture and incubated at 23°C for 2 minutes. Following this the samples were placed
in a PCR machine and incubated for 10 minutes at 25°C and then 42°C for 90 minutes. This
was followed by 10 cycles of 50°C for 2 minutes then 42°C for 2 minutes. Finally reactions

were inactivated by incubating at 72°C for 2 minutes.

DNA was purified using 2.2 times the reverse transcription reaction volume (44 pL) of
Agencourt RNAClean XP Beads according to the manufacturer’s protocol. Samples were
eluted in 34 uL of water. Second strand synthesis was performed by adding 4 pL of Second
Strand Synthesis Buffer (NEB) and 2 pL of Second Strand synthesis Enzyme Mix (NEB) to
each sample and incubating at 16°C for 2 hours. DNA was purified using PureLink™ PCR
Micro Elution Columns according to manufacturer’s instructions. Samples were eluted in 15
pL of TE buffer (10 mM Tris pH 8.0, 1 mM EDTA) and RNA concentration determined by Qubit.
Sequencing adaptors were added and libraries amplified using the NEBNext® Ultra™ |l FS
DNA Library Prep Kit for lllumina according to the manufacture’s guidelines. Between 4 and 7

cycles of amplification were used depending on the amount of input DNA. Library clean-up
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was performed using Ampure XP beads (Beckman). A 0.9X volume (22.5 uL) of Ampure
beads was added to each sample and incubated at room temperature for 5 minutes. Beads
were captured with a magnetic stand and washed in 80% ethanol. After ethanol was removed
sample was eluted from the beads by addition of 15 uL of buffer TE. The libraries were pooled

to a final concentration of 1.8 pM and sequenced 1 X 150 on a NextSeq 500 System (llumina).

2.3.3 Data analysis and presentation

Data analysis was performed using RNA Framework software (Incarnato et al., 2018) with
assistance from George Young (Francis Crick Institute). Reads were mapped to the genome
using the rf-map module of RNA Framework. This module uses Cutadapt (Martin, 2011) to
trim the sequencing adaptors from reads and bowtie2 (Langmead and Salzberg, 2012) to map
the reads to the reference genome. The parameters used for Cutadapt were as default except:
-m 25 (reads were only kept if there were at least 25 bases left after trimming) and -q 20,20
(trims bases below this quality from reads before adaptor trimming). The parameters used for
bowtie2 were ‘--very-sensitive-local’ with the addition of: --mp 3,1 (reduced the mapping quality
penalty for individual bases not aligning to reference genome) and --rdg 5,1 (reduced the
minimum, but not maximum, mapping quality penalty for gaps). The rf-count module was then
used to calculate mutations per base. Default parameters were used except for: --min-quality
20 (minimum mapping quality was increased to 20), --eval-surrounding (also considers the
guality of adjacent bases when assessing the quality of a mutation), --collapse-consecutive
(collapses mutations to the 3' most mutation), --max-collapse-distance 6 (increased the
maximum distance allowed between mutations that will be collapsed), and --right-deletion

(considers only the 3' most base in a deletion as mutated).

The rf-norm module of RNA framework was used for normalisation of reactivity values. The
Siegfried scoring method was use in which the raw reactivity rate of each base is calculated

from its mutation rate in the 1M7 treated sample, relative to its mutation rate in the untreated
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sample (Siegfried et al., 2014). The 2-8% normalisation method was used in which the raw
reactivity data is normalised by taking the average of the top 90-98% of reactivity values and
dividing all reactivity values by this number. The EDC and DMS samples used the ‘--norm-
independent parameter’ so that normalisation was performed individually for the 4 different
nucleotides. The rf-fold module of RNA Framework was used for structure prediction and
generation of graphics. Folding was performed using ViennaRNA (Lorenz et al., 2011).
Parameters were default except: --maximum-distance 150 (maximum allowed pairing distance
was 150), --pseudoknots (allows pseudoknot prediction), --pseudoknot-window 400 (the
folding window used when searching for pseudoknots, --pseudoknot-offset 100 (how far the
window moves in each iteration when searching for pseudoknots), and --no-lonely-pairs
(doesn’t allow formation of single base pairs). Additional graphics showing interactions were
generated using Integrative Genomics Viewer (Thorvaldsdoéttir et al., 2013) and 2D RNA
structure were generated using the online tool forna, which is part of the ViennaRNA online
suite of tools (Gruber et al, 2015). Full data available online at

https://figshare.com/s/6444d82a7bab5f8cbb74.

2.4 Investigating RNA structure in SARS-CoV-2

2.4.1 SARS-CoV-2 virus growth and purification

Vero Ccl-81 cells (ATCC) were grown in Dulbecco’s modified Eagle medium (Merck) with 10%
FCS, 10 units/mL penicillin (Gibco), 10 pg/mL streptomycin (Gibco), and 2 mM I-glutamine.
Vero Cells were infected at 80% confluency with passage 3 SARS-CoV-2 England/02/2020 at
an MOI of 0.03. For infection the same growth media was used, except that it contained only
1% FCS. After 72 hours, the media was removed and clarified by centrifugation at 4000 g for
10 minutes. Following this the virus was purified either by PEG precipitation or by

centrifugation through a sucrose cushion.
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The PEG Virus Precipitation Kit (Abcam) was used according to the manufacturer’s
instructions, with the virus left to precipitate overnight at 4°C. For sucrose cushion purification
the clarified media was layered onto a cushion containing 10% sucrose in MSE buffer (10 mM
MOPS, pH 6.8, 150 mM NacCl, and 1 mM EDTA) and subject to centrifugation at 10,000 x g
for 4 hours at 4°C. Following this, the media was carefully removed, followed by the sucrose

cushion. The virus pellet was then left to resuspend overnight at 4°C in MSE buffer.

2.4.2 Chemical probing of SARS-CoV-2

For each in virio repeat one T75 flask of Vero cells was infected and subject to purification by
centrifugation through a sucrose cushion or PEG precipitation, as described in section 2.4.
Virus was resuspended in 100 pL of MSE buffer and 25 pL of 1 M bicine, pH 8.0, was added.
The sample was then added to a tube containing: 16.8 pL of 100 mM 1M7, 2 uL of DMS, or
16.8 pL of DMSO (for negative controls). The 1M7 and DMSO samples were incubated at
37°C for 90 seconds. DMS samples were incubated at 37°C for either 90 seconds or 5 minutes
before addition of 81.1 pL of 1 M Bicine and 28.3 yL of 1M DTT. All samples were then
subjected to Proteinase K digestion. EDTA was added to a final concentration of 1 mM, SDS
to 0.5%, and proteinase K to 0.3 mg/mL. Samples were incubated at 37°C for 30 minutes
before RNA was extracted using TRl Reagent LS® (Sigma) according to manufacturer’s
protocol. Reverse transcription and library preparation were performed as described in section
2.3.2. Analysis of data was performed as in section 2.4.3. The exception to this is that a
windowed approach to folding was adopted when using the rf-fold module of RNA Framework.
Max distance pairing distance was set to 500, folding window 3,000, fold offset 300, window
trim 200, partition window 1,500, and partition offset 250. Full data available online at

https://figshare.com/s/6444d82a7bab5f8cbb74.
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2.4.3 SPLASH of SARS-CoV-2

For each in virio repeat two T75 flasks of Vero cells were infected and subject to purification
by centrifugation through a sucrose cushion, as described in section 2.4.1. Virus was
resuspended in 100 pL of MSE buffer and 25 pL of 1 M bicine was added. Resuspended virus
(volume of 125 pL) was added to 14 pL aliquots of 1 mg/mL PTAz (Berry & Associates, Inc).
The sample was then placed on a 4°C block in a Stratalinker 1800 UV Crosslinker (Stratagene)
and subject to irradiation for 10 minutes at a wavelength of 365 nm. The sample was then
subject to Proteinase K digestion, RNA extraction and size selection as described in section
2.4.3. The RNA was then fragmented using the NEBNext Magnesium RNA fragmentation
module (NEB) as described in section 2.2.2. Biotin then needed to be added to the PTAz by
click chemistry in order to allow subsequent enrichment of the crosslinked RNAs. Each 30 L
RNA sample had 7.6 pL of 10 mM Sulfo-Dibenzylcyclooctyne-Biotin, 2 uL of RNasin, and 0.4
pL of Tris pH 7.5 added to it. Samples were then incubated for 90 minutes at 37°C. To each
40 pL reaction, 200 uL of RNAClean XP beads and 288 L of isopropanol were then added.
Samples were incubated at room temperature for 8 minutes. Supernatant was removed and
beads washed 3 times with 70% ethanol. RNA was recovered in 100 pL of water. Click reaction
was performed by David Bauer (Francis Crick Institute). Enrichment of crosslinked RNA and
sequencing library preparation was performed as described in section 2.2.2. Data analysis
and presentation was performed as described in section 2.2.3 using software written by Anob

Chakrabarti (Francis Crick Institute).

2.5 Structural studies on NP

2.5.1 Cloning of NP expression constructs

The A/Northern Territory/60/1968 (H3N2) (NT60) NP and NT60 R416A NP sequences were

amplified from the corresponding pFL-TAP-NP vectors (Turrell, 2015), with sequence
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optimised for expression in Spodoptera frugiperda. The amplification was performed with
primers containing overhangs (Table. 2), adding BamHI and EcoRl restriction sites to the ends
of the NP sequence. The PCR reaction contained 0.25 pL of Q5 DNA polymerase (NEB), 5
pL of 5X Q5 DNA polymerase buffer (NEB), 0.5 pL of 10 mM dNTPs, 1.25 uL of the 10 uM
forward primer GGATCCATGGCTTCCCAGGGTAC, 1.25 pL of the 10 pM reverse primer
GAATTCTTAGTTGTCGTATTCCTCAGC, 0.2 uL of the template, and 16.25 uL of water. The
following PCR conditions were used: 98°C for 30 seconds, then 30 cycles of 98°C for 10
seconds, 55°C for 30 seconds, 72°C for 90 seconds, and then finally 72°C for 5 minutes.
Fragments were run on a 1% agarose gel and the band of the expected size extracted and

purified using the QIAquick gel extraction kit (Qiagen).

Source organism A/Northern Territory/60/1968 (H3N2) influenza virus
DNA source pFL-TAP-NP or pFL-TAP-NP R416A

Forward primer [GGATCCJ*ATGGCTTCCCAGGGTAC

Reverse primer [GAATTCP’TTAGTTGTCGTATTCCTCAGC
Expression vector pGEX-6P-1

Expression host E. coli BL21 (DE3) cells

[GPLGS]*MASQGTKRSYEQMETDGERQNATEIRASVGKMIDGI
GRFYIQMCTELKLSDYEGRLIQNSLTIERMVLSAFDERRNKYLE
EHPSAGKDPKKTGGPIYKRVDGKWMRELVLYDKGEIRRIWRQ
ANNGDDATAGLTHMMIWHSNLNDTTYQRTRALVRTGMDPRM
Complete amino acid  CSLMQGSTLPRRSGAAGAAVKGVGTMVMELIRMIKRGINDRN
FWRGENGRKTRSAYERMCNILKGKFQTAAQRAMMDQVRESR
NPGNAEIEDLIFLARSALILRGSVAHKSCLPACVYGPAVASGYD
construct produced FEKEGYSLVGIDPFKLLQNSQVYSLIRPNENPAHKSQLVWMAC
NSAAFEDLRVLSFIRGTKVSPRGKLSTRGVQIASNENMDAMES
STLELRSRYWAIRTRSGGNTNQQRASAGQISVQPAFSVQANL
PFDKPTIMAAFTGNTEGRTSDMRAEIIRMMEGAKPEEMSFQG
RGVFELSDEKAANPIVPSFDMSNEGSYFFGDNAEEYDN

sequence of the

! BamHI restriction site. 2 EcoRl restriction site. ° Residues retained after cleavage that are not part of NP sequence.

Table 2: Cloning and expression of the NT60 NP.
Adapted from (Knight et al., 2021).
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The extracted fragment was ligated into the pGEX-6P-1 expression vector. This vector allows
expression of proteins with a cleavable Glutathione S-Transferase tag on the N-terminus. Both
fragment and vector were digested with EcoRI and BamHI in SURE/Cut Buffer B (Roche) for
2 hours at 37°C, followed by 15 minutes at 65°C to heat inactivate the enzymes. The fragment
and vector were ligated together using the Quick-Stick ligase (Bioline) according to the
manufacturer’s instructions with a 3:1 insert to vector ratio. After incubating for 15 minutes at
room temperature, the ligation mixture was added to competent DH5a cells and incubated at
room temperature for 2 minutes, before plating onto ampicillin (100 pg/mL) agar plates and
incubating overnight at 37°C. Colonies were picked and grown overnight at 37°C in Lysogeny
Broth (LB) containing 100 pg/mL ampicillin. The QlAprep Spin Miniprep kit (Qiagen) was used
to extract the plasmids. Constructs were confirmed by sequencing and transformed into
Escherichia coli BL21 (DES3) cells. For the transformation, the cells were thawed on ice for 30
minutes and 1 pL of plasmid was then added to 50 pL of cells. After incubating for 2 minutes
on ice the cells were incubated at 37°C for 45 seconds and then returned to ice for 5 minutes.
The cells were then mixed with 250 pL of LB containing 100 pg/mL ampicillin and incubated
at 37°C for 1 hour before being plated onto ampicillin agar plates and incubating overnight at
37°C. Colonies were picked and grown in LB ampicillin overnight at 37°C. A 50% glycerol was

stock then made with this culture and stored at -80°C to expand for expression as required.

2.5.2 Expression and purification of NP

Starter cultures were grown by inoculating 10 mL of LB, containing 100 pg/mL ampicillin, with
bacteria from the glycerol stock and incubating overnight at 37°C. The starter culture was used
to inoculate 2 L of LB ampicillin media, at a 1:100 ratio. The culture was grown at 37°C until
an ODeoo of 0.6 was achieved. Isopropyl B-d-1-thiogalactopyranoside was added to a

concentration of 1 mM to induce protein expression. The NT60 NP expressing bacteria were
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incubated for 3 hours at 37°C and the NT60 R416A NP and NT60 E339A NP expressing

bacteria overnight at 18°C.

The bacterial culture was then centrifuged at 4,000 g for 15 minutes at 4°C. Pellets were
resuspended in 25 mL of Wash Buffer (50 mM HEPES-NaOH, pH 7.5, 500 mM NaCl, 10%
(v/v) glycerol, and 0.05% (w/v) Octyl 3-D-1-thioglucopyranoside (OTG)). The Wash buffer was
supplemented with 50 pL of 1 M DTT, 2.5 mg of RNase A, one SIGMAFAST protease inhibitor
tablet (Sigma), 10 uL of 250 units/ uL Benzonase Nuclease (Sigma), and 35 mg of lysozyme.
The mixture was left to rotate at room temperature for 15 minutes prior to sonication and then
centrifugation at 35,000 g for 45 minutes at 4°C. Per each original 2 L of culture, 1 mL of
Glutathione Sepharose 4B beads (GE Healthcare) were added to the clarified supernatant
and incubated at 4°C for 3 hours, with gentle rotation. The mixture was subject to
centrifugation at 2,000 g at 4°C for 3 minutes. The supernatant was removed and 20 mL of
High Salt Wash Buffer (50 mM HEPES-NaOH, pH 7.5, 1.5 M NacCl, 10% (v/v) glycerol, and
0.05% (w/v) OTG) was added to the beads. In the case where NP was left bound to
endogenous nucleic acid from the expression host, these washes were instead performed with
Wash Buffer (not high salt). The beads were incubated at 4°C for 10 minutes with gentle
rotation and then centrifuged at 2,000 g at 4°C for 3 minutes again. This wash process was
repeated 5 times before performing an additional wash with Wash Buffer (not high salt)
containing 5 mM DTT. After the final wash, the beads were resuspended in 10 mL of Wash
Buffer supplemented with 5 mM DTT, 0.2 mg of HRV 3C protease, and 5 uL of Benzonase

Nuclease and incubated overnight at 4°C with gentle rotation.

Beads were pelleted at 2,000 g for 5 minutes at 4°C. The supernatant was removed and further
clarified by centrifugation at 2,000 g for 5 minutes at 4°C. The resulting supernatant was then
transferred to a 30 KDa Millipore Protein Concentrator (Merck) and centrifuged at 3,600 g at
4°C until a volume of ~ 0.5 mL was reached. The concentrated protein was then loaded onto
a Superdex 200 Increase 10/300 GL column (GE Healthcare) equilibrated with a buffer

containing 25 mM HEPES-NaOH, pH 7.5, and 150 mM NaCl. The flow through was collected
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in 0.5 mL fractions. The fractions containing NP were pooled and concentrated in a 30 KDa
Millipore Protein Concentrator. A fraction of the sample was subject to SDS-polyacrylamide
gel electrophoresis with Coomassie blue staining to confirm its identity. The protein was either

stored at 4°C for use the same day or frozen in liquid nitrogen and stored at -80°C.

2.5.3 Assessment of nucleic acid binding properties of the R416A NP

The R416A NP was incubated at room temperature for 10 minutes in a 1:1 molar ratio with a
5 (5-AGUAG-3') or 14 (5-CCUCUGCUUCUGCU-3") nucleotide long RNA (buffer 25 mM
HEPES-NaOH, pH 7.5, and 150 mM NaCl). The mixture was then loaded onto a Superdex
200 Increase 10/300 GL column for Size Exclusion Chromatography (SEC), as described in
section 1.2. The 260/280 ratio of the NP containing fraction was assessed to determine if the
RNA had remained associated with NP. To assess DNA binding, the R416A NP was also

mixed in a 4:1 molar ratio with a 100 nucleotide-DNA and subject to SEC.

A ThermoFluor assay (Walter et al., 2012) was performed on the R416A NP either alone, or
with a G nucleotide, a 5-AG-3’ dinucleotide, an 8-nucleotide RNA 5-UAUGAGGC-3', a 12-
nucleotide RNA 5-AAAAAAAAAAAA-3', or a 14-nucleotide RNA 5-GUAUAUGAGGCCCA-3'.
The assay was performed with each condition in triplicate using an Mx3005P gPCR System
(Agilent). An ‘expanding sawtooth’ method was used, with the sample heated gradually from
25°C to 95°C with 30 second stops at each new temperature before briefly returning to 25°C
to measure fluorescence (temperature can affect fluorescence in a manner unrelated to
protein unfolding). The excitation and emission filters were set to 492 and 585 nm respectively.
The assay was performed in a 96 well PCR plate with a reaction volume of 40 uL in a buffer
containing 25 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, and a 1 in 100 dilution of SYPRO
Orange (Invitrogen). The R416A NP was added at a concentration of 1.34 pM and RNA at a

concentration of 20 uM. The data was analysed using the JTSA webserver (Bond, 2017). The

48



melt temperature was determined from the melt curve as the temperature at which 50% of

maximum fluorescence was achieved (after subtracting base line fluorescence).

2.5.5 Crystallography

Crystallisation trials were set up using the vapour diffusion method, with the NT60 R416A NP
at 10 mg/mL or the NT60 NP at 7 mg/mL. A wide range of conditions were screened including
standard commercially available screens and fine screens around conditions that were found
to form crystals. Crystallisation trials were performed both at room temperature and 4°C. Trials
were performed with the NT60 NP alone or in the presence of: a G nucleotide, a 5-AG-3’
dinucleotide, a 5-nucleotide RNA 5'-AGUAG-3', an 8-nucleotide RNA 5-UAUGAGGC-3', a 12-
nucleotide RNA 5-AAAAAAAAAAAA-3', a 14-nucleotide RNA 5-GUAUAUGAGGCCCA-3', or
a l14-nucleotide DNA 5-GTATATGAGGCCCA-3' The details of the best diffracting crystals

formed in the absence or presence of RNA are detailed in Table 3.
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Crystal form

P1-2:-1

C2-2-21

Method
Plate type
Temperature (K)

Protein

concentration

Buffer composition

of protein solution

Composition of

reservoir solution

Volume and ratio of

drop

Volume of reservoir

Vapour diffusion
Swissci 3-drop
293

10 mg/mL

25 mM HEPES-NaOH, pH 7.5, and
150 mM NacCl

10% w/v PEG 8000, 20% v/v
ethylene glycol, 0.02 M of each
alcohol (1,6-hexanediol, 0.2 M 1-
butanol, 0.2 M (RS)-1,2-propanediol,
0.2 M 2-propanol, 0.2 M 1,4-
butanediol, 0.2 M 1,3-propanediol),
0.1 M MES/imidazole pH 6.5.

200 nL (1:1)

30 uL

Vapour diffusion
Swissci 3-drop
277

10 mg/mL

25 mM HEPES-NA, pH 7.5,
and 150 mM NacCl

0.7 M tri-Sodium Citrate,
0.1 M bis-Tris Propane pH
7.0, 1.7 M excess of 14-

nucleotide DNA (5'-
GTATATGAGGCCCA-3)).

200 nL (1:1)

30 uL

Table 3: Summary of the crystallisation conditions.
Adapted from (Knight et al., 2021).

Data sets were collected at the Diamond light source, Didcot, UK, from cryo-cooled crystals.
The data was collected in 0.1° degree increments with a full 360° rotation, at a temperature of
100 K. The exact collection parameters for the best diffracting crystals in the absence or
presence of nucleic acid are detailed in Table 4. Processing was performed using autoPROC
(Vonrhein et al., 2011), with an anisotropic cut-off applied using STARANISO (Tickle et al.,

2018).
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Crystal form P1-2:-1 C2-2-21

Diffraction source DLS-124 DLS-103
Wavelength (A) 0.9686 0.9763
Temperature (K) 100 100

Detector Dectris Pilatus 6M Eiger2 XE 16M
Rotation range per image (°) 0.1 0.1

Total rotation range (°) 360 360

Exposure time per image (s) 0.005 0.003

Table 4: Crystallography data collection parameters.
Adapted from (Knight et al., 2021).

Initial assessment of data quality was performed using phenix xtriage (Zwart et al., 2005).
Structures were solved by molecular replacement with the WSN R416A NP model (PDB ID
3ZDP) (Chenavas et al., 2013) using PHASER (McCoy et al.,, 2007). Refinement of the
structure was then performed using phenix.refine (Afonine et al., 2012). Refinement
strategies: ‘XYZ (reciprocal space)’, ‘XYZ (real-space), ‘rigid body’, ‘individual B-factors’, and
‘occupancies’ were selected with three cycles of refinement. The additional options ‘optimise
X-ray/stereochemistry weight’ and ‘optimise X-ray/ADP weight’ were selected, but otherwise
default parameters were used. Manual adjustments to the refined model were then made in
Coot (Emsley et al., 2010) to correct for atom clashes, Ramachandran outliers, and missing
atoms. In the C 2 2 2; space group twinning was detected with a significant twin fraction of
0.23, thus during refinement the twin law 1/2*h-1/2*k,-3/2*h-1/2*k,-| was used. The quality of
the models produced was assessed using MolProbity (Williams et al., 2018a) to guide further
iterative rounds of refinement using phenix.refine and Coot. Structural figures were made

using chimera X (Goddard et al., 2018).
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2.5.6 Cryo-EM

The purified NT60 R416A NP was mixed in a 3:1 molar ratio with a 47-nucleotide RNA ('5-
AGUAGAAACAAGGGUAUUUUUCUUUACUAGUCUACCCUGCUUUUGCU-3) orina 3:1 or
4:1 molar ratio with a 100-nucleotide DNA. The NP was at a concentration of 0.5 mg/mL in a
buffer containing 25 mM HEPES-NaOH, pH 7.5 and 150 mM NacCl. The sample was incubated
on ice for 45 minutes before being applied to a SEC column and purified as described in
section 2.5.2. The purified NT60 NP was mixed in 3:1 molar ratios with a 105-nucleotide DNA
(5-
TCGAGATCTTCCACCACCTGGGCATCGTCGTCGTATTCCTCTTCGTCCTCATCTTCCTC
TTCATCATCCAGTCCTTCCACATATCCTTCGGCGTCGCTGTCGGGG-3') in  a buffer
containing 25 mM HEPES-NaOH, pH 7.5 and either 150 mM or 300 mM NacCl. For all samples

a series of 3 serial 50% dilutions were made and all were used to make grids.

Cryo-EM was performed at the Oxford Particle Imaging Centre (University of Oxford) by either
Jeremy Keown or Loic Carrique (both University of Oxford). Samples were applied to glow
discharged copper Quantifoil R2/1 200 mesh grids. A Vitrobot mark 1V (FEI) was used to blot
the grids for 3.5 seconds and then flash freeze them by plunging them into liquid ethane. Grids
were screened on a Glacios (Thermofisher scientific) microscope operating at 200 kV and
equipped with a Falcon 3 camera. EPU version 2.10 was used to control the microscope. For
grids that were of a sufficiently high quality, a Titan-Krios operating at 300 kV equipped with a

K2 Summit (Gatan) camera and a GIF Quantum energy filter was used for data collection.

Data were motion corrected and the Contrast Transfer Function (CTF) estimated using patch
motion correction and patch CTF estimation, respectively. Particles were picked using the
cryoSPARC (Punjani et al., 2017) blob picker to generate a set of particles for initial 2D
classification. These 2D classes were then used for subsequent template picking again in
cryoSPARC. From the template picking further 2D classification was used to remove bad

particles. For 3D reconstructions particles from the desired classes were submitted to ab initio
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model generation (to generate a starting model) followed by heterogeneous refinement (to
sort particles into their most optimal 3D class). Where appropriate, non-uniform refinement

was used to for refinement of promising 3D reconstructions from heterogeneous refinement.
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3. Intersegment RNA-RNA interactions in the
influenza genome

3.1 Chapter Summary

¢ Interactions between the eight influenza VRNAs are believed to facilitate their
assembly for packaging.

e These interactions are captured in virio using SPLASH, revealing extensive redundant
networks of inter-segment RNA-RNA interactions.

¢ Reassortant viruses are found to have interaction networks that are mostly derived
from their parental strains.

e It is demonstrated that targeted mutations can generate new inter-segment
interactions that can affect reassortment.

e This work has potential use in vaccine generation where reassortant viruses are
produced containing the antigenic segments from the predicted seasonal strain.

3.2 Introduction

The influenza virus utilises a selective genome packaging mechanism that reduces the
production of non-infectious virus particles (discussed in section 1.3). This is suggested to be
mediated in part by inter-segment RNA-RNA interactions that encourage the formation of
complexes containing the 8 different influenza genome segments (i.e. without duplicate or
missing segments). These interactions were recently mapped on a genome wide scale for the
first time by Dadonaite et al (Dadonaite et al., 2019), showing the presence of extensive

networks of RNA-RNA interactions between the VRNAS.

SPLASH is a chemical crosslinking method used to identify RNA-RNA interactions (Fig. 7).
Biotinylated psoralen is added to a sample (e.g. a virus) where it will intercalate into double

stranded regions of RNA. Upon exposure to long wave UV radiation (365 nm), the psoralen
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will crosslink the interacting RNAs together. The RNA is subsequently purified and
fragmented. The psoralen crosslinked strands are then captured using streptavidin coated
beads and proximity ligation is performed. This generates hybrid strands from the interacting
segments of RNA. The psoralen is removed by exposure to short wave UV radiation (254 nm)
which reverses the crosslinking. The hybrid RNA segment is then prepared for sequencing by
addition of adaptors, reverse transcription, and amplification. The sequencing reads are
mapped back to the reference genome. As the reads are hybrids, the read should map to two

different regions (or segments) of the genome, indicating the presence of an interaction.
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1. Purify virus 2. Cross-link interacting RNAs 3. Fragment and enrich
with psoralen in virio for cross-linked RNA
4. Perform proximity 5. Reverse psoralen 6. Add adapters, PCR
ligation crosslink amplify and sequence

Figure 7: The process of performing SPLASH on an influenza virus.

1. Influenza virions are purified through a sucrose cushion and psoralen is added. 2. The
psoralen intercalates into double stranded regions of RNA which can then be crosslinked
together upon exposure to long wave UV radiation (365 nm). 3. The viral RNA is purified,
fragmented, and then captured by making use of a biotin tag on the psoralen. 4. Proximity
ligation is performed on the captured crosslinked RNAs to generate hybrid strands. 5. The
RNA is exposed to short wave UV radiation (254 nm) to reverse the psoralen crosslinks. 6.
The RNA is reverse transcribed and sequencing libraries are generated. Adapted from
(Dadonaite et al., 2019).

55



Interactions between the influenza genome segments that mediate their bundling are also
likely to be important to the process of reassortment. If two segments lack regions of sequence
complementarity that facilitate the formation of RNA-RNA interactions between them, it may
reduce the likelihood of them being packaged into the same viral particle. This may contribute
to the large variance observed in reassortment rates, with more closely related strains
reassorting more efficiently than those that are more distantly related (Villa and Lassig, 2017)
(Gerber et al., 2014). Greater understanding of reassortment is required to aid in predicting
the emergence of pandemic strains and because reassortment is required for the production

of the seasonal influenza vaccine (Fulvini et al., 2011).

The aim of this chapter was to improve understanding of the structure and assembly of the
influenza genome, both generally and in the context of reassortment. SPLASH was used to
map the RNA-RNA interaction networks in reassortant viruses and their parent strains. In
addition, targeted mutations were used to generate new interactions that influence

reassortment.

3.3 Results

3.3.1 RNA-RNA interactions in the PR8 genome

To investigate the RNA-RNA interaction networks present in IAVs, SPLASH was first
performed on the PR8 (H1N1) virus. Unique sequencing reads were mapped back to the PR8
genome, to produce interaction matrixes for each segment with each of its potential partners
(i.e. the other 7 segments). The matrices were used to manually select interaction loci, which
could be identified as regions of overlapping reads (Fig. 8A). A Gaussian curve was fitted to
each locus based on read count, with its ‘full width at half maximum’ used to define an
interaction window. The number of unique reads falling within the interaction window was used

to define the ‘intensity’ of the interaction. The IntaRNA tool (Busch et al., 2008) was used to
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predict the highest probability structure within the interaction window. A full table of interaction
loci for all SPLASH datasets can be found online at

https://figshare.com/s/6444d82a7bab5f8cbb74.
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Figure 8: The inter-segment interactions of the PR8 virus

(A) The identification of interaction loci from SPLASH data. The unique sequencing reads are
mapped to a grid in which the X and Y axis are the genome co-ordinates of two of the vRNA
segments. Interactions can be identified manually as regions that display a large number of
overlapping reads. The loci are then picked (region shown in green box) by fitting a Gaussian
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distribution to the data. (B) A chart showing that the interactions identified by SPLASH have
significantly lower free energy than the interactions formed when the same sequences are
randomly permutated to have different partners. Centre line shows the median values, box
edges the upper and lower quartiles, and the whiskers the range. P = <10™* Wilcoxon
matched-pairs signed rank test. (C) Inter-segment RNA-RNA interaction map for the PR8 virus
determined by SPLASH. The 8 influenza genome segments are arranged around the outside
of the plot with connecting lines showing the location of interactions. The darker the blue line,
the higher intensity the interaction. The 20 highest intensity interactions are displayed.

An extensive network of RNA-RNA interactions was identified connecting the PR8 genomic
segments. A total of 600 discrete interaction loci were identified, 177 of which have more than
50 unigue reads mapping to them. The interactions vary greatly in intensity, with the top 3%
of interactions in the dataset accounting for 26% of the total mapped reads. When the AG of
the observed interactions (mean -26.44 kcal/mol) is compared to a randomly shuffled data set
of the identified interactions sites (mean -19.39 kcal/mol), the AG for the observed interactions
is significantly lower than for the randomly permutated dataset (P <10*° Wilcoxon matched-
pairs signed rank test), indicating that the interactions are not observed due to random chance
(Fig. 8B). The predicted AG of an interaction does not correlate with the intensity order of the
interactions (R = 0.114 with P value of 0.134, Spearman correlation), suggesting that the free

energy of an interaction is not the determining factor of its intensity.

The interactions are dispersed across the length of the vRNAs and are not limited to non-
coding or terminal regions (Fig. 8C). Some regions are seen to form interactions with multiple
partners. This, along with the large number of possible interactions identified, suggests that
there is redundancy in the interaction network and that there are multiple ways in which the

influenza genome can be bundled, even for the same strain.

A separate isolate of PR8 (henceforth referred to as PR8B), with sequence identity >99%, had
previously been subject to SPLASH (Dadonaite et al., 2019). Of the 20 highest intensity
interactions in the PR8 dataset (i.e. the top 3.33%), 16 also fell in the top 20 interactions of
the PR8B dataset, a further 3 were found within the top 6.67%, and one fell in the 40™
percentile. Of the top 10% of PR8 interactions, 82% were present in the top 10% for PR8B

and all were present at some level. Of the top 25% of PR8 interactions, 84.7% of interactions
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were present in the top 25% of PR8B and 97.3% were present at some level. Some changes
in interaction intensity are seen. This may indicate that the intensity order of the interactions
from SPLASH is not a highly precise measure of their relative abundance in the population,

and/or that the interactions vary in prevalence in different populations of the same virus.

The PRS8 virus has 96% sequence identity to the WSN (H1N1) virus on which SPLASH has
also been performed previously (Dadonaite et al., 2019). Despite the high sequence identity,
the interactions networks differ substantially. Only 3 interactions fall in the 20 most intense
interactions of both datasets and 6 of the interactions found in the top 20 of the PR8 dataset
are completely absent from the WSN data. Of the top 25% of PR8 interactions, 32% are
present in the top 25% for WSN and 65.3% were present at some level. This suggests that
relatively small differences in sequence can have a large impact upon the inter-segment RNA-

RNA interactions formed and their relative intensity.

Intra-segmental interactions can also be observed in the SPLASH data (Fig. 9). The vast
majority of chimeric reads map to regions separated by very short distances (<100
nucleotides). This suggests that there is likely to be extensive short range RNA structure
present. However, as these interactions are all very close together, it is not easy to identify
discrete interaction loci (compare Fig. 8A to the short range interactions in Fig. 9). There is
some evidence of a very small number of long range interactions loci (such as the interaction
spanning from ~1,100 to ~2,000 in the PB2 segment (Fig.9)). However, the longer range
interactions are of much lower intensity than the short range interactions observed. It should
be noted that inter-segment interactions may contribute to these data due to cases where two

copies of the same segment were packaged together.
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Figure 9: SPLASH-identified intra-segment interactions in PR8.

Contact maps from an in virio SPLASH experiment showing the intra-segment chimeric reads

mapping to the PR8 genome. Reads have been logio normalised.

1,500

750

logt read
counts

=5

4
3
2

logo read
counts

4
3
2

logi read
counts

4
3

logi read
counts

I4
3



3.3.2 Inter-segment interaction in reassortant viruses

In order to investigate the role of interactions in reassortment, SPLASH was next performed
on the Udorn (H3N2) virus, and a reassortant with the PB2, PA, HA, NP, M, and NS segments
from PR8 and the NA and PB1 segments from Udorn (denoted PR8::Udorn PB1 + NA) (Fig.
10 + 11). The Udorn and PR8::Udorn PB1 + NA viruses had 72 and 227 loci with 50 or more
reads unigue sequencing reads mapping to them respectively. The interaction networks differ
greatly for the PR8 and Udorn viruses (which share 89.3% sequence identity), with few
conserved interactions (~10% present in both data sets). This indicates that IAVs do not utilise

a common set of inter-segment interactions.
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Wyoming (H3N2) PR8 (H1N1) Udorn (H3N2)
PR8::Wyoming PR8::Wyoming PR8::Udorn
PB1+ NA PB1 + NAudsubs PB1 + NA

PR8::Wyoming

NAudsubs::Udorn PB1

Figure 10: The viruses on which SPLASH was performed.
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Figure 11: Comparison of inter-segment interactions in reassortant viruses.
RNA-RNA interaction maps generated for the PR8, Udorn and reassortant PR8::Udorn PB1 +
NA viruses. The 20 highest intensity interactions are displayed for each virus.

The majority of interactions observed in the PR8::Udorn PB1 + NA reassortant virus are
inherited from the two parental strains, with 81 of the 100 most intense interactions present in
one of the parents. Of the 19 new interactions, 18 occur between Udorn and PR8 segments.
This indicates that some new interactions are formed in order to facilitate bundling of the
segments from the two different viruses. Overall, the interactions formed between segments
from the same strain remain largely unchanged in the reassortant. However, the interactions

do appear to change in prominence, with only 9 of the interactions in the top 20 of the
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reassortant having fallen in the top 20 of one of the parents. In addition, of the top 20
interactions in the reassortant that were also present in PR8, 3 had risen by more than 40
places (~6%). This suggests that changes may also occur in the prominence of interactions

to facilitate bundling of segments from different viruses.

3.3.3 Introducing new inter-segment interactions

Preferential co-segregation of the PB1 and NA segments from H3N2 viruses has been
observed during vaccine seed strain production (Fulvini et al., 2011) (Cobbin et al., 2013).
This is despite this conferring reduced replicative fitness on the virus when compared to
reassortants containing only the NA and HA from the H3N2 virus (Cobbin et al., 2014). In
addition, competitive reassortment experiments show viruses with the Udorn NA segment
preferentially package the Udorn PB1 segment (Gilbertson et al., 2016) (Fig. 12A). The same
study used chimeric constructs to narrow down the region responsible for this co-segregation
to the 272-566 region of the PB1 segment. The SPLASH data indicates that a prominent
interaction connects these two segments, falling at 305-338 on the PB1 segment, both in the
Udorn (H3N2) virus (9" highest intensity interaction) and the PR8:Udorn PB1 + NA

reassortant (third highest intensity interaction) (Fig. 11).

Further competitive reassortment experiments (performed by Brad Gilbertson, University of
Melbourne) (Fig. 12A) found that the preferential co-segregation of the NA and PB1 segments
holds true for several H3N2 viruses (Udorn, A/IMemphis/1/71, and A/Port Chalmers/1/73)
(Dadonaite et al., 2019), but not for a seasonal strain isolated in Wyoming in 2003 (Fig. 12B).
To investigate this observation SPLASH was performed on the Wyoming virus (Fig. 12C). The
depth of the data is poor due to difficulties in growing the virus to high titres in tissue culture
(i.e. achieving plaque forming units per mL (PFU/mL) of greater than 10°). Only 16 interactions
were observed, with the highest of these having only 24 unique reads mapping to it. However,

it was interesting to note that the most prominent interaction observed was between the NA
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and PB1 segments, but at a different site to that observed in Udorn (located in the 756-828

region of PB1 and 423-496 of NA). No interaction was observed at the Udorn NA-PB1

interaction site.
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Figure 12: Reassortment in H3N2 viruses.

(A) The format of the competitive reassortment experiments performed by Brad Gilbertson
(University of Melbourne). Cells are transfected with plasmids encoding the NA segment of
the Udorn (H3N2) virus and the PB2, PA, HA, NP, M and NS segments of PR8 (H1N1). The
cells are also transfected with both the Udorn and PR8 PB1 segments, giving the virus a
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choice over which to incorporate. (B) The percentage of the progeny viruses that contained
either the Udorn (orange) or PR8 (blue) PB1 segments are shown. The experiments were also
performed for the Wyoming virus (red). Statistical test used was analysis of variance with
Sidak correction for multiple testing. For Udorn n =5 and P = 5.2 x 10™*2, For Wyoming n = 8
and P = 0.105. (C) The inter-segment RNA-RNA interaction plot for the Wyoming virus
determined by SPLASH. The darker the green connecting line, the higher intensity the
interaction. Very few chimeric reads were present, so data should be interpreted with caution.

The site of the NA-PBL1 interaction in the Udorn virus contains four nucleotide differences in
the Wyoming PB1 sequence (Fig. 13A). Only one of these differences changes the amino acid
sequence, with A943G resulting in a lysine to arginine change. Based on the differences
observed in the competitive reassortment experiments and the lack of an interaction observed
at this site in the Wyoming SPLASH data, it was decided to further investigate the potential
role of this interaction in reassortment. SPLASH was performed on a virus containing the
Wyoming NA and PB1 segments in an otherwise PR8 genome (denoted PR8::Wyoming PB1
+ NA) to determine if this interaction was present in a virus that did not show preferential co-
segregation of these two segments (Fig. 13B). No interaction between the Wyoming NA and
PB1 segments was identified at the NA-PBL1 interaction site from the Udorn virus. SPLASH
was then performed after four nucleotide substitutions were introduced to the Wyoming NA
segment, making the region identical to that of the Udorn virus at the predicted interaction site.
This mutant virus (denoted PR8::Wyoming PB1 + NAudsuns) Was found to have an interaction
at the NA-PBL1 interaction site observed in Udorn (third most intense interaction in the dataset)
(Fig. 13B). Competitive reassortment experiments (performed by Brad Gilbertson) showed
that this mutant NA segment exhibits a significant preference for co-segregation with the
Wyoming PB1 during reassortment (Fig. 13C). This suggests that RNA-RNA interactions
between segments can influence the likelihood of them being packaged together during

reassortment events.
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Figure 13: Inter-segment interaction influence reassortment.

(A) An interaction site identified by SPLASH between the NA and PB1 segments in the Udorn
virus. This region of the Udorn virus NA segment differs from the Wyoming sequence by 4
nucleotides. (B) SPLASH was performed on the PR8::Wyoming NA + PB1 reassortant virus
(left hand side). SPLASH was then performed on the same virus in which 4 nucleotide
substitutions had been introduced in the region of NA identified as a NA-PB1 interaction site
in the Udorn virus (PR8::Wyoming PB1 + NAudsuws). These mutations made this region
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identical to that of the Udorn virus and led to the introduction of an NA-PB1 interaction at this
site (shown in magenta). (C) Competitive reassortment experiments (performed by Brad
Gilbertson, University of Melbourne). The Wyoming NAudsws Segment preferentially co-
segregates with the Wyoming PB1 during reassortment. Statistical test used was analysis of
variance with Sidak correction for multiple testing. For Wyoming n = 7 and P = 0.999. For
Wyominguasus N = 7 and P = 8.5 x 10 (D) The inter-segment RNA-RNA interaction plot for
the PR8::Wyoming NAugsws::Udorn PB1 reassortant virus. The 20 highest intensity
interactions are displayed. The darker the purple connecting line, the higher the relative
intensity of the interaction loci.

SPLASH was performed on a reassortant virus containing the Wyoming NAuasuss and Udorn
PB1 segments (denoted PR8::Wyoming NAudsus::Udorn PB1) (Fig. 13D). The Udorn like NA-
PB1 interaction was present as the second most intense interaction. These segments also
exhibited preferential co-segregation, which was not seen in the absence of the Udorn
substitutions to the NA segment (Dadonaite et al., 2019). This further supports the idea that

establishment of this NA-PB1 interaction influences reassortment.

Interestingly, all four viruses in which the Wyoming NA segment was present for which
SPLASH was performed had a prominent interaction (at lowest the third most intense
interaction) at a different site between the NA and PB1 segments (770-812 on PB1 and 443-
473 on NA), not seen in the Udorn virus. Despite this, even in the reassortants where both
NA-PBL1 interactions were present, the NA-PB1 co-segregation was lower than for the two
Udorn segments. This suggests that reassortment propensity of segments is complicated and
will be influenced by the interactions networks as a whole and not just the interactions

connecting two segments.

3.4 Discussion

This project sought to investigate the structure of the influenza virus genome and its role in
reassortment. Extensive, redundant networks of interactions were found to exist between the

influenza genome segments in virions. These interactions are likely involved in the bundling
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of the segments prior to packaging. This is supported by the observation that in FISH
experiments bundles of VRNPs in the cytoplasm rarely contain multiple copies of the same
segment (Haralampiev et al., 2020) and the data in this study indicating that the interactions

can influence the likelihood of segments co-segregating during reassortment.

When comparing a reassortant virus to its parent strains, ~80% of the interactions present in
the offspring were present in one of the parental strains, though many had changed in
prominence in the reassortant. This may reflect differences in the predominant way in which
the virus is assembling its genome and provides the first illustration of how flexibility in inter-
segment interaction networks can be utilised to accommodate reassortment. The appearance
of interactions not present in either parent suggests that this flexibility extends beyond the
interaction sites seen in the parents. Redundancy in the inter-segment interaction networks is
likely to be advantageous to influenza in accommodating the genetic drift (from the error prone
polymerase) and shifts (due to reassortment) that are necessary for influenza to evade
populational immunity, whilst maintaining the ability to assemble its genome. During natural
infection influenza exists as a quasispecies (Barbezange et al., 2018) and not relying upon a
rigid, defined set of interactions, may also help to maintain this diversity. If small changes in
sequence led to dramatic drops the ability of a segment to bundle, mutant segments could be

easily outcompeted during bundling.

Studies using FISH indicate that bundles in the cytoplasm containing fewer than 8 segments
can contain different combinations of segments, but that some compaositions are favoured
more than others (Lakdawala et al., 2014) (Haralampiev et al., 2020). This and the varied
genome organisations observed in electron tomography reconstructions of virions (Noda et
al., 2012) (Fournier et al., 2012), supports the flexible interaction networks observed in this
study and suggests that bundling of the segments does not take place in a completely
regimented order. It was noted that the PB2 and PB1 segments were more frequently
observed in bundles containing fewer segments, suggesting that they may have a more central

role in organising the bundling process (Haralampiev et al., 2020). This is supported by the
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SPLASH data presented in this investigation showing that a disproportionately high proportion
of reads map to the polymerase segments. For the PR8 virus 74.8% of chimeric reads map to
the PB2 or PB1 segments. It is further supported by electron tomography data suggesting that
the VRNPs are organised with seven of the segments surrounding one central segment, with
the central segment determined to be one of the longer segments (Noda et al., 2012) (Fournier

etal., 2012).

Le Sage and colleagues recently applied a sequencing approach, similar to SPLASH, called
Dual Crosslinking, Immunoprecipitation, and Proximity Ligation (2CIMPL) to investigate inter-
segment interactions (Le Sage et al., 2020). They performed 2CIMPL on WSN virus and
identified extensive (300< loci), redundant interaction networks not limited to terminal regions
of the segments, supporting the findings of this investigation. However, they reported only a
10% overlap with the interactions identified by SPLASH (Dadonaite et al., 2019). The 2CIMPL
technique includes an extra UV exposure to crosslink the NP to the VRNA.
Immunoprecipitation of NP is then used to capture the RNase digested strands before
proximity ligation and library preparation. The authors argue that this allows proximity ligation
to be performed under more native conditions than is the case for SPLASH. However, it could
be argued that 2CIMPL biases itself towards the identification of interactions that are in
proximity to regions of high NP binding (NP is not evenly distributed on the RNA (Williams et
al., 2018b) (Lee et al., 2017). The authors report a significant correlation between regions with
2CIMPL identified inter-segment RNA-RNA interactions and regions of high NP binding,

though this association also held true for the SPLASH WSN dataset.

The formation of complex redundant networks of interactions has also been supported by
Ligation of Interacting RNA followed by high-throughput sequencing (LIGR-seq) (Takizawa et
al., 2020). The LIGR-seq dataset showed 15% overlap with the combined SPLASH dataset
and 27.5% of the identified interactions appeared in at least one replicate. Ultimately, all high-
throughput sequencing techniques may have their own biases and the overlapping

interactions identified by different techniques may provide the best indication of the ‘true’

71



interactions. Ideally techniques such as SPLASH, 2CIMPL, LIGR-seq (Sharma et al., 2016),
PARIS (Lu et al., 2016), and COMRADES (Ziv et al., 2018) would all be performed for several
strains to better understand the reproducibility between techniques. In addition, more work is
needed to assess the functional implications of interactions identified, regardless of the

technique used to identify them.

On two occasions in the last century (1957 and 1968) HA and N2 subtype NA segments of
avian origin have been accompanied by avian PB1 segments in the generation of pandemic
viruses (Taubenberger and Kash, 2010). The PB1 segment is also the most commonly found
non-antigenic segment from seasonal strains in vaccine seed viruses, appearing in 45% of
H3N2 and 63% of HLN1 seed viruses in one analysis (Cobbin et al., 2013). In addition, the
NA segment has been shown to have a strong co-evolutionary relationship with PB1 (as well
as PA, PB2, and NP) in an analysis of H3N2 viruses between 2005 and 2014 (Jones et al.,
2021). It is not obvious why this relationship would be advantageous to the virus as the two
proteins have seemingly unconnected functions. As such, it is possible that the relationship
between the two segments in H3N2 viruses is down to maintenance of the RNA-RNA

interactions between the segments, reported in this and other studies (Gilbertson et al., 2016).

From an evolutionary perspective influenza is interesting in that each individual genome
segment is under selective pressure (rather than the genome as a whole). It could be
speculated that the maintenance of an interaction between two segments could favour the
continued existence of both segments during reassortment events. However, co-evolutionary
dependencies have also been observed for NA and PB1 in HLN1 viruses (Jones et al., 2021).
No high intensity NA-PBL1 interactions were observed in the PR8 (H1N1) or WSN (H1N1)
SPLASH datasets (highest intensity NA-PB1 interactions in datasets were 48" and 68" highest
respectively). Whilst this may not be representative of more modern H1N1 viruses, it is
possible that other factors may be responsible for the NA-PB1 relationship. For example, there
is evidence that reassortant strains possessing the PB1 segment, as well as the NA and HA

segments from a H3N2 virus have higher HA density on the surface of their viral particles
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(Moules et al., 2011) (Cobbin et al., 2013). Ultimately, attribution of sequence changes in
seasonal strains to inter-segment interactions is extremely challenging as immune pressure,
epistatic relationships between influenza proteins, drug resistance, intra-segment RNA

structures, species adaptations, and random chance can all contribute.

The reassortant viruses used in this investigation had not been passaged prior to SPLASH.
The rate of accumulation of sequence changes has been shown to be higher for viruses that
have recently undergone reassortment (Neverov et al., 2014). It is possible that the
reassortant viruses used in this investigation would accumulate mutations over time to better
accommodate the new segments (with potentially the proportion and prominence of the
inherited interactions decreasing). However, protein compatibility of the viral proteins, in
particular between the Udorn PB1 and PR8 PB2 and PA, would also be likely to place a strong
selection pressure on the virus (Li et al., 2008a) (Octaviani et al., 2011). This, along with
adaptions to tissue culture (DuPai et al., 2019) and reports of NA and HA being under co-
evolutionary pressure (Kryazhimskiy et al., 2011) (Jang and Bae, 2018), would make it hard

to attribute sequence changes to importance at an RNA or protein level.

This investigation identified hundreds of putative interaction loci in influenza and demonstrated
that one of these interactions can influence reassortment. However, it is not clear which of the
interactions identified are of greatest importance. It is possible that lower intensity interactions
may not be relevant to genome assembly. They may form as an accidental consequence of
inbuilt redundancy in the networks or simply due to the close proximity of regions in the virion
brought about by other interactions. Interactions were ranked by the number of reads mapping
to them relative to the other interactions in that data set. However, this is not likely to be a
precise measure of the importance of an interaction. Firstly, sequence bias when using
psoralen as a crosslinking reagent could lead to over or under representation of an interaction
(Cimino et al., 1985). Secondly, if a particularly strong interaction brings two segments into
close proximity then other interactions in the vicinity may be stabilised, increasing their read

count in the sequencing data, regardless of their importance to the assembly process. Finally,
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some interactions may be important in the process of assembly, but become less predominant
in the final assembled genome (or vice versa). This could potentially be investigated by
determining the RNA-RNA interaction networks of VRNPs in the cytoplasmic or nuclear
compartments of infected cells. However, due to the much higher prevalence of higher order
bundles (i.e. bundles with eight or close to eight segments) (Lakdawala et al., 2014)
(Haralampiev et al., 2020) seen in infected cells, this may not yield much information unless
bundles of different order could be separated from one another. This could be performed by
adding a glycerol gradient purification step post crosslinking, but before RNA extraction. It may
also be interesting to investigate the interactions in cells at different time points. Defective
particle formation is seen to increase at later stages of infection (Frensing et al., 2016), and

this may be reflected in the interactions formed and their prominence.

Assisting with the prediction of pandemic emergence has been touted as a potential
application of studying inter-segment interactions (Dadonaite et al., 2019) (Jones et al., 2021).
The high complexity of the networks and inbuilt flexibility is likely to make this challenging. It
is difficult from SPLASH data alone to establish which interactions are going to be most
influential in reassortment. More functional studies and investigations into the role of different
interactions in reassortment events will be required. It is also possible, given the apparent high
level of redundancy seen in the interaction networks in this and other studies (Le Sage et al.,
2020), that inter-segment interactions play a secondary role in the likelihood of pandemic
emergence to factors such as protein compatibility, populational immunity, and host

adaptations.

A more short term potential application of understanding RNA-RNA interaction networks is in
vaccine production. The majority of influenza vaccine is produced in chicken eggs and this
requires the production of reassortant viruses containing the HA and NA segments from
seasonal strains with segments from an egg adapted strain. As previously noted, this
frequently results in the production of vaccine seed candidate viruses containing additional

non-antigenic segments from the seasonal strain (Bergeron et al., 2010) (Fulvini et al., 2011)
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(Cobbin et al., 2013), even in instances where this results in reduced replicative efficiency
(Cobbin et al.,, 2014). By analysing the inter-segment interactions it may be possible to
introduce silent mutations that will introduce new interactions between the egg adapted
segments and those from the seasonal strain, in order to improve the efficiency of vaccine
seed strain generation. This may even allow for increased yields if the egg adapted segments
and seasonal strain segments are poorly matched and do not bundle efficiently. This may also
be relevant for live attenuated vaccines. In the 2013-14 and 2015-16 seasons the FluMist
vaccine (a live attenuated vaccine) gave low protection against HIN1 viruses. This was
attributed to low replicative efficiency (Hawksworth et al., 2020). The FluMist HIN1 strain was
also shown to produce a relative high number of non-infectious particles (Gould et al., 2017)
and to be outcompeted by the other strains present in tri or quadrivalent formulations (Dibben
etal., 2021). It is possible that inter-segment interactions may have contributed in this instance

and that analysing their impact may be of benefit in future vaccines.
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4. Intra-segment RNA-RNA interactions

4.1 Chapter summary

¢ A chemical probing technique called SHAPE is used to aid in the prediction of intra-
segment RNA structures in influenza virions.

e Analysis of HIN1 and H3NZ2 viruses reveals that few RNA structures are conserved
between the two sub-types.

e SHAPE analysis is extended to reassortant viruses and reveals that the intra-
segment RNA structures formed by a segment are largely independent of the other
segments present in the virion.

¢ Different chemical probes (DMS and EDC) were investigated to try to validate the
existence of the structures predicted using SHAPE reagents.

e The results suggest EDC, which had not previously been established for use in
mutational mapping experiments, can provide information about the pairing
probability of G and U nucleobases. This has the potential to complement the well-
established probing of A and C nucleobases by DMS.

e The intra-segment RNA structures presented provide targets to investigate for
potential functional roles.

4.2 Introduction

In chapter 3 SPLASH was employed to investigate inter-segment RNA structure in influenza
viruses. However, this technique is not effective for identifying the short range intra-segment
interactions which have been predicted to occur in the influenza RNAs (Gultyaev et al., 2014)
(Kobayashi et al., 2016) (Simon et al., 2019). The use of chemical probing techniques to
improve the accuracy of RNA structure prediction is well-established and these techniques do
not suffer from the same minimum distance limitations as SPLASH (Siegfried et al., 2014).
Recently the chemical probing technique SHAPE was applied to influenza virions for the first

time, guiding modelling of intra-segment RNA structure across the entire influenza genome
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(Dadonaite et al., 2019). The study found a large number of structures across all of the

genomic segments.

SHAPE reagents can be added to influenza virions and will preferentially acylate single-
stranded RNA (Fig. 14). Upon reverse transcription acylated nucleobases in the RNA are likely
to result in errors being introduced into the resulting cDNA. The reads are sequenced and the
location of these reverse transcription errors is recorded. The mutation rate of each
nucleobase can then be determined, with this corresponding with its likelihood of being
unpaired (higher mutation rate = higher likelihood of being unpaired). The SHAPE reactivity
data can then be used to compliment RNA structure prediction algorithms (for more

information see section 1.6).
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amplify and sequence calculate mutation rate
for each base

Figure 14: The process of performing SHAPE in influenza virions

The SHAPE reagent 1M7 is added to purified virions. It will preferentially modify single
stranded RNA. RNA is then extracted and reverse transcribed. Errors are introduced when
the reverse transcriptase hits modified bases. A sequencing library is prepared and reads are
mapped back to the reference genome. The site of reverse transcription mutations are
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recorded and counted for each base relative to a non-modified control sample. This is used to
calculate the relative reactivity rate of each base (higher reactivity rate = higher likelihood of
being unpaired).

The aim of this chapter was to identify the intra-segment RNA structures present in a range of
IAVs to investigate RNA structure conservation. This included probing reassortant viruses to
investigate whether intra-segment RNA structure is affected by the other segments present in
a virion. Additional chemical probing techniques were also explored in order to try to validate

the RNA structures predicted by SHAPE.

4.3 Results

4.3.1 SHAPE of PR8

SHAPE was first performed on the PR8 virus. Virions were purified through a sucrose cushion.
Samples were split in two, with half treated with the chemical probing reagent 1M7 and half
with DMSO (referred to henceforth as untreated). Libraries were then generated and
sequenced. Median read depths were in excess of 37,000 for each of the two replicates for
both the treated and untreated samples (Fig. 15A, Table. S1). The median mutation rates of
the 1M7 treated samples were ~3 times higher than in the untreated samples (Table. S1). The
reactivity rates for each base were calculated using the Siegfried method, in which the raw
reactivity rate of each base is calculated from its mutation rate in the 1M7 treated sample,
relative to its mutation rate in the untreated sample (Siegfried et al., 2014). The raw reactivity
data was then normalised by taking the average of the top 90-98% of reactivity values and
dividing all reactivity values by this number. The finalised SHAPE reactivity rates showed good
reproducibility with a Spearman correlation R value of 0.91 for the two replicates. The data
from the two replicates were combined to produce reactivity profiles for each segment (Fig.

15B, Fig. 16). Regions of low reactivity can be seen across all segments indicating the
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presence of paired bases. Tables containing full information on SHAPE reactivity values and
pairing probabilities for all viruses probed in this investigation can be found online at

https://figshare.com/s/6444d82a7bab5f8cbb74.
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Figure 15: The intra-segment RNA structure of the PR8 M segment

(A) The sequencing depth across the M segment for LM7 and untreated PR8 SHAPE samples.
Data are for two replicates combined. (B) The SHAPE reactivity profile for the M segment of
PR8. The arcs indicate the predicted interactions. (C) The structures of two hairpins in the M
segment the existence of which had previously been supported by evolutionary analysis
(Kobayashi et al., 2016).
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Figure 16: The intra-segment RNA structure of the PR8 virus.
The SHAPE reactivity profiles and predicted interactions for the PR8 VRNAs. Pseudoknots are
shown with black lines. Shannon entropy values are also displayed (high values indicating
regions that are likely to form one or more alternative structures).
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SHAPE reactivity values were used as soft constraints to guide RNA structure prediction. The
first and last 16 bases for each segment were excluded from pairing. These regions of the
influenza genome are partially complimentary and are known pair to one another, making
them unlikely to be involved in other RNA structures. In addition, the 17" nucleobase was the
first that had above 5,000 reads mapping to it in both replicates (5,000 reads is seen as
benchmark for achieving accurate predictions (Busan et al., 2019)). A maximum pairing

distance of 150 nucleotides was imposed.

A large number of intra-segment interactions are predicted to occur spanning the length of all
8 VRNAs (Fig. 15B, Fig.16). This includes two hairpins in the M segment (34-61 and 788-809)
(Fig. 15A) the existence of which had previously been supported by evolutionary and
mutational analysis (Kobayashi et al., 2016). All of the segments in this study contain multiple
regions of high Shannon entropy (Fig. 16) (see section 1.6 for explanation of Shannon
entropy). This indicates that these regions are likely to form alternative structures, suggesting
that there are many regions of the influenza genome that do not form single stable secondary

structures.

A previously predicted pseudoknot in the NP segment (Gultyaev et al.,, 2014) was not
predicted to form in the analysis performed in this investigation. However, a different
pseudoknot was predicted to form NP (689-823). A further pseudoknot was predicted in the
NS segment (816-873) (Fig. 16, Fig. S1). The predicted NP pseudoknot has low pairing
probabilities (10-40%) in the lower part of its stem. Likewise the NS pseudoknot occurs in a
region of considerable paring uncertainty, with no base pairs predicted with greater than 70%
pairing probability. Neither structure was recapitulated when max pairing distances of 250 or
300 nucleotides were used (data not shown). Overall, the likelihood of these pseudoknots

existing seems low.

A previous study also performed structure probing on PR8, though data was processed using
different software and with slightly different folding parameters (Dadonaite et al., 2019). Of the

282 interactions with greater than 80% pairing probability predicted in that study, 58.2% were
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predicted to have above 80% pairing probability in this study, 14.5% were predicted to have

30-80% pairing probability, and 27.3% had paring probability below 30% (Fig. S2).

A previous study has investigated the distribution of NP across the PR8 genome using
Photoactivatable Ribonucleoside-Enhanced Crosslinking and Immunoprecipitation (Williams
et al., 2018b). There was no significant difference in SHAPE reactivity between high NP
binding regions, low NP binding regions, or all bases (Kruskal-Wallis test P = 0.972) (Fig. 17).
This suggests that NP binding (or lack thereof) does not affect the likelihood of a region being

involved in intra-segment RNA structures.
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Figure 17: SHAPE reactivity does not correlate with NP distribution.

Comparing the SHAPE reactivity values of regions found to exhibit low or high NP binding in
PAR-CLIP experiments (Williams et al., 2018b). In each plot the middle line is the median, the
edges of the box show the lower and upper quartiles, and the whiskers show the 5™ and 95™
percentiles. Kruskal-Wallis test showed no significant difference between the three groups
P=0.972. High NP = 309 bases, Low NP = 1,172 bases, All bases = 13,275.

4.3.2 RNA structure in reassortant viruses

SHAPE was then performed on the WSN (H1N1), Wyoming (H3N2) and Udorn (H3N2)
viruses. An additional, 3 reassortant viruses were also included: PRS8::Udorn PB1 + NA,

PR8::Wyoming PB1 + NA, and PR8::Wyoming PB1+ NAudsuws (Fig. 18-25) (the same viruses
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were subject to SPLASH in chapter 3). The similarity of the SHAPE reactivity profiles for
segments from different viruses was measured by Spearman R correlation (Fig. 18A-25A).
Similarity in SHAPE reactivity profiles between segments correlated strongly with their
sequence identity (Spearman R value of 0.97 (P<0.0001)). For example, the Spearman R
correlation values between the HIN1 PR8 and WSN segments ranged from 0.65 (for HA) to
0.76 (for PB2). Whilst between PR8 and the more distantly related Udorn (H3N2), values

ranged between 0.14 (for HA) to 0.75 (for M).
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Figure 18: Comparison of PB2 intra-segment RNA structure in different IAVs.

(A) The Spearman R correlation values of the SHAPE reactivity profiles between the PB2
segments. (B) The sequence identities between the PB2 vRNAs. (C) SHAPE reactivity profiles
and predicted interactions of the PB2 segments. (D) Reactivity profile and structure of a hairpin
predicted to be conserved amongst the viruses tested. NC indicates that this residue is not
conserved amongst the 4 virus sequences investigated.
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Figure 19: Comparison of PB1 intra-segment RNA structure in different IAVs.

(A) The Spearman R correlation values of the SHAPE reactivity profiles between the PB1
segments. (B) The sequence identities between the PB1 VRNAs. (C) SHAPE reactivity profiles
and predicted interactions of the PB1 segments.
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Figure 21: Comparison of HA intra-segment RNA structure in different IAVs.

(A) The Spearman R correlation values of the SHAPE reactivity profiles between the HA
segments. (B) The sequence identities between the HA vRNAs. (C) SHAPE reactivity profiles
and predicted interactions of the HA segments. *Udorn reactivity profile is shifted by 5
nucleotides to bring it into sequence alignment with Wyoming (Wyoming has 5 extra
nucleotides that do not align at positions 21-26).
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Figure 22: Comparison of NP intra-segment RNA structure in different IAVs.

(A) The Spearman R correlation values of the SHAPE reactivity profiles between the NP
segments. (B) The sequence identities between the NP vRNAs. (C) SHAPE reactivity profiles
and predicted interactions of the NP segments. (D) Reactivity profile and structure of a hairpin
predicted to be conserved amongst the viruses tested. Its existence had previously been
supported by evolutionary analysis (Gultyaev et al., 2014). NC indicates that this residue is
not conserved amongst the 4 virus sequences investigated.
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Figure 23: Comparison of NA intra-segment RNA structure in different IAVs.

(A) The Spearman R correlation values of the SHAPE reactivity profiles between the NA
segments. (B) The sequence identities between the NA vRNAs. (C) SHAPE reactivity profiles
and predicted interactions of the NA segments.
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(A) The Spearman R correlation values of the SHAPE reactivity profiles between the M
segments. (B) The sequence identities between the M VRNAs. (C) SHAPE reactivity profiles
and predicted interactions of the M segments.
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Figure 25: Comparison of NS intra-segment RNA structure in different IAVs.

(A) The Spearman R correlation values of the SHAPE reactivity profiles between the M
segments. (B) The sequence identities between the NS vRNAs. (C) SHAPE reactivity profiles
and predicted interactions of the NS segments.
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The SHAPE reactivity profiles of segments appear to be largely unaffected by the other
segments present in the virus (i.e. SHAPE reactivity profiles of segments in a reassortant virus
correlate highly with the same segment in the parental strain). For example, the PR8 PB2
segment is present in the PR8 virus and all 3 of the reassortant viruses used in this study. The
Spearman correlation R values for SHAPE reactivity between the 4 viruses vary from 0.93-
0.98 (Fig. 18A). In addition, the interactions predicted for the segments are almost identical
(Fig. 18C). This suggests that intra-segment RNA structure in virio is largely unaffected by
changes in inter-segment interactions and/or the presence of segments and proteins from a

different virus.

There are predicted to be relatively few RNA structures conserved across all of the viruses
used in this study. The more distantly related segments tended to see fewer conserved
interactions. For example, no conserved interactions were observed between the HIN1 and
H3N2 virus HA segments (Fig. 21C). In contrast, many structures in HA are conserved within
the sub-types, especially between WSN and PR8. Amongst the more conserved segments
cross sub-type structures are observed, though are still few in number. Examples of conserved
structures include hairpins in the PB2 (2,257-2,279) (Fig. 18D) and NP segments (1,530-

1,546) (Fig. 22D), the latter of which is located in a UTR.

SHAPE was performed on the same viruses on which SPLASH had been performed (with the
exception of WSN). Analysis of the sequence regions encompassed by SPLASH interactions
(the 20 most prevalent interactions) showed that the reactivity of these regions did not differ
significantly from the reactivity values across the whole sequence (Mann-Whitney test P=0.09)
(Fig. 26A). Chapter 3 (Section 3.3.3) detailed the introduction of an inter-segment interaction
between the NA and PB1 segments of the PR8::Wyoming PB1 + NA virus by the introduction
of 4 mutations to the NA sequence. In the mutated virus this interaction was one of the most
prominent interactions in the SPLASH dataset, its existence has been supported in other
studies (Gilbertson et al., 2016), and its introduction appears to influence reassortment

(Chapter 3) (Dadonaite et al., 2019) . Despite this, the introduction of this interaction did not
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greatly change the SHAPE reactivity in the region (Fig. 26B). The same intra-segment
structures are predicted to form in both the mutant and non-mutant segment (Fig. 23C). These
data suggest that individual inter-segment interactions are not prevalent enough in the
population in virio to greatly effect SHAPE reactivity data. Thus it does not appear that inter-

segment interactions need to be accounted for when making intra-segment structural

predictions based on SHAPE reactivity.
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Figure 26: SPLASH interactions regions do not correlate with SHAPE reactivity.

(A) Comparing the SHAPE reactivity’s between regions involved in top 20 SPLASH
interactions and the dataset as a whole for the PR8 virus. In each plot the middle line is the
median, the edges of the box show the lower and upper quartiles, and the whiskers show the
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5" and 95™ percentiles. Mann-Whitney test shows that there is not a significant difference
between the groups P = 0.09. N = 1,298 for SPLASH interactions and 13,241 for All bases.
(B) Residues in pink were mutated in the PR8::Wyo PB1 + NAudsubs Virus. Interactions shown
are for the PR8::Wyo PB1 + NA virus. The interactions seen for the mutant virus were the
same but some were of lower confidence (Fig. 23). The dotted box indicates the region
involved in the NA-PB1 inter-segment interaction in the PR8::Wyo PB1 + NAugsubs Virus but
not in the PR8::Wyo PB1 + NA virus.

4.3.3 DMS and EDC probing of WSN

Chemical probes tend to each have their own biases. For example, there is the possibility that
SHAPE reagents may have reduced accessibility to NP-bound RNA, due to NP binding to the
RNA backbone (Ng et al., 2008). To try to account for this factor, two additional chemical
probes were used (both of which react at the base pairing interface). Probing with DMS for
mutational mapping has been validated for use as soft constraints in RNA structure prediction
(Cordero et al., 2012) and has previously been applied to study viral RNA structure (Watts et
al., 2009) (Mauger et al., 2015) (Simon et al., 2019). However, DMS reacts preferentially with
A and C bases. EDC allows probing of G and U bases (Mitchell et al., 2019) (Wang et al.,
2019), but previous studies have relied upon analysing reverse transcription stops rather than
mutations. This is due to the difficulty in reverse transcriptase’s reading through the larger
adduct produced by EDC probing. Here EDC-MaP was attempted on WSN by performing
reverse transcription with Superscript Il in the presence of manganese (ll) ions. DMS-MaP

was also performed (separately) on the WSN virus.

For EDC median read depths were in excess of 17,000 for both replicates with median
mutation rates of 0.12%, 0.16%, 0.41%, and 0.43% for A, C, G and U respectively. By
comparison, the median reactivity was 0.18% in the untreated and 0.31% in the 1M7 treated
sample. This suggests that EDC reverse transcription mutations were successfully introduced
at modified G and U bases. The DMS sample had very low median read depths of ~2,000 for
both replicates. The mutation rates were considerably higher, with median values of 3.97%,

4.99%, 1.09%, and, 1.01% for A, C, G, and U respectively.
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The SHAPE reactivity values for the EDC and DMS samples were calculated the same way
as for the SHAPE experiments with the exception that normalisation was done separately for
each base. The reactivity of A and C to DMS is not equal, nor is EDC’s for G and U (at least
when using reverse transcription stops) (Mitchell et al., 2019). As such, especially when
attempting to combine data from the two probes (with DMS having much higher reactivity) per
base normalisation is necessary. This resulted in median reactivity values of 0.53, 0.57, 0.40,
and 0.35 for A, C, G, and U respectively. The reactivity rates were on average higher in the

EDC and DMS samples as compared to in the 1IM7 samples (Table. 5).

1M7 DMS EDC DMS-EDC
Combined
Minimum 0 0 0 0
25% Percentile 0.124 0.370 0.183 0.259
Median 0.287 0.545 0.372 0.468
75% Percentile 0.584 0.718 0.616 0.679
Maximum 21.24 2.519 5.468 5.468
Mean 0.431 0.562 0.462 0.510
Std. Deviation 0.530 0.286 0.41 0.359

Table 5: Comparison of reactivity profiles of different chemical probes.

The Spearman correlation R value of the SHAPE reactivity values for the 1M7 and EDC
samples was 0.62 (Fig. 27A). This is higher than the correlation between the 1M7 and DMS
samples (0.39). The correlation between the 1M7 and EDC sample supports the idea that the
mutation rate of a base is at least partially linked to its likelihood of being unpaired (assuming
this is true for 1M7 probing). However, the fact that the correlation between the three different
probes is not higher suggests that the probe used has a large impact on the reactivity rate of

a base.

96



DMS-EDC
Combined

~ 2] *]
= = Q
- [=] w

M7

DMS

EDC

DMS-EDC
Combined

M7

(B)

1.\ ....... O O I P YT 1 LR D |imh.lhd lu bl btbe b il bl ol
%UUUM} AN
ﬁ I|LJ¢.LHHJUIL| Uk Un uHIHIlmllil \lhlll N HIIII ks lI Mlh |ll Ih mlUlI.h IIJI jll“. |I ULl |J]] il.lJlIL\IIHIJ\dIJ . |||.JIJ...I. |lIvLu ALl sl L\Ilii.

[l
3

ﬂI.l_.l.L..m.Jul.I.Iu Lt b o Lokttt LD bt ||| i ool vl
dy " ".‘ e I )

) U \ @w i &

DMS +
EDC

DMS

3

ﬁl| ‘ HIJ mhll hl] Jonke L i 4 h mlluJ I\ \lu | u b, H Jl

I

EDC

103
208
309 A
412
618
721
824 4
927
1027

0
Yy

Pairing probability of
interactions (%)

5 10 40 70 100

Figure 27: Comparing RNA structure predictions using different chemical probes.

(A) The Spearman R correlation values of the 1M7, EDC, and DMS reactivity profiles (all
segments combined). Correlation for EDC only includes G and U base reactivity and DMS
only includes A and C. (B) The reactivity plots and predicted interactions for the WSN M
segment based on 1M7, EDC, DMS, or EDC and DMS probing combined.
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Structure predictions were performed using the EDC and DMS reactivity values separately
and in combination (Fig. 27B, Fig. 28-30). The interactions predicted by the combined EDC
and DMS probing do not entirely support the predictions made by the 1M7 probing (Fig. 28-
30). In the example of the M segment (Fig. 14B) the data are in fairly good agreement at the
5" end, but the 3' half contains considerable uncertainty in the EDC-DMS probed datasets. Of
the 26 interactions in the M segment with greater than 80% pairing probability in the 1M7
generated structure, 46.1% also have greater than 80% pairing probability in the EDC-DMS
predicted structure, 19.2% have 10-70% pairing probability, and 34.6% have less than 10%

pairing probability.
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Figure 28: Comparing 1M7 and DMS + EDC predictions for PB2, PB1, and PA.
The reactivity plots, Shannon entropy’s, and predicted interactions for the WSN polymerase
segments based on 1M7 or combined EDC and DMS probing.
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Figure 29: Comparing 1M7 and DMS + EDC predictions for HA, NP, and NA.
The reactivity plots, Shannon entropy’s, and predicted interactions for the WSN HA, NP, and
NA segments based on 1M7 or combined EDC and DMS probing.
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Figure 30: Comparing 1M7 and DMS + EDC predictions for HA, NP, and NA.
The reactivity plots, Shannon entropy’s, and predicted interactions for the WSN M and NS
segments based on 1M7 or combined EDC and DMS probing.
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4.4 Discussion

This investigation has presented the predicted intra-segment interactions on a genome wide
scale of 4 IAVs and 3 of their reassortants. The genomes appear to contain a large number of
RNA structures across all segments. There appears to be relatively little conservation between
viruses from different sub-types, though several conserved structures are observed. On the
more distantly related HA and NA segments, there is no discernible conservation of structure
between segments from the two subtypes (Fig. 21, Fig. 23). Conserved structures were found
to be more prevalent on segments sharing higher sequence conservation, such as PB2, NP,

and M (Fig. 18, Fig. 22, Fig. 24).

Two of the stem-loops on M (34-61 and 788-804) (Fig. 15C) had been predicted to occur in a
computational study (Kobayashi et al., 2016). The 32-61 and 788-804 stem-loops were
predicted to occur respectively in 98% and 99% of the genomes of 1,865 IAVs from 88 sub-
types. Both structures are located in regions determined to be important to packaging of the
M segment (Hutchinson et al., 2008) (Ozawa et al., 2009). Both also occur in regions where
synonymous mutations appear to be relatively infrequent when compared to other regions of
the M segment (Moss et al., 2011) (Kobayashi et al., 2016). Disruption of these stem-loops by
synonymous mutation resulted in reduced viral growth rates that, in the case of the 34-61
stem-loop, could be recovered with compensatory mutations that restored base pairing
(Spronken et al., 2017). Disruption of the 788-804 structure was also found to produce an
increase in production of non-infective particles (Kobayashi et al., 2016). Both structures are
also predicted to form in the M mRNA (Simon et al., 2019), so it is hard to assess whether it
is important functionally at a VRNA and/or mRNA level. This challenge applies across all
segments. One study has performed DMS probing of PR8 mRNAs (Simon et al., 2019). Of
the structures formed by the NS mRNA 56% were identical to those in the vRNA predicted by
the SHAPE data in this investigation, 11% were partially the same and 33% were not present

in the vRNA (Simon et al., 2019). Given that some of the differences are likely attributable to
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the different probe and folding parameters used (e.g. max pairing distance was 500), this

suggests many of the RNA structures in the influenza genome form in both senses.

One study used covariation analysis to predict the presence of conserved structures in the NP
segment, highlighting 6 structures believed to contain co-varying base pairs (Gultyaev et al.,
2016). The 1,526-1,546 stem-loop was predicted for every virus in this study, including in the
DMS-EDC probing (Fig. 22, Fig. 27B) (Gultyaev et al., 2014). This occurs in a region known
to be a packaging signal for NP (Ozawa et al., 2007) and that was found in PAR-CLIP
experiments to have low NP binding (Williams et al., 2018b). Disruption of the loop by mutation
leads to defects in replication and an increase in defective particle formation (Williams et al.,
2018hb). The structure has previously been suggested to be important to regulating translation
of the NP mRNA (it is also predicted to form in the positive sense) (Park et al., 1999). The
other 5 structures predicted to contain co-varying residues were not replicated in this study.
This includes a predicted pseudoknot in the 90-129 region. Whilst this structure was not
recapitulated in this analysis, the region contains very low SHAPE reactivity values (mean =
0.18). It is possible that the formation of this structure somehow inhibits probe access to the

unpaired bases, whether through binding of a protein or lack of solvent access.

The lack of cross subtype structural conservation of HA observed in this investigation is
supported by structural covariance analysis, which found no evidence of structures maintained
across viruses from different subtypes (Gultyaev et al., 2016). However, the study did show
that, within some subtypes, covariation indicative of RNA structure maintenance was present.
No H1N1 structures were found to be maintained, but two predicted H3N2 structures were
each shown to have two base pairs exhibiting some degree of covariation. Of the predicted
structures, only one was supported by the SHAPE data and only in Wyoming (685-757) (Fig.
21). A study using DMS probing of influenza mRNA found similar issues in reproducing
computationally predicted structures, with only ~50% of in silico predicted structures supported
by their probing data (Simon et al., 2019). It is typically accepted that chemical probing

increases the accuracy of structure prediction (Hajdin et al., 2013). As such, the structures
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presented in this and other chemical probing experiments may form a basis from which to

improve future covariance analysis.

The structures presented here are highly unlikely to represent a completely accurate picture
of the intra-segment structure of the influenza virus genome. Base pairing accuracy can be in
the region of 90% for SHAPE informed structure prediction, although this figure tends to
decline for longer RNAs (Deigan et al., 2009) (Weeks, 2021). In order to try to validate the
existence of SHAPE predicted structures, this study used DMS and EDC probing. Different
chemical probes have different biases. For example EDC and DMS react with the base pairing
interface, rather than the backbone of the RNA which may mean they are less affected by NP
binding (although it is not obvious that 1M7 probing is affected by this phenomenon (Fig. 17))
and base stacking. Structures that can be supported by different probing techniqgues may

provide more reliable targets for functional studies.

The results here suggest that EDC is an effective chemical probe for mutational mapping of
G and U bases. However, EDC probing with mutational mapping should be performed on
RNAs of known structure. This will allow validation of its accuracy and can act as a ‘ground
truth’ to allow establishment of better parameters to use as the gradient and intercept when
applying free energy terms to bases during structure prediction (a process termed jack-knifing)
(Incarnato et al., 2018). The best parameters to use vary by probe and optimising them can
result in more accurate structure predictions (Hajdin et al., 2013) (Marinus et al., 2021). It is
clear the reactivity values are distributed quite differently for all 3 probes used in this
investigation (Table. 5), with different median reactivities, interquartile ranges, and standard
deviations. As such, it is highly unlikely that base pairing probability correlates the same
relative to reactivity for all 3 probes. There is high potential to combine EDC mutational
mapping of G and U bases with the A and C probing of DMS. However, combining the data
presents challenges that need to be resolved. For example, both probes are likely to have
different optimal slope and intercept values for free energy prediction and there is currently no

way of setting these values to be different for different bases with the available software. As
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such, the standard parameters for the 1M7 reagent were used in this investigation for the
combined folding (Hajdin et al.,, 2013). Regardless of the use of EDC, allowing different
parameters for each base may be beneficial for the accuracy of DMS informed predictions

given its different reactivity for A and C nucleobases.

The DMS probing in this investigation was performed at too high a concentration. The mutation
rates of the A and C bases were almost 5% meaning there would have been ~3 modifications
per read on average. This may explain the low sequence coverage, as the high modification
rate may have reduced the efficiency of reverse transcription (there is always a chance of a
reverse transcription stop at a methylation site rather than a read-through) or led to instances
where the large number of mutations in a read prevented it from mapping back to the genome.
This is supported by the fact that only ~10% of DMS reads mapped to the genome compared
to ~65% for L1M7 and EDC (despite the probing being performed on the same samples). There
is the additional concern that despite the rapid reactivity of DMS, over-modification could begin
to alter the RNA structure. Future attempts at DMS probing of influenza virions would likely
benefit from reducing the DMS concentration to seek to lower this modification rate. Increased
sequence coverage would also allow further validation of interactions by correlated mutation

analysis (Mustoe et al., 2019).

Another limiting factor in the accuracy of structure prediction is the parameters used for folding.
The maximum pairing distance allowed for a interactions in this investigation was 150 bases,
which is considerably shorter than the 500-600 that is often used (Simon et al.,, 2019)
(Manfredonia et al., 2020). Changing this distance can result in substantial differences in the
interactions predicted. The logic for using this smaller distance relates to cryo-EM studies of
influenza VRNPs. These studies have shown that filaments vary substantially in length from
~50-150 nm, whilst their width is more consistent (~15 nm) (Arranz et al., 2012) (Gallagher et
al., 2017). Both VRNA termini are bound by the polymerase. The shortest segment is ~890
bases in length (NS). This means the segment must fold back on itself at approximately

nucleotide 445. If an intra-segment interaction were to connect base 20 to 320 then this could
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not easily be resolved into a rod shaped structure (it would instead form more of a blob). A
pairing distance of 150 was also found to provide the highest accuracy when probing RNA'’s
of known structure, as longer distances increased the false positive rate beyond the benefits

gained from potentially identifying interactions exceeding 150 bases (Lange et al., 2012).

The maximum pairing distance was not increased for longer segments. The length differential
between the shortest and longest VRNPs observed by Cryo-EM (~3 times) (Arranz et al., 2012)
(Gallagher et al., 2017) approximately matches that of the difference in size between the
shortest and largest VRNA segments (~2.6 times). This, combined with the similar widths
observed for VRNPS, suggests that the longer segments do not tend to contain longer range
interactions. However, there is a flaw to this logic in that vVRNPs fold back on themselves,
potentially creating circumstances in which interactions spanning 2,000 bases are more likely
than those spanning 500 (in the case of the polymerase segments which exceed 2,000 bases
in length). This could potentially be accounted for by giving each base two windows in which
it can find a partner. One window 150 bp either side of it and then a similar sized window on
the ‘return’ part of the segment (e.g. base 100 of the PB2 segment would be allowed to pair
with bases 1-350 and 2,091-2,341). However, this would rely on a number of assumptions,
including that the tip of the segment furthest from the polymerase occurs exactly halfway
through the sequence and that such long range interactions even occur (which is largely not
supported by SPLASH (Chapter 3)). One way to investigate some of these assumptions would
be to use FISH probes with fluorescence resonance energy transfer dye pairs against different
regions of the genome to see where they fall in the vVRNP (for example determining if the

halfway point on the segment is located at the tip of the vVRNP).

An additional problem when predicting RNA structure is the potential for regions of the RNA
to form multiple structures. All of the segments were shown to contain regions of high Shannon
entropy suggesting that there are one or more alternative structures with similar free energy.
A challenge of SHAPE reactivity values is that they present an average and a base may have

intermediate reactivity when in fact it may exist in two states, one with high and one with low
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reactivity. Recent advances have begun to provide ways of deconvoluting these structures.
This includes the algorithm DRACO. DRACO exploits the high modification rate of DMS, which
results in multiple modifications per transcript, to try to establish which bases are likely to be
modified together (or not) (Morandi et al., 2021). This can allow the reactivity profile to be
decomposed into its constituent structures, reportedly allowing accurate prediction of the
relative abundances of these structures. It was attempted to apply DRACO to the DMS data
from this study but sequencing coverage and read lengths were insufficient. Repeating these
experiments with reduced DMS concentration could thus be of great use in improving structure

predictions in regions that may fold into multiple structures.

Studies of RNA structure may help in the design of anti-sense oligonucleotides that could act
as influenza drugs. One anti-sense oligo (Radavirsen) targeting IAVs is in clinical trials (Beigel
et al., 2018). It seeks to inhibit the translation and splicing of the M mRNA. The M segment
may present the best target for such therapies as this and other studies have found it to contain
a number of conserved structures in regions that seem to have low tolerance for mutation
whether synonymous or otherwise (Kobayashi et al., 2016) (Spronken et al., 2017). Targeting
other segments may be more sub-type specific which may suggest they will be more prone to
escape mutations. The effect of anti-sense oligonucleotides can be hard to predict, but
generally targeting loops is considered more successful than paired regions (Szabat et al.,
2020). Targeting regions of the NP (Michalak et al., 2019) and M (Lenartowicz et al., 2016)
segments with Anti Sense Oligonucleotides (ASOs) based on regions predicted to be single
stranded produced mixed results in inhibition of viral growth in tissue culture, with some probes
ineffective and some producing up to 10 fold drops in titre. There was no clear pattern as to
what would be most effective, as some of the regions targeted were single stranded and some
paired (in both their structure predictions and those made in this investigation). As such, it is
not been clearly demonstrated that RNA structure predictions will be of use in antisense oligo
design, at least without more functional information (e.g. whether proteins bind to some of the

loops).
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Overall this work has uncovered the RNA structure in a number of IAVs. The lack of conserved
structural features in the terminal ‘packaging’ regions suggest that there is not a particular
RNA structure responsible for packaging. It seems more likely that packaging is governed by
protein-protein interactions involving 3P, NP, and M. A number of conserved structures have
been identified. This includes 2,257-2,279 (PR8 numbering) in PB2, 1,530-1,546 (PR8
numbering) of NP and several structures across the M and NS segments. It would be
informative to perform mutational analysis on these interactions. It would also be interesting
to investigate RNA structure in other genera of Orthomyxoviridae as conservation across

genera would likely be highly indicative of functional importance.
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5. Structure of the influenza virus nucleoprotein

5.1 Chapter Summary

¢ NP has potential as a drug target, however the structure of a NP from a H3N2 influenza
virus had not been determined, nor had the structure of NP in complex with RNA.

e The structure of the NT60 (H3N2) R416A NP was determined using X-ray
crystallography at 2.2 A resolution.

e The structure is highly similar to the other available 1AV NP structures, but the
conformation of an RNA binding loop (residues 73-90), is seen to differ.

e Cryo-EM analysis shows that NP forms oligomeric structures that are highly
heterogeneous. These complexes could not be resolved to high enough resolution to
elicit information on RNA binding.

5.2 Introduction

Structural proteins that bind to and encapsidate the viral genome are common features of RNA
viruses. This includes influenza, where this role is carried out by the 56 KDa NP. NP is a
multifunctional protein that influences the structure of the VRNA and is essential for its
replication (see section 1.2). In order to support infection NP is required to interact with a
number of viral and host proteins, as well as to bind in a non-sequence-dependent manner to
RNA (Eisfeld et al., 2015). These factors are likely to contribute to the extremely high amino
acid sequence conservation seen amongst NPs. One study of 40 cross-species IAV NP
sequences from various sub-types, found sequence identity varied by a maximum of ~11%
(Cianci et al., 2013). By contrast, only 43.7% sequence identity is shared between the WSN

(HIN1) and NT60 (H3N2) HA proteins.

There are currently two licensed classes of drugs targeting influenza viruses, neuraminidase
inhibitors (e.g. oseltamivir) and M2 ion channel blockers (e.g. amantadine). Mutations

conferring resistance to both classes of drugs are becoming increasingly prevalent amongst
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circulating influenza viruses (Ison, 2011) (Hu et al., 2017). There is a need for new influenza
anti-virals to replace, or use in combination with, these existing drugs. The high conservation
amongst 1AV NPs makes them an attractive target for influenza interventions, as drugs
targeting them are likely to have cross-strain efficacy. A number of NP-targeting drugs are in
various stages of research or clinical testing (Hu et al., 2017). In addition, putative vaccine
candidates are attempting to target regions of NP in the effort to generate universal influenza
vaccines, effective against multiple strains of influenza (McMahon et al., 2019) (Sun et al.,

2020) (Pleguezuelos et al., 2020).

The structures have been determined for NPs from 3 of the 4 influenza genera, with structures
available for influenza A, B (Ng et al., 2012) and D (Donchet et al., 2019) virus NPs. For IAVs,
structures have been determined for the NPs of the HK97 (H5N1) (Ng et al., 2008) and WSN
(HIN1) (Ye et al., 2006) viruses. NP forms homo-oligomers, but monomeric mutants can be
produced by disrupting an interaction that occurs between the R416 residue, located in the
oligomerisation loop, and the E339 residue in the body domain of a neighbouring NP. The
structure of one such mutant, the R416A WSN NP has also been determined (Chenavas et

al., 2013).

Despite being one of only two IAV subtypes circulating in humans, the structure of a H3N2
virus NP had not been determined, nor had the structure of NP in complex with RNA. The
objectives of this chapter were to determine the structure of the NP from a H3N2 virus and to
solve the structure of NP in association with RNA. Understanding the structural conservation
amongst NPs from different sub-types is important for the development of universal
interventions against influenza. Determining an NP-RNA structure could improve our

understanding of vVRNP organisation and aid in the design of new anti-viral drugs.

110



5.3 Results

5.3.1 Nucleic acid binding experiments

NP has potential for high sample heterogeneity, with the possibility of different oligomeric
states and flexibility between NPs within an oligomer. It was thought that monomeric NP bound
to short fragments of RNA may provide greater sample homogeneity and prove more
amenable to crystallisation. In order to pursue this possibility the RNA binding properties of

the monomeric mutant were investigated.

The NT60 (H3N2) R416A NP was expressed in E. coli and purified by SEC. Early attempts at
purification yielded NP with high 260/280 ratios (>1.3), indicative of NP being bound to
endogenous nucleic acid. Subsequently, a mixture of nuclease treatments and washes with
buffer containing 1.5 M NaCl were introduced during purification. This produced a SEC
absorbance profile with a single elution peak (Fig. 31A) at a position consistent with the mass
of monomeric NP. The 260/280 ratio of the purified NP was 0.49, indicating that the sample

had successfully been purified of nucleic acids from the expression host.

NP can also bind to DNA (Newcomb et al., 2009) which has the advantage of being much less
expensive to have synthesized, particularly for longer oligonucleotides. The ability of the
R416A NP to bind to DNA was assessed by mixing the purified NP in a 4:1 molar ratio with a
100-nucleotide DNA (Fig. 31A). This produced a second, earlier eluting absorbance peak
during SEC, likely formed from multiple NP’s binding to the same piece of DNA. This peak
indicates that the R416A NP retains the ability to bind to DNA observed for the non-monomeric
protein (Newcomb et al., 2009). It is not possible to give a precise measure of the number of
NPs bound to the DNA, as elution volume is not entirely consistent with mass (shape is an
important factor). However, the complex has a mass in the region of 200 KDa, so it is likely
that 3-4 NPs were bound to the 100 nucleotide-DNA (DNA mass ~30.7 KDa). This is fairly
consistent with the pattern of NP binding to VRNA, where it is estimated to bind on average

every ~25 nucleobases (Ortega et al., 2000) (Hutchinson et al., 2014).
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Figure 31: Nucleic acid binding of R416A NP
(A) The absorbance profile from SEC on the NT60 R416 NP in the presence or absence of a

100-nucleotide DNA. (B) The melt temperature of the NT60 R416A NP in the presence of
different length RNAs, determined by ThermoFluor assay. A one-way ANOVA was performed
comparing the NP samples with different length oligonucleotides to NP in the absence of any

nucleotide. Figure adapted from (Knight et al., 2021).

A ThermoFluor assay was employed to investigate RNA binding by the R416A NP. The
ThermoFluor assay measures the thermal stability of a protein using a fluorogenic dye that

will fluoresce when bound to hydrophobic surfaces. As a protein becomes denatured, the
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hydrophobic regions that are usually buried become accessible to the dye. Fluorescence is
measured as the temperature of the protein is gradually increased, producing a melt curve.
The melting temperature (Tm) can be calculated as the temperature at which 50% of the
maximum fluorescent signal is achieved, relative to baseline fluorescence. The binding of
ligands to a protein often leads to an increase in thermal stability (Lo et al., 2004) (Kranz and
Schalk-Hihi, 2011). Thus, ligand binding can be assessed by comparing the Tm of the protein
in the absence or presence of different ligands. Higher thermal stability of a protein is

associated with higher chance of successful crystallisation (Dupeux et al., 2011).

The thermal stability of the NT60 R416A NP was determined in the absence or presence of
oligoribonucleotides of different lengths (Fig. 31B). The Tm of NP was increased by 2.8°C in
the presence of a l1l4-nucleotide RNA (P <0.0001, one-way ANOVA) whilst the other
oligoribonucleotides tested (of length 12-nucleotides and below) did not significantly affect the
Tm. This suggests that the shorter RNAs tested may not be binding to the R416A NP. The
WSN NP was shown to bind to an 8-nucleotide RNA with a Ky of 70 nM (at 300 mM NacCl)
(Tarus et al., 2012). However, reduced affinity for RNA has been reported for the monomeric
WSN R416A NP (Chan et al., 2010) (Elton et al., 1999) and it is possible that binding to shorter
oligoribonucleotides is abolished in this monomeric mutant. It is also possible that the shorter

RNAs used in this assay bind, but do not increase, the thermal stability of the NP.

To further assess RNA binding, R416A NP was mixed in a 1:1 molar ratio with different length
RNAs and subject to SEC. The 260/280 of the eluted NP post-SEC was measured at 0.53 and
1.05 where it was mixed with a 5 or 14-nucleotide RNA respectively (R416A NP 260/280 of
0.49 without RNA). This suggests the 14-nucleotide RNA binds and is able to remain bound

to R416A NP through SEC, whilst the 5-nucleotide RNA is not.
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5.3.2 Crystallography

A range of crystallisation trials were set up with purified NT60 R416A NP at 10 mg/mL. The
best diffracting crystal gave a maximum resolution of 2.2 A (Tables 6 and 7). The protein was
present in the P1-2;-1 space group with two NP’s in each asymmetric unit (referred to as
chains A and B). The structure could be resolved for residues 21-389. Density was then
missing for much of the oligomerisation loop, which is comprised of residues 402-428 (missing
residues 390-417 in chain A and 390-437 in chain B). In both chains, residues 452-461 and
497-498 could not be resolved. NP forms a crescent-shaped structure (Fig. 32), with a body
domain composed of residues 21-147, 278-396, and 463-489, and a head domain composed
of residues 152-265 and 438-450. These two domains are formed predominantly from a-

helices and the predicted RNA binding site is located in a groove formed at their interface.

Crystal form

P1-2:-1

C2-2-21

a, b, c(A)

a, B,y ()

Resolution range (A)
Total No. of reflections

No. of unique reflections

87.775, 63.376, 105.95
90.0, 98.31, 90.0

86.85 - 2.22 (2.3 - 2.22)
250461 (11323)

37998 (1900)

165.3, 286.3, 118.4
90.0 90.0 90.0

82.65 - 2.29 (2.38-2.29)
622781 (31597)

45852 (2293)

Completeness (%) 90.9 (55.8) 90.7 (67.5)
(ellipsoidal)

Redundancy 6.6 (6) 13.6 (13.8)
(o (1)) 8.1 (1.6) 13.2 (1.8)
Rrim. 0.07 (0.56) 0.05 (0.45)
Overall B factor from Wilson plot (A?)  46.1 49.0

Table 6: X-ray crystallography merging statistics for the NT60 R416A NP.
Values for the outer shell are given in parentheses. Table adapted from (Knight et al., 2021).
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Crystal form

P1-2:-1

C2-2-21

Resolution range (A)

Completeness (%) (spherical)

No. of reflections, working set

72.21-2.22 (2.30 - 2.22)
66.6 (3.4)

38052 (203)

82.65 - 2.29 (2.38 - 2.29)
36.59 (2.06)

45840 (254)

No. of reflections, test set 1830 (11) 2324 (16)
Final Reryst 0.21 (0.26) 0.22 (0.38)
Final Ryree 0.26 (0.38) 0.24 (0.35)
No. of non-H atoms 6813 10186
Protein 6762 (858) 10162 (1287)
Water 51 24
R.M.S. deviations
Bonds (A) 0.003 0.006
Angles (°) 0.55 0.81
Average B factors (A?)
Protein 60.0 60.6
Water 46.5 53.8
Ramachandran plot
Most favoured (%) 97.16 97.69
Allowed (%) 2.73 2.23
Molprobity score 1.28 1.88

Table 7: Structural parameters and refinement scores for the NT60 R416A NP.
Values for the outer shell are given in parentheses. Table adapted from (Knight et al., 2021).
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Figure 32: The structure of the NT60 R416A NP.
Structure is rainbow coloured progressing from violet at the N-terminus to red at the C-
terminus. Adapted from (Knight et al., 2021).

Structures have been solved for the WSN (H1N1) NP (Ye et al., 2006), with which the NT60
NP shares 93.6% amino acid sequence identity and the HK97 (H5N1) NP (Ng et al., 2008),
with which the NT60 NP shares 91.4% sequence identity. The residues not conserved
amongst these 3 structures are not clustered, being widely dispersed both in the sequence
(Fig. 33A) and spatially in the structure (Fig. 33B). The non-conserved residues are mainly
located away from the basic groove (Fig. 33C) that is predicted to be the site of RNA binding.
An exception to this is K77, which is replaced by an arginine in the HK97 sequence. This
change maintains the basic charge of the groove, though lysine residues have been suggested

to contribute less to NP RNA binding than arginine residues (Elton et al., 1999).
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(A)

1 10 20 30 40 50 60 70 80 86

T T T T T T T T T 1

HK H5N1 GTKRSYEQMETGGERQNATEIRASVG GIGRFYIQMCTELKLSD@EGRLIQNSETIERMVLSAFDERRNRYLEEHPSAG
NT60 H3N2 GTKRSYEQMETBGERQNATEIRASVG] GIGRFYIQMCTELKLSD¥EGRLIQNSET IERMVLSAFDERRNEYLEEHPSAG
WSN HIN1T M GTKRSYEQMETBGERQNATEIRASVG GIGRFYIQMCTELKLSD¥EGRLIQNSET IERMVLSAFDERRNKYLEEHPSAG

87 9 106 116 126 136 146 156 166 172

6
T T T T T T T T T 1
HK H5N1 KDPKKTGGPIYlRIDGKE!RELlLYD E IRRIWRQANNg'DATAGLTHMMIWHSNLN DFYQRTRALVRTGMDPRMCSLMQGSTL

NT60 H3N2 KDPKKTGGPIYKRMDGKWMRELMLYDKGE IRRIWRQANNGBDATAGLTHMMIWHSNLNDETYQRTRALVRTGMDPRMCSLMQOGSTL
WSN HIN1 KDPKKTGGPIYRRMDGKWRRE LELYDKEE IRRIWRQANNGBDATAGLTHMMIWHSNLNDATYQRTRALVRTGMDPRMCSLMQGSTL

173 182 192 202 212 222 232 242 252 258
T T

T T T T T T T 1

HKH5N1 PRRSGAAG. KGVGTMVMELIRMIKRGINDRNFWRGENGRRT YERMCNILKGKFQTAAQ DQVRESRNPGNAEEZEDLIF
T
T

NT60 H3N2 PRRSGAAG. KGVGTMVMELIRMIKRGINDRNFWRGENGR) YERMCNILKGKFQTAAQ DQVRESRNPGNAEREDLIF
WSN HIN1 PRRSGAAGAANKGVGTMVMELIRMIKRGINDRNEFWRGENGR] YERMCNILKGKFQTAAQ DQVRESRNPGNAEEEDLIF

259 268 278 288 298 308 318 328 338 344
;

! T T T T T T T T
HK H5N1 LARSALILRGSIEHKSCLPACVYGﬁVASGYDFEIEGYSLVG 1 DPFILLQNSQ:ISLIRPNENPAHKSQLVWMAC'SAAFE.DLRVI

NT60 H3N2 LARSALILRGSWAHKSCLPACVYGEAVASGYDFEKEGYSLVGIDPFRLLONSQVMSLIRPNENPAHKSQLVWMACNSAAFEDLRY]
WSN HIN1 LARSALILRGSMAHKSCLPACVYGEAVASGYDFEREGYSLVGIDPFRLLONSQVESLIRPNENPAHKSQLVWMACHSAAFEDLRY]
345 354 364 374 384 394 404 414 424 430
I T T T T T T T T 1
HKH5N1 SFIRGT \‘v:lPRGILSTRGVQIASNENmISSTLELRSRYWAIRTRSGGNTNQQRAS GQISlQPIFSVQlNLP TIMAAFI
NT60 H3N2 SFIRGTKVEPRGKLSTRGVQIASNEN SSTLELRSRYWAIRTRSGGNTNQORASAGOISMQPAFSVOANLPFDKPT IMAAF
WSN HIN1 SFIRGTKV|YPRGKLSTRGVQIASNEN SSTLELRSRYWAIRTRSGGNTNQQRASEGQISHQPEFSVOANLPFDRET IMAAF
431 440 450 460 470 480 490 498

T 1

WSN HIN1 GNTEGRTSDMREEI IREME SFQGRGVFELSDEK

T T T 1 T T
HKH5N1 GNTEGRTSDMREE I IRMME PEBMSFQGRGVFELSDE PIVPSFDMSNEGSYFFGDNAEEYDN
NT60 H3N2 GNTEGRTSDMRAEIIRMME PEEMS FQGRGVFELSDEK. PIVPSFDMSNEGSYFFGDNAEEYDN
PE PIVPSFDMSNEGSYFFGDNAEEYDN

Figure 33: Conservation of NP.

(A) A sequence alignment of the NT60, WSN and HK97 NP sequences. Residues where one
sequence differs are highlighted in orange. Residues where all three sequences differ are
highlighted in purple. (B) The structure of the NT60 R416A NP coloured by amino acid
sequence conservation relative to the WSN and HK97 NPs. Colouring matches that in the
previous panel. (C) The structure of the NT60 R416A NP with surface charge (Coulombic
electrostatic potentials) displayed. Blue = basic and red = acidic. Adapted from (Knight et al.,
2021).
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The structure of NP also appears to be highly conserved. The NT60 R416A NP structure has
a Root-Mean-Square Deviation (RMSD) of 4.0 A (across 393 pairs) compared to WSN NP,
and of 5.5 A compared to the HK97 NP (across 429 pairs). Much of the difference can be
attributed to the folding of the C-terminal tail. In the NT60 R416A NP this tail folds into the
predicted RNA binding groove. The same folding of the C-terminal tail is observed in the
R416A WSN structure and its structure has an RMSD of 1.2 A when compared to the NT60
R416A NP structure. The folding of this tail observed in the monomeric mutants is likely to
reduce the charge of the predicted RNA binding groove and has been suggested as a reason

for the lower RNA binding affinity observed for the monomeric mutant (Chenavas et al., 2013).

When compared to the other IAV NP structures, the biggest difference in conformation is seen
in the 73-90 loop. This loop protrudes from the body domain into the basic groove (Fig. 34A).
Another loop, located opposite in the structure, (comprised of residues 169-175) also
protrudes into this groove from the head domain. These two loops contain a number of
residues that together have been shown to be critical to RNA binding (Ng et al., 2008). This
region could not be resolved in the WSN NP structure (PDB: 2IQH), but was patrtially resolved
in the HK97 structure (PDB: 2Q06) (missing density for residues 79-86) and fully resolved in
the WSN R416A NP structure (PDB: 3ZDP) (Fig. 34B). In the NT60 R416A NP structure
residues 82-86 are observed to extend further away from the body domain of NP than in the
WSN R416A NP. Residues 88-90 adopt a similar confirmation in the NT60 R416A NP and
WSN R416A NP structures, but differ in the HK97 structure, with Pro89 flipped away from the
body domain. The 73-81 region of the loop appears more structurally conserved, with all three

structures displaying a very similar fold.

118



W NT60 H3N2

B WSNHI1N1

HK97 H5N1

Figure 34: The NP 73-90 loop.

(A) The electron density (shown at level 1.0) of residues 78-90. (B) A comparison of the
structure of the 73-90 loop in the NT60 R416A, WSN R416A (PDB: 3ZDP) and HK97 (PDB:
entry 2Q06) NPs. Adapted from (Knight et al., 2021).

Crystallisation trials were also performed for NP in the presence of nucleic acids to determine
the mode of RNA binding. Trials were attempted with a 14-nucleotide RNA with sequence 5'-
GUAUAUGAGGCCCA-3'. The sequence of this RNA was designed by selecting a region of
the VRNA (nucleotides 607-620 of the PR8 M segment) that had been shown to have high
levels of NP binding in PAR-CLIP experiments (Williams et al., 2018b). This RNA had also
been shown to increase the Tm of NP (Fig. 31B), which has been shown to increase the
likelihood of crystallisation (Dupeux et al., 2011), and 14-nucleotide RNA had been shown to

remain associated with NP through SEC (Section 5.2.1). Trials were also performed using a
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14-nucleotide DNA (same sequence except U’s replaced with T's), a truncated 8-nucleotide

version of the RNA, and a 12-nucleotide poly-A RNA.

Crystals diffracting to high resolution formed, however in no instance could nucleic acid be
resolved in the NP structures produced. The crystals produced gave a different space group
(C2-2-2,) to the NP crystals produced in the absence of nucleic acid (Fig. 35). The best
diffracting crystal was produced in a 1.7 molar excess of 14-nucleotide DNA (Tables 6 and 7).
These crystals diffracted to a resolution of 2.3 A with 3 NPs present in each asymmetric unit.
No regions of NP were resolved that were not already determined in the P1-2;-1 structure (all
chains were missing residues: 1-20, 82-87, 389-417, 432-435, 452-461, and 498). The regions
encompassed by these missing residues have an average IUPred score (Dosztanyi, 2018) of
0.59, indicating that these regions are likely to be disordered. Despite the different crystal
packing, the structures produced are extremely similar to that of the NP structure observed in

the P1-2;-1 space group, with a comparative RMSD value of 0.8 A (across 429 pairs).
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Figure 35: Comparison of R416A NP space groups.

(A) Cartoon representation of the unit cell of the NT60 R416A NP in the P1-2;-1 space group
(B) Comparison of the unit cells for the NT60 R416A NP in the P1-2;-1 and C2-2-2; space
groups.

Many further attempts were made at crystallisation trials with nucleic acids. This included:
performing fine screens around conditions that had successfully produced crystals, soaking
RNA into already formed crystals, crystallisation at 4°C, and performing an additional round
of SEC post-mixing with nucleic acid (confirming nucleic acid bound by 260/280). Attempts
were also made using other nucleic acids including: individual nucleotides, di-nucleotides, and
5-nucleotide RNAs in high molar excesses. Whilst some of these conditions produced crystals,

none gave structures where nucleic acid could be resolved. Attempts were also made with the
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non-monomeric version of the NT60 NP. No crystals were produced, although trials were more
limited and had to be performed at lower protein concentrations, due to poor protein
expression. Following these attempts, it was decided to pursue non-crystallographic methods

of structure determination.

5.3.3 Cryo-electron microscopy

After being unable to resolve the structure of NP in complex with nucleic acid by
crystallography, it was decided to try Cryo-EM approaches. Cryo-EM typically requires
complexes >200 KDa. NP is 56 KDa, so an oligomer of NP, or multiple monomeric NPs bound
to the same nucleic acid, would likely be required to achieve a high resolution structure. The
E. coli expressed NT60 R416A monomeric NP was mixed with 47-nucleotide RNA or 105-
nucleotide DNA. A 105-nucleotide DNA was used as this had been shown to produce a
complex with NP in excess of 200 KDa (Fig. 31). The R416A NP with 105-nucleotide DNA
formed visible complexes (Fig. 36A) on Cryo-EM grids (Cryo-EM performed by Jeremy Keown
and Loic Carrique, University of Oxford). However, the complexes were extremely
heterogeneous in shape, forming string-like structure of varying length and morphology. This

heterogeneity made classifying and resolving the complexes impossible. °
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Figure 36: Cryo-EM of the NT60 NP.

(A) Cryo-EM analysis of NT60 R416A NP mixed with a 105-nucleotide DNA. (B) Cryo-EM
analysis of NT60 NP (i.e. non-monomeric) with endogenous nucleic acid. Cryo-EM was
performed by Jeremy Keown and Loic Carrique (C) A selection of 2D classes from analysis of
NT60 NP with nucleic acid from expression host (presumably of mixed length). (D) A
comparison of the oligomeric states of NP formed either with endogenous nucleic acid from
the expression host or a 105-nucleotide DNA. Stacked rings were excluded from the analysis.
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It was subsequently decided to use the NT60 NP (i.e. not the monomeric mutant), to try to
form more homogenous complexes. Cryo-EM grids were made for NP that was not stripped
of endogenous nucleic acids from the expression host (260/280 of the sample was 1.30). The
NP on these grids formed ring-like oligomeric structures (Fig. 36B). A 2D classification of these
complexes (Fig. 36C) showed that multiple oligomeric states of NP were present ranging from
dimers through to septamers. There also appeared to be classes in which two pentameric NP

rings were stacked, one on top of the other.

A wide range of 2D classes makes achieving high resolution difficult, as there is not a large
amount of data for any given 2D class. It was decided to try to bias the oligomerisation of NP
to a particular class by stripping it of endogenous nucleic acid (260/280 of 0.75) and adding a
105-nucleotide DNA (in a 3:1 molar ratio of NP to DNA). This was also performed at two
different NaCl concentrations (150 mM or 300 mM), as there is evidence that salt
concentration may alter the oligomeric state of NP (Labaronne et al., 2016). Screening of the
grids indicated that salt concentration did not greatly affect oligomeric state and so data was
only collected on the 150 mM NaCl sample. A wide range of oligomeric states were observed
in the 2D classification (Fig. 37). The distribution of oligomeric states did differ slightly from
the NP with endogenous nucleic acid, in particular there was an increase in the abundance of
trimers observed (Fig. 36D). Most notably, none of the stacked ring structures were observed
in the 105-nucleotide dataset. Without multiple repeats it is hard to attribute differences in
oligomeric state to the nucleic acid present. There may have been slight differences in sample

preparation that could also have affected the oligomeric state.
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Figure 37: 2D classes from cryo-EM analysis of NT60 NP with 105-nucleotide DNA.

It was attempted to fit the NT60 R416A NP crystal structure to the density of one of the
tetrameric classes from the Cryo-EM dataset of NT60 NP with 105-nucleotide DNA. The
crystal structure could not be unambiguously fitted to the model as the resolution is too low
and there is no secondary structure present in the map to aid fitting (it was also not possible
to resolve nucleic acids). The oligomeric structures formed have a high degree of flexibility in
the positioning of the NPs relative to one another meaning that high resolution information
cannot be averaged out from the data. This flexibility meant applying internal symmetry to the

ring structures during processing was ineffective at increasing resolution.
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5.4 Discussion

The structure of the NT60 R416A NP has been resolved at 2.2 A resolution, the first structure
of a NP from a H3N2 virus. However, the structure of NP in association with RNA could not
be resolved. Since the conclusion of this work crystal structures were obtained for a
monomeric HK97 NP (H5N1) (with C-terminal truncations) in complex with 8 and 9 nucleotide
2’-O-methylated RNAs (Tang et al., 2021). The authors were able to resolve 3 nucleotides and
found that they mainly formed interactions with residues R65, R74, R75, and K87. The R74
and R75 residues are part of a loop (the 73-90 loop) that was seen to be the main difference
in structure between the NT60 R416A NP presented in this investigation and the other NP
structures. Deletion of this loop in HK97 has been shown to produce a 6.4-fold drop in RNA
binding affinity (Ng et al., 2008) and deletion of the equivalent loop in influenza B virus

(residues 125-149) produced a 14-fold drop (Ng et al., 2012).

The 73-81 region of the loop shows high conservation amongst the non-RNA bound
structures, adopting a very similar fold in R416A NT60, R416A WSN, and HK97 (Ng et al.,
2008) (Tang et al., 2021). In contrast, in the RNA bound structure the 73-81 region is found to
be orientated downwards, away from the opposite loop containing residues R174 and R175
(Tang et al., 2021). This opens up the RNA binding groove and is suggested to be required in
order to physically provide the space required for the RNA to fully enter the groove. In the
HK97 NP the mutation of the R74 and R75 residues, in concert with the mutation of the R174,
R175, and R221 residues located on the opposite side of the groove, led to almost complete
abolition of RNA binding (Ng et al., 2008), further demonstrating the importance of the 73-81
region in RNA binding. The 82-86 region is observed to project further away from the body
domain of NP in the NT60 R416A NP structure presented here, compared to the WSN R416A
NP structure (not resolved in HK97). This region could not be resolved in any of the other

structures.
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An examination of over 4,000 cross-species IAV NP sequences found residues Glu73, Arg74,
Arg75, Asn76, Tyr78, Glu80, Pro83, Lys87, Asp88, Pro89, and Lys90 of the 73-90 loop to be
highly conserved (Kukol and Hughes, 2014). Of these residues Asn76, Tyr78, Asp 88 and
Pro89 were found to be invariant. It should be noted that 59% of residues across the entire
structure were classified as highly conserved, compared to 61% in this loop, so overall it is not
strikingly more conserved than other parts of the NP at a sequence level. However, many of
the non-conserved residues are clustered in the 82-86 region loop where the structure is seen
to vary between the NT60 and WSN R416A NP structures. Only one highly conserved residue
is located in this region (Pro83). Two of the residues, Ser84 and Ala85, were found to be highly
variable in sequence. So far, the 82-86 residues have only been resolved in monomeric
structures. The C-terminal tail of the NP in the R416A structures inserts into the basic groove,
close to this loop, and may stabilise its structure. As such, it is possible that this region of the
loop is more flexible in the oligomeric protein and will not strictly adopt the confirmations seen

in the monomeric structures.

The 73-81 region of NP may present a target for universal interventions against influenza. This
region contains residues essential for RNA binding and appears to be conserved, both at a
sequence and structural level. However, so far drugs blocking RNA binding have focused on
the 169-175 residues (Hu et al., 2017). These residues are located in a loop situated opposite
the 73-90 loop in the RNA binding groove. This loop is highly conserved in the structure
presented here and all of the available IAV NP structures (including RNA bound). In addition,
all but one of these residues (R174 - which is moderately conserved) are highly conserved
(Kukol and Hughes, 2014). Preliminary experiments have shown drugs targeting this site can

inhibit influenza virus replication (Kakisaka et al., 2015) (Hu et al., 2017).

A putative universal vaccine was designed by targeting regions of the M1, M2, NP and PB1
proteins that were found to be both highly conserved and to contain multiple reactive T-cell
epitopes (Stoloff and Caparros-Wanderley, 2007). This vaccine has been shown to provide

cross-protective immunity in ferrets (McMahon et al., 2019). One of the epitopes used in this
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vaccine is the 255-275 region of IAV NP. This region encompasses part of the head domain
and a linker connecting to the body domain. The structure presented here and the other
available IAV structures show very high structural conservation in this region, supporting its
use as a universal intervention target. Overall the data presented here, showing a high degree
of structural conservation, along with the high sequence conservation and the large number
of interactions it forms (including with host proteins) (Gabriel et al., 2008) (Eisfeld et al., 2015),

supports the case for using NP as a target for influenza interventions.

In this investigation crystallographic approaches failed to resolve RNA in complex with NP,
despite NP crystals being formed in the presence of RNA. It seems likely that NP crystals were
only achieved in conditions in which the NP-nucleic acid association was disfavoured. The
resolution of 3 residues was achieved using a monomeric mutant with a C-terminal truncation
(Tang et al.,, 2021). This may suggest that achieving an overall more stable complex is
required to resolve RNA. The authors suggest that the inability to resolve more than 3 residues
may be down to flexibility in their positioning. Future attempts at resolving further residues
using crystallisation could seek to utilise RNAs containing regions of secondary structure with
short single stranded regions. This may promote NP binding to RNA in a single non-flexible
mode, although NP is known to melt RNA structures (Dadonaite et al., 2019). Crosslinking an
RNA to NP could also be attempted, such as by using an RNA containing 4-thiouridine.
However, crosslinking efficiencies are low and it is still possible that the RNA could be
crosslinked into the binding site in multiple different positions, making the sample too

heterogeneous to crystallise.

Cryo-EM approaches to solving the NP-RNA structure also proved unsuccessful. Such
approaches require larger complexes than crystallography. Binding multiple NPs to the same
RNA formed oligomers with no defined shape at a high resolution. The non-monomeric protein
formed ring like structures, similar to those observed in a previous study (Gallagher et al.,
2017). The 2D classifications also contained stacked ring structures, which have not

previously been reported. The biological significance, if any, of these ring structures is not
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known. NP in VRNPs is thought to form a helical structure with ~10-12 NPs per turn (Arranz
et al., 2012) (Coloma et al., 2020), although electron tomography reconstructions suggest that
regions containing ring structures may also be present with the vRNPs (Gallagher et al., 2017).
It is possible that a mixture of ring and helical NP structures allow for more overall flexibility in

the VRNP structure.

The large range of 2D classes for the oligomeric NP highlights the high degree of flexibility NP
is afforded in oligomerisation. This is supported by the range of rotation angles observed
between NP monomers in the Cryo-EM reconstruction of VRNPs (Arranz et al., 2012) (Coloma
et al., 2020) and the differences in positioning of the oligomerisation loop relative to the main
body of NP observed between the WSN and HK97 oligomeric crystal structures. In addition,
NP-binding on vRNAs has been shown to be non-uniform in nature (Williams et al., 2018b)
(Lee et al.,, 2017) and electron tomography suggests that VRNPs have high structural
variability, with kinks and regions of local unwinding (Gallagher et al., 2017) (Coloma et al.,
2020). A high degree of flexibility in NP oligomerisation may be advantageous to influenza,

perhaps in accommodating variable RNA structures.

None of the oligomeric ring structures could be solved to high resolution, with flexibility
between the NPs within NP oligomers hindering averaging and application of internal
symmetry during processing. Application of symmetry has been a key in solving the
nucleocapsid structures of other viruses by Cryo-EM, such as for the Nipah (Ker et al., 2020)
and measles (Desfosses et al., 2019) viruses. To resolve RNA binding, use of monomeric NP
may be required to reduce heterogeneity. Future attempts could overcome this lack of size by
binding NP to a megabody. Megabodies are nanobodies that have been grafted onto protein
scaffolds. They are used to add mass to proteins that are too small to be resolved by Cryo-
EM alone. They can also help to overcome preferential orientation of proteins on Cryo-EM
grids (Uchanhski et al., 2021), as was the case with the NP oligomers (i.e. the vast majority of
views are looking down on rings). In addition, they can help to stabilise proteins in a particular

conformation, potentially further reducing heterogeneity (Uchanski et al., 2021). This could
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also be performed on NP with C-terminal truncations as proved successful in crystallography
(Tang et al., 2021). Other possibilities include trying larger RNP complexes containing other
proteins, such as the trimeric influenza polymerase, in addition to RNA. This would add mass

and may lead to the formation of more homogeneous structures.
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6. The structure of the SARS-CoV-2 genome

6.1 Chapter summary

¢ The genomes of viruses belonging to the Coronaviridae family are believed to
contain a number of conserved functional RNA structures.

o Here the SARS-CoV-2 genome is subjected to chemical probing in virio to guide
prediction of RNA structure.

o Extensive RNA structure is found to be present, spanning the entire length of the
genome.

e Features conserved amongst coronaviruses are observed, including several stem-
loops in the 5" UTR.

e SPLASH experiments were also performed and no stable, specific, long range
interactions were identified in virio.

o The RNA structures presented provide targets for future functional studies.

6.2 Introduction

During the course of this project a novel coronavirus, subsequently named Severe Acute
Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2), emerged in China. The disease caused
by SARS-CoV-2 infection is called COVID-19 and can produce a range of symptoms, but most
commonly fever, cough and loss/change of sense of taste/smell. Within months the virus had
spread around the world and COVID-19 was declared a pandemic by the World Health
Organisation. At the time of writing COVID-19 has been the cause of more than 2 million

deaths and has produced massive economic disruption.

Coronaviruses infect a range of mammals and birds and are divided into four genera, the
alphacoronaviruses, betacoronaviruses, gammacoronaviruses, and deltacoronaviruses. A
number of viruses from the alpha and betacoronavirus genera circulate in humans, generally

producing mild symptoms and accounting for ~15% of cases of the common cold
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(Chathappady House et al., 2021). The last 20 years have seen the emergence of three highly
pathogenic betacoronaviruses, Severe Acute Respiratory Syndrome-Coronavirus-1 (SARS-
CoV-1), Middle East Respiratory Syndrome-Coronavirus (MERS-CoV), and SARS-CoV-2.
SARS-CoV-1 and MERS-CoV have largely been contained, producing only localised
outbreaks (Haagmans et al., 2014). SARS-CoV-2 however has rapidly achieved sustained
global transmission. Spread of the virus is thought to occur predominantly through airborne
transmission (Greenhalgh et al.,, 2021) and contact with surfaces contaminated with
respiratory droplets (Van Doremalen et al., 2020), though other routes of transmission may

contribute (Xu et al., 2020).

SARS-CoV-2 is an enveloped virus with a ~30 kb capped and polyadenylated, positive sense
RNA genome, which is encapsidated by the viral nucleoprotein (N). The viral Spike (S),
Membrane (M) and Envelope (E) glycoproteins are all embedded in the viral membrane. The
S protein consists of S1 and S2 domains. A polybasic cleavage site is located between the S1
and S2 domains and is cleaved by host cell furin proteases, shortly after the spike protein is
produced (Hoffmann et al., 2020). The receptor binding domain of S1 binds to Angiotensin-
Converting Enzyme 2 (ACE2), which is expressed on the surface of a wide range of cells,
including in the lungs, blood vessels, gastrointestinal tract, and liver (Hamming et al., 2004)
(Zou et al., 2020). Upon binding to ACE2 the S can then undergo cleavage at the S2' site (note
this is different to the S1/S2 cleavage) by another membrane protein TMPRSS2, which
exposes the fusion peptide of the S2 domain, facilitating virus entry. Alternatively, the virus
can be endocytosed upon ACE2 binding, with the S2' cleavage then performed by cathepsin

L, allowing the virus to escape the endosome and enter the cell (Shang et al., 2020).

The SARS-CoV-2 genome contains multiple Open Reading Frames (ORF). The first two of
these open reading frames, ORFs la and 1b, overlap and account for ~2/3 of the genome,
encoding 16 Non-Structural Proteins (NSPs). The structural proteins S, N, M and E, as well
as a number of accessory proteins, are encoded in the 3’ third of the genome. Upon infection,

ORF1la and b can be translated directly from the positive sense genome. ORF1b is produced
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by a -1 ribosomal frameshifting event, allowing differential expression of the two polyproteins,
ppla (~450 KDa) and pplab (750 KDa) (Finkel et al., 2021). The polyproteins are cleaved by
protease domains in NSP3 and NSP5. The viral RNA-dependent RNA polymerase is
comprised of NSP12 and its two co-factors NSP7 and (two copies of) NSP8. This complex is
responsible for both replication and transcription of the viral RNAs (Hillen et al., 2020) (Gao et
al., 2020b). Infection by SARS-CoV-2 results in the formation of double membrane vesicles,
likely mediated by the NSP3, NSP4, and NSP6 proteins (Angelini et al., 2013), which act as
the site of viral replication and transcription (Zhang et al., 2021) (Snijder et al., 2020).
Replication of the viral genome occurs via the production of a full-length negative sense

intermediate, which can act as a template to produce more full-length genomic RNA.

Expression of the structural viral proteins requires the production of subgenomic RNAs
(sgRNASs) containing the same 75-nuclecotide 5' leader sequence as the full-length viral
genome. This first requires the production of negative sense versions of these sgRNAS via a
discontinuous transcription mechanism that is mediated by Transcription Regulatory
Sequences (TRS). The SARS-CoV-2 TRSs have the consensus sequence 5-ACGAAC-3',
with the majority containing the extended consensus 5'-CUAAACGAAC-3'. Several TRS-Body
(TRS-B) sequences are present in the 3' third of the genome, located immediately upstream
of their corresponding ORFs. During transcription the polymerase complex can undergo
template switching and skip from the TRS-B sequence to the TRS-Leader (TRS-L) sequence
which is located at the end of the 5’ leader sequence (V’kovski et al., 2021). This is thought to
be mediated by binding between the complimentary sequences of the nascent negative sense
TRS-B sequence and the positive sense genomic RNA TRS-L sequence. This results in the
production of a set of at least eight negative sense genomic RNAs with a common 3' sequence
that can be transcribed into their positive sense counterparts by the viral
transcription/replication complex (Kim et al., 2020). The positive sense RNAs produced are

referred to as nested, in that they all contain the same 5' leader sequence and 3' UTR.
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The mechanisms of viral budding are not well understood, but spike protein is thought to
accumulate at the endoplasmic reticulum/Golgi network. The mature spike complexes are
then thought to be transported in small vesicles to larger single membrane vesicles which
contain the encapsidated genomic RNA. The virus may then exit the cell via exocytosis and/or
use of the endosomal pathway (Ghosh et al., 2020) (Mendonga et al., 2021). Formation of

virions is dependent on the presence of the S, M, and E proteins (Swann et al., 2020).

Several studies have investigated the minimal sequence requirements for replication in
coronaviruses using DI RNAs. The minimal 5' sequence was found to be 467 nucleotides for
Mouse Hepatitis Virus (MHV) (Luytjes et al., 1996) and 498 nucleotides for Bovine Coronavirus
(BCoV) (Chang et al., 1994), both encompassing part of ORF1a. The minimal 3" sequence for
DI replication only required the UTR (De Haan et al., 2002) (Goebel et al., 2004). Despite fairly
low sequence conservation, there is a high degree of structural conservation present in the
terminal regions across the alphacoronavirus and betacoronavirus genera (Madhugiri et al.,
2014) (Chen and Olsthoorn, 2010) (Yang and Leibowitz, 2015). This structural conservation
suggests that the secondary structures formed in these regions are important to the viral

replication cycle.

The objective of this chapter was to identify RNA structures present in the SARS-CoV-2
genomic RNA. RNA structures in viruses can have important functions and show potential as
drug targets. SHAPE and DMS-MaP were used to guide prediction of short range interactions

whilst SPLASH was employed to look for longer range interactions.

6.3 Results

6.3.1 Chemical probing of the SARS-CoV-2 genome

A bio-safety level 3 facility must be used when working with SARS-CoV-2. This meant that

ultracentrifuges were not available for purification and concentration of virions. Two alternative
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virion purification strategies were attempted. The first of these was PEG precipitation, a
technique that has been successfully employed for a large number of viruses (Lewis and
Metcalf, 1988). SARS-CoV-2 was amplified in Vero cells and the growth media then mixed
with PEG overnight. The precipitated virus could then be pelleted by centrifugation and
resuspended in a smaller volume. The precipitated virus was resuspended in one hundredth
of the volume it was collected in and had a titre ~25 times greater after precipitation (average

titre increased from 7.5x10° to 1.85x10% PFU)/mL.

Separately, purification of SARS-CoV-2 virions by centrifugation through a sucrose cushion
was also attempted. Due to the lack of an ultracentrifuge, a lower sucrose concentration was
used compared to when purifying influenza virions (10% vs 30%). SHAPE was performed on
both sucrose cushion and PEG purified samples. In both cases median read depths were in
excess of 20,000 for both 1M7 treated and untreated samples (Table. 8). A greater proportion
of reads mapped to the SARS-CoV-2 genomic RNA in the sucrose purified samples (61%)
compared to in the PEG purified samples (45%). Reactivity rates in the 1M7 treated samples
were higher relative to the untreated samples in the sucrose purified virions (median reactivity
rates 1.7 times higher in sucrose compared to 1.2 times in the PEG purified). The low reactivity
rate of the 1M7 treated PEG purified virions meant that there was low signal to noise ratio
resulting in poor correlation between replicates (Spearman R correlation of 0.60). The sucrose
treated sample showed greater reproducibility with a Spearman R correlation of 0.88 between
replicates. Given the higher signal to noise ratio, better reproducibility, and potentially higher
sample purity (PEG may precipitate nucleic acids not contained in virions), the sucrose purified
samples were used for RNA structure prediction. Tables containing full information on SHAPE
reactivity values and pairing probabilities can be found online at

https://figshare.com/s/6444d82a7bab5f8cbb74.

135


https://figshare.com/s/6444d82a7bab5f8cbb74

Sample Median read Median mapping | Median base call | Median read | Median base
depth quality (phred quality (phred length mutation
scaled) scaled) rate (%)
1M7-PEG-1 21,676 40.4 43.2 144.7 0.29
1IM7-PEG-2 21,435 40.9 43.0 144.7 0.26
DMSO-PEG-1 19,400 40.8 46.2 142.4 0.22
DMSO-PEG-2 20,042 40.4 434 144.4 0.23
DMS-PEG-1 25,514 40.1 43.6 144.5 0.44
DMS-PEG-2 26,125 39.9 43.9 144.4 0.50
1M7- 25,264 40.8 42.9 144.6 0.34
Sucrose-3
1M7- 23,970 39.8 43.9 144.4 0.45
Sucrose-4
DMSO- 28,716 40.7 42.7 144.9 0.19
Sucrose-3
DMSO- 27,259 40.2 42.7 145 0.27
Sucrose-4
DMS- 24,695 39.4 46.6 1425 0.53
Sucrose-3
DMS- 23,703 39.7 44.0 144.3 0.49
Sucrose-4
DMS-PEG-5 20,915 42.2 42.8 74.2 0.66
DMS-PEG-6 19,421 42.1 43.1 74.1 0.72
DMSO-PEG-5 17,958 42.5 42.4 74.2 0.30
DMSO-PEG-6 20,080 42.3 41.8 74.1 0.28

Table 8: Sequencing statistics from chemical probing experiments.

A table showing statistics on the SHAPE and DMS-Seq experiments on SARS-CoV-2 virions
purified by PEG precipitation or centrifugation through a sucrose cushion. Samples use the
naming system X-Y-Z. X = the reagent used for probing (DMSO = untreated). Y = the method
of purification. Z = the biological replicate (i.e. all samples marked with a 1 are from the same
batch of purified virions).

The SHAPE reactivity data was used as soft constraints to guide RNA structure prediction.
The SARS-CoV-2 genome is too large to fold as a single entity, so a windowed approach to
folding was adopted (Siegfried et al., 2014). Different folding windows (2,000, 3,000, and 4,000
nucleotides) were tested and this had little effect on the structures predicted, with less than
5% of bases adopting a different structure. Ultimately, a window of 3,000 was chosen as this
gave the lowest mean reactivity for paired bases (0.132 vs 0.135 and 0.132 for the 2,000 and
4,000 windows respectively). It also gave the lowest percentage of paired bases with SHAPE
reactivity values above 0.8 (2.36% vs 2.76% and 2.52% for the 2,000 and 4,000 windows
respectively). The SARS-CoV-2 genome is highly structured, with regions of low reactivity

spanning the entire length of the genome (Fig. 38).
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Figure 38: The reactivity profile from SHAPE performed on SARS-CoV-2 virions.
Predicted RMA interactions are shown as arcs with colour indicating pairing probability. The positions of protein coding regions are indicated
along with the positions of the TRS sequences.
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SHAPE guided structure prediction indicates that the 5’ and 3' regions of the SARS-CoV-2
genome contain a number of stem-loop structures homologous to those identified in other
coronaviruses (Fig. 39) (Chen and Olsthoorn, 2010) (Madhugiri et al., 2016). This includes
SL1, SL2, SL4 and, SL5 which are widely conserved amongst alpha and betacoronaviruses
(Fig. 40) (Madhugiri et al., 2016). SL1 begins just seven nucleotides into the SARS-CoV-2
genomic RNA and consists of upper and lower stem sections separated by a small bulge. SL2
is a very small structure with a 5 base pair stem enclosing a 5-nucleotide loop. This structure
is the most conserved of the Coronavirinae subfamily, with the loop always having the
consensus sequence CUUG(U/C) (Liu et al., 2007). The loop was shown to form a CUYG
tetraloop fold in the nuclear magnetic resonance determined structure of this region for SARS-
CoV-1 (Lee et al., 2011). The 5" nucleotide of the loop was found to be flipped in the opposite

orientation to the other four bases.
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Figure 40: The SHAPE predicted structure for the 5’ region of the SARS-CoV-2 genome.
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SL4 is a ~40-nucleotide stem-loop with two small bulges (Fig. 40). It contains the start codon
for a short upstream open reading frame (UORF) encoding an 8 amino acid polypeptide. The
start codon for ORF-1ab is located in SL5, a large multi-partite stem-loop structure spanning
almost 150 nucleotides. This structure is conserved across many coronaviruses and is often
divided into SL5a, SL5b, and SL5c, based on its three loops (Fig. 40) (Madhugiri et al., 2016).
SL5a and SL5b both have loops with the sequence 5-UUUCGU-3’, whilst SL5c forms a GNRA
tetraloop. Downstream of this are SL6 and SL7 which are conserved amongst some

betacoronaviruses (Madhugiri et al., 2016).

A short stem-loop (SL3) is predicted to encompass the TRS-L sequence (Fig. 40). This marks
the end of the leader sequence which is present at the 5' of the nested sgRNAs. This region
is predicted to be single stranded in a number of coronaviruses, including MHV and MERS-
CoV (Chen and Olsthoorn, 2010) (Madhugiri et al., 2014). However, the SL3 structure is
predicted to form in SARS-CoV-1 and BCoV (Yang and Leibowitz, 2015). The TRS-L and
TRS-B regions exhibit sequence complementarity to facilitate discontinuous replication (Sola
et al., 2005). There are 9 TRS-B sequences located in the SARS-CoV-2 genome (Fig. 41).
Six of these are predicted to occur on the 5' side of stem-loop structures. The ORF8 TRS-B is
predicted to be in a single stranded region and the N TRS-B on the 3’ side of a stem-loop.
There is a partial TRS-B sequence prior to ORF10 (5'-CUAAAC-3") located predominantly
within the bulge of a bulged stem-loop structure. However, it is not clear if ORF10 is actually

expressed (Pancer et al., 2020) (Kim et al., 2020).
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A ribosomal frameshift is required for translation of ORF1b and occurs in a region known as
the Frame Shift Element (FSE). This region contains a 5-UUUAAAC-3' consensus sequence
that is proposed to be the site of ribosomal slippage in coronaviruses (Baranov et al., 2005).
This ‘slippery’ sequence is proposed to be followed by a pseudoknot structure that mutational
analysis in Infectious bronchitis virus (IBV) has indicated is essential for ORF1b expression
(Brierley et al., 1989). Two different pseudoknots have been postulated to form in this region
of SARS-CoV-2 (Rangan et al., 2020) (Huston et al., 2021). However, neither pseudoknot was
supported by the SHAPE-informed in virio structure prediction (Fig. 42). Instead a bi-partite
bulged stem loop is predicted to form (Fig. 43). The slippery sequence is predicted to be single
stranded, located in the bulge separating the upper and lower stems. The upper stem and
loop region is known as the attenuator stem and has been shown to be important to

frameshifting in SARS-CoV-1 (Cho et al., 2013).
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145



(A)

Cc 1]
G A
13512, G, UG
[ . A‘
) & A .G 13,522
Slippery B -
B sequence Gy G
— U g e \‘ C ¢
- A 13,502 G G
— G cc U u
\ g C‘ . v c A G, A s
A A . u
\ < U;:a,uz’/ A
— U
C
Attenuator stem u A
¢ G
U G,C‘
13402 €
C!
Glc
UGUAAGuGCA"U
13,543
0.8 —
>
o 0.6 1
[o]
|-
el
o
c 0.4 <
o]
c
[
S 02-
’ JJ
0.0 —* = I A, A -
13,422 13,472 13,522

Nucleotide position

Figure 43: The structure of the SARS-CoV-2 FSE.

(A) In virio SHAPE-informed structure prediction for the FSE of SARS-CoV-2. (B) The
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alternative structures forming in a region.
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The last ~350 nucleotides at the 3' end of the SARS-CoV-2 genome are often described as
the UTR (even though this region contains the putative ORF10). The 3' most end of this region
is predicted in betacoronaviruses to form a structure known as the Bulged Stem-
Loop/Pseudoknot (BSL/PK). These two structures are mutually exclusive and cannot exist
concurrently, with the bottom stem of the BSL required to unpair in order to form the PK. The
requirement for both structures to be able to form has been supported by mutagenesis studies
in MHV (Goebel et al., 2004) and by covariance analysis (Madhugiri et al., 2014). The SHAPE
guided structure prediction indicates that the region exists, at least predominantly, in the BSL
form in virions (Fig. 44). It has been proposed that the two conformations may both be adopted

and that the region may act as a molecular switch (see discussion) (Goebel et al., 2004).
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Figure 44: The structure of the BSL/PK.

(A) The SHAPE reactivity values for the BSL-PK region are shown. Green arcs on the top
show the in virio SHAPE informed structure prediction for the region. The arcs in black beneath
the reactivity profile show a pseudoknot predicted computationally (Rangan et al., 2020). (B)

The BSL (left) and PK (right) RNA structures which have been proposed to act as a molecular
switch.
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The 3' most structure in the SARS-CoV-2 genome is known as the Hypervariable Region
(HVR). SHAPE-directed structure prediction shows this region forms a multipartite stem loop
that spans almost 120 bases (Fig. 45). The top part of the HVR structure contains a Stem—
Loop lI-like Motif (S2M) seen in astroviruses and equine rhinovirus (Jonassen et al., 1998).
The nucleotide sequence of the S2M is highly conserved amongst coronaviruses with 75% of
the residues invariant. The highly conserved octanucleotide sequence (5-GGAAGAGC-3) is
located towards the 3’ end of the HVR. This sequence spans a single stranded bulge (5 of the

bases) and the edges of two stems enclosing the bulge.

Stem-Loop lI-like Motif AG &

®3.0.080 Octanucleotide

/
29,696

Figure 45: The structure of the SARS-CoV-2 HVR.
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DMS probing of SARS-CoV-2 was also performed in order to support the SHAPE data. PEG-
and sucrose -purified samples showed good correlation (Spearman R correlation values
between 0.93-0.98). Mutation rates in treated samples showed median mutation rates on
average 2.2 times higher than the untreated controls (Table. 8). A further two replicates were
performed on PEG-purified sample in which the DMS concentration was doubled, with these
resulting in mutation rates 2.4 times higher than the untreated samples. The DMS reactivity
rates were used as soft constraints (for A and C nucleobases only) for RNA structure
prediction. The resulting structures provided strong support for those predicted using the
SHAPE reactivity data (Fig. 46). The only changes seen were for a number of the longer-range

interactions predicted and the 3', 5, and FSE region structures were supported.
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Figure 46: Comparison of SHAPE and DMS-informed structure prediction.

Figure 9: A comparison between the RNA structures predicted for the SARS-CoV-2 genome when SHAPE (the top arcs in light green) or DMS-
reactivity data (the bottom arcs in dark green) were applied as soft constraints. Numbers indicate the position in the genome.
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6.3.2 Long range RNA-RNA interactions in the SARS-CoV-2 genome

Chemical probing is limited in the distance of interactions it can accurately identify due to the
increased false positive rate as the maximum pairing distance increases. This can make
structure determination of longer RNAs very challenging. In order to investigate the existence
of long range RNA-RNA interactions in the SARS-CoV-2 genome SPLASH was performed on
SARS-CoV-2 virions that had been purified through a 10% sucrose cushion (Fig. 47A).
Surprisingly, no distinct interaction loci were observed. This suggests that stable long range
interactions are not present in virio as the dominant conformation. Certain regions do appear
to have a higher propensity to be involved in long range interactions, as seen by the
disproportionately high number of chimeric reads mapping to them (Fig. 47B). Examples of
this include the 2,400-2,500, 6,400-6,500, 21,000-21,100, and 25,500-25,600 regions. These
regions may be free to transiently form interactions with more distant partners due to lower
local structural stability (although this does not appear to be supported by the SHAPE data).
It could also be that these regions are arranged in a way inside virions that gives them a
greater likelihood of interaction with other regions (e.g. maybe they are central in an

arrangement or are free from N binding).
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Figure 47: Long Range RNA-RNA interactions in SARS-CoV-2

(A) The interaction matrix for the two replicates of SPLASH performed on SARS-CoV-2 in
virio. Interactions are displayed on a logio scale. (B) Graphs showing the number of hybrid
reads from the SPLASH experiment mapping to different regions of the SARS-CoV-2 genome.
This illustrates that certain regions of the genome appear to have a higher propensity to be
involved in long range interactions.
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6.4 Discussion

Chemical probing was used to guide RNA structure prediction showing that there is extensive
RNA structure across the SARS-CoV-2 genome in virio. Many of the structures observed in
the terminal regions are highly conserved across betacoronaviruses and in some cases, the
entire Coronavirinae subfamily (Madhugiri et al., 2016). The structure presented here for the
5' region of SARS-CoV-2 in virio is more or less identical to those predicted by in silico
prediction (Andrews et al., 2020) (Rangan et al., 2020), ex virio SHAPE experiments (Sanders
et al., 2020), in cell SHAPE experiments (Sun et al., 2021) (Manfredonia et al., 2020) (Huston

et al., 2021), and in cell DMS probing (Lan et al., 2021).

SL1 is the 5" most RNA structure in the SARS-CoV-2 genome and is a bi-partite stem-loop
with the two stems separated by a bulge. In MHV mutations disrupting the upper stem have
been shown to be lethal or highly detrimental to virus replication, whilst mutations in the lower
part are more well tolerated (Li et al., 2008b). Lethal mutations were shown to fail to produce
negative sense sgRNA, suggesting a role for this structure in discontinuous replication.
Mutations that increase the stability of the lower portion of the stem have been shown to be
lethal or to lead to compensatory destabilising mutations in MHV (Li et al., 2008b). Concurrent
mutations were also seen in the 3' UTR. This supported a previously proposed hypothesis that
long range interactions between SL1 and the 3' UTR promote the discontinuous replication
required for sgRNA synthesis (Zuniga et al., 2004). The lower part of the SL1 stem may have
an optimal level of stability that allows it to unfold to form transient long-range interactions.
However, no long range interaction was reported for the SL1 of SARS-CoV-2 in a study using
the RNA-RNA interaction capture technigue COMRADES (Ziv et al., 2020) nor in this study
by in virio SPLASH. It is possible that this interaction is a rare event and so was not captured
by COMRADES/SPLASH. SL1 is also essential in ensuring that expression of viral proteins is
not inhibited by NSP1 (which suppresses expression of host proteins) (Yuan et al., 2021). This
is mediated by an interaction between the NSP1-ribosome complex and SL1 (Tidu et al.,

2021).
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SL2 is the most conserved structure in the 5" UTR of the Coronavirinae subfamily (Chen and
Olsthoorn, 2010) (Madhugiri et al., 2016). Mutational studies in MHV indicate stem mutations
can be tolerated as long as base pairing is maintained (Liu et al., 2009). Mutations of the loop
in MHV were found to be tolerated to varying degrees, with the exception of the guanine
(nucleotide 53), mutation of which was lethal to the virus. As with SL1, lethal mutations in SL2
prevent sgRNA production (Liu et al., 2007), though the nature of its role in replication is
equally unclear. COMRADES identified an alternative conformation for this region in cells in
which SL2 and SL3 unfold to pair with a region of ORF1a almost 4,000 nucleobases distant
(Ziv et al., 2020). The COMRADES study also found that SL3 can unfold to interact with the
3' termini, suggesting that genome circularisation may be mediated by SL3 in SARS-CoV-2
instead of SL1. Given that SL3 contains the TRS-L sequence required for discontinuous
transcription, it is possible that the 3 different states of the SL3 region (SL3/interaction with

ORF1la/interaction with the 3' termini) may act to regulate production of sgRNAs.

SL4 contains a short upstream ORF (UORF) encoding an 8-residue polypeptide. This
polypeptide is not essential for replication in MHV or BCoV, but is positively selected for during
passage in tissue culture (Raman et al., 2003) (Wu et al., 2014). Disruption of the SL4 stem
in BCoV Dls resulted in reduced RNA replication that could be partially recovered by double
mutants with restored base pairing (Raman et al., 2003). Experiments in MHV suggest that
SL4 can tolerate extensive mutation and viable mutants can be produced when it is replaced
by a shorter stem loop of different sequence (Yang et al., 2011). The authors suggested that
SL4 acts as a spacer that ensures the optimal orientation of the upstream stem-loops for

discontinuous transcription.

SL5 encompasses the start codon for ORFlab and its presence has been to be required for
replication of BCoV DI's (Raman and Brian, 2005). It forms a large, partite, structure with
multiple bulges and 3 loops that are often used to subdivide the structure into SL5a, SL5b and
SL5c (Fig. 40). The loops of SL5a and b in many alpha and betacoronaviruses have the

consensus sequence UUYCGU, which is supported by the structure present here (loop
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sequence is UUUCGU) (Chen and Olsthoorn, 2010). Mutations that disrupt SL5a reduce
replicative efficiency in MHV (Guan et al., 2012). It has been reported that 6 cellular proteins
may bind to the BCoV SL5 (Raman and Brian, 2005) and it is possible that this consensus

loop sequence may be involved in protein recruitment.

SL5c contains a GNRA tetraloop (GAAA). GNRA tetraloops are highly stable structures due
to an unusual non-canonical base pair forming between the 5' G and the 3' most A residue of
the loop, favourable base stacking, and possible base-phosphate hydrogen bonds (Heus and
Pardi, 1991). They are highly conserved in nature and are suggested to act as nucleation sites
to ensure the correct folding of RNA, which may be the case in SL5. It is also possible SL5c
may have a role in protein recruitment, though this seems less likely as the loop is only present
in a sub-group of Betacoronaviruses (Chen and Olsthoorn, 2010). A reverse genetics study in
MHV showed that silent mutations (i.e. not changing the NSP1 protein sequence) disrupting
SL5c resulted in only slight reduction in replicative efficiency (Yang et al., 2015). SL6 and SL7
are poorly studied, likely due to their lower conservation amongst betacoronaviruses
compared to SL1-5 (Madhugiri et al., 2016). Mutational analysis has indicated that SL6 is not

essential for MHV replication (Yang et al., 2015).

The 3'region of the coronaviruses also contain conserved structural features. The first of these
is the BSL-PK which has been suggested to operate as a molecular switch, though its function
is not known (Goebel et al., 2004). The region has been shown to be required for MHV DI
replication (Hsue et al., 2000). The results of this investigation suggest that in virio the BSL is
the dominant structure. This is supported by in vivo SHAPE analysis (Sun et al., 2021) (Huston
et al., 2021), whilst ex virio SHAPE analysis led to prediction of the PK structure. Thermal
unfolding experiments of the MHV sequence have shown that the PK is not very stable and is
only likely to form in a situation where the BSL cannot form (Stammler et al., 2011). In addition,
the existence of the PK was not observed by COMRADES (Ziv et al., 2020). This suggests
that the PK structure either does not form, or is only present as a low occupancy alternative

structure.
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The 3" most structure in the SARS-CoV-2 genome is the HVR, a large hairpin containing the
S2M and the extremely highly conserved octanucleotide sequence. A reverse genetics in MHV
found mutations targeting the stems in this region resulted in reduced replicative efficiency,
but were not lethal (Goebel et al., 2007). The octanucleotide sequence (5-GGAAGAGC-3’) is
largely invariant across Coronavirinae, with only a few viruses reported that contain single
nucleotide changes. The sequence is not required for in vitro replication of the MHV genome
(Liu et al., 2001) but single point mutations were shown to lead to slower viral growth kinetics
(Goebel et al., 2007). UV crosslinking experiments suggest that multiple different host proteins
interact with the 3' UTR (Sola et al., 2011), so it is possible the octanucleotide promotes one
or more of these interactions. Ultimately, the function of the octanucleotide is unknown and

requires further investigation.

The HVR also encompasses the S2M. The structure of the SARS-CoV-1 S2M has been
determined by X-ray crystallography and was found to form a helical structure with a 90° kink,
which facilitates the formation of an enclosed, negatively charged region, that binds two
magnesium ions (Robertson et al., 2004). The structure is highly similar to that formed by the
530 loop of the 16S bacterial ribosomal subunit. This has led to the suggestion that it may play
arole in hijacking the host translational machinery and/or forming an interaction with the NSP9
protein, which contains an oligomer binding fold similar to that of proteins bound by the 530
loop of 16S RNA (Robertson et al., 2004). The SHAPE determined in virio structure of the
SARS-CoV-2 S2M presented here forms a similar structure to that in the SARS-CoV-1 crystal
structure. The bottom most stem and bulge are the same but the top of the structure differs
forming a 9-nucleotide loop, as opposed to the 5-nucleotide loop in the SARS-CoV-1 crystal
structure (the sequence of the S2M of SARS-CoV-1 differs by 2 nucleotides). Of the 9
nucleotides in the loop SARS-CoV-2 S2M loop, 7 have high SHAPE reactivity values (0.8<),
and the other 2 have moderate SHAPE reactivity values (0.4<X<0.8) strongly supporting the
existence of this conformation. In vivo probing of SARS-CoV-2 suggests a slightly different

arrangement of the top of the S2M, with a 6-nucleotide bulge (Huston et al., 2021). This could
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indicate that there is a change in RNA conformation in cells. It may also be that a protein binds
to the loop in cells, reducing accessibility of the SHAPE reagent, and that the structure does

not change.

The SARS-CoV-2 FSE is responsible for the differential expression of ORFla and ORFL1b.
This region has been predicted to adopt a pseudoknot conformation in many coronaviruses
including SARS-CoV-2 (Rangan et al., 2020). This has been supported by Cryo-EM and
SHAPE analysis of an 88-nucleotide in vitro transcribed RNA fragment (Zhang et al., 2021). A
pseudoknot conformation was also proposed by the authors of one in cell SHAPE experiment
(Huston et al., 2021). However, the in virio SHAPE data presented here suggests that this
region forms a stem loop with the slippery sequence in a single stranded bulge. The lack of a
pseudoknot structure as the predominant conformation is also supported in cells by SHAPE
(Huston et al., 2021) (Sun et al., 2021) and DMS probing (Lan et al., 2021). In silico structure
prediction also predicted that the non-pseudoknot conformation was the most stable structure

for this region (Andrews et al., 2020).

The ORF1b start codon and slippery sequence are located in a large bulge of a bulged stem
loop structure (Fig. 44). The stem-loop structure above this bulge is known as the attenuator
stem. Placement of this stem relative to the ORF1b start codon has been shown to be critical
to frameshifting in SARS-CoV-1 (Cho et al., 2013). The lower most stem beneath the bulge is
predicted to be 4 base pairs longer based on in cell DMS probing (Lan et al., 2021). The same
study used DREEM (Tomezsko et al., 2020) to look for alternative conformations based on
correlated mutations. An alternative stem-loop structure was predicted to form in the FSE

region, raising the possibility of a functionally relevant conformational switch.

In vitro DMS probing of shorter RNAs containing the SARS-CoV-2 FSE region supported
formation of the pseudoknot structure (Lan et al.,, 2021). This resulted in much lower
frameshifting rates compared to when a longer ~3,000 nucleotide sequence was used that
formed the non-pseudoknot structure (17% vs 40%). This suggests the FSE structure tunes

the differential expression of ORF1a and b, a factor which has previously been shown to be
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important in coronavirus replicative efficiency (Plant et al., 2010). COMRADES indicated that
the FSE is located within a region that is enclosed by base pairs spanning almost 1,500
nucleotides, which was termed the FSE arch (Ziv et al., 2020). This structure was not predicted
by the SHAPE informed structure prediction even when the maximum pairing distance was
set to 2,000 nucleotides, nor was it supported by in virio SPLASH. This may indicate that

formation of the FSE arch is triggered by cellular factors.

The structures for the regions encompassing the TRS sequences were found to be the same
in cells, with the exception of the N TRS-B which formed a slightly different hairpin (Lan et al.,
2021). It is possible that the structure encompassing the TRS-L sequences help to determine
differential expression of the different sgRNAs. It has been suggested that there is a
correlation between single strandedness of a TRS sequence and the levels of expression of
the corresponding sgRNA (Sun et al., 2021). It would be interesting to perform mutational
analysis in which these structures were disrupted, or swapped, and to measure the
subsequent effect on sgRNA levels and viral replication. Several host proteins from the
heterogeneous nuclear ribonucleoproteins family, which are important for viral replication have
been shown to be able to bind to TRS sequences in vitro (Shi et al., 2003). It is not clear

whether structure may play a role in any possible protein recruitment.

The in cell COMRADES investigation found the presence of 41 interactions spanning more
than 500 nucleotides that had greater than 500 reads mapping to them (a total of 246
interactions had more than 500 reads mapping to them) (Ziv et al., 2020). This is different to
the results of the in virio probing in this investigation where no specific long-range interaction
loci were identified. The lack of specific interaction loci may be partially supported by electron
tomography data on virions showing (at low resolution) that there appear to be multiple
conformations of the genomic RNA in virions (Yao et al., 2020). It is possible that this
difference is biological and that more long-range interactions are present in cells. This could
be due to interactions with host proteins, interactions with the viral NSPs, the phase separation

of the genomic RNA at 37°C (Iserman et al., 2020), or an organisation of the genomic RNA
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inside virions that makes these interactions less likely to form. It would be interesting to
perform SPLASH in cells to see if it supported the findings of COMRADES and vice versa.
SPLASH was recently performed on SARS-CoV-2 infected cells (Yang et al., 2021). The
majority of reads mapped to close range interactions, suggesting the longer-range interactions
were more transient in nature. They did identify a number of long-range interactions (23
interactions spanning 500< nucleotides with more than 50 reads mapping to them). The

SPLASH study did not support formation of the FSE-arch seen in COMRADES.

Choosing the maximum allowed pairing distance for structure prediction is challenging for
SARS-CoV-2. Increasing the maximum distance may allow capture of longer-range
interactions but at the cost of increasing the false positive rate. A pairing distance of 500 was
chosen to try to balance these two factors. The SPLASH data indicated that there were not
stable long-range interactions in virio, which would provide support for using a shorter
maximum pairing distance (~250). However, it seemed best to consider the SHAPE and
SPLASH datasets independently. In addition, regions with seemingly higher propensity for
long range interaction were observed in the SPLASH dataset. If these regions have resulting
low SHAPE reactivity it may actually improve the accuracy of prediction if they are able to find
more distant partners instead of being constrained to pair more locally. Using a pairing

distance of 200 led to the maintenance of the vast majority of interactions predicted (Fig. S3).

Overall the SARS-CoV-2 genomic RNA is extensively structured in virio. Many of these
structures are highly conserved across coronaviruses suggesting that they may be functionally
important. Future research should focus on characterising these structures, as they present

potential drug targets.
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7. Discussion

The objective of this thesis was to investigate genome structure in RNA viruses. In influenza
viruses extensive, redundant networks of interactions were identified between the different
genomic segments. It has been demonstrated that these interaction networks can affect
reassortment, a factor that may now be considered when trouble-shooting or optimising
vaccine production. Intra-segment structure in IAVs was also investigated. Many structures
were identified across all of the segments, though there was very limited conservation of these
structures between viruses from different sub-types. The structure of a H3N2 influenza virus
NP was also presented at 2.2 A resolution. This protein appears to be highly structurally
conserved across IAVs making it a prime target for universal interventions against influenza.
Finally, extensive RNA structure was identified in the SARS-CoV-2 genome. Many of these
structures are highly conserved amongst coronaviruses and are likely to be functionally

important elements.

One of the things highlighted by this investigation is how differently SARS-CoV-2 and IAVs
utilise RNA structure. The segmented influenza virus genome provides advantages to the virus
in its ability to reassort and evade populational immunity. However, this comes at the cost of
complicating genome packaging. The evidence presented here suggests that influenza has
overcome this problem by mediating bundling through inter-segment interactions. There
appears to be great flexibility in these interaction networks, likely to accommodate mutations

and reassortment events.

SARS-CoV-2 does not have a segmented genome, but has a large number of RNA structures
that are widely conserved amongst coronaviruses. This includes several structures in the
terminal UTRs, as well as the FSE. This is in contrast to influenza where conserved intra-
segment structural features appear to be few in number. It is possible that this relative lack of
conserved elements may be a direct consequence of the need to maintain flexibility in the

inter-segment interaction networks that facilitate genome bundling. The conserved structural
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features identified in IAVs in this investigation are confined to segments that are also highly
conserved at a protein level. It would be interesting to extend SHAPE analysis to influenza B,
C, and D viruses to see if any of these structural features are conserved amongst the different
Orthomyxoviridae genera, as well as to more distantly-related segmented RNA viruses (e.g.

Bunyavirales).

Another interesting difference between SARS-CoV-2 and influenza is in their nucleoproteins.
Studies determining RNA structure of in vitro transcribed SARS-CoV-2 viral RNA have shown
that it forms largely the same structure as it does when coated with N (Manfredonia et al.,
2020). By contrast the influenza NP protein seems to melt much of the structure that is present
in in vitro transcribed influenza vRNAs (Dadonaite et al., 2019). The reason for this difference
is not clear, but it is possible that the NP-mediated melting of local RNA structure is designed
to increase the probability of inter-segment bundling interactions forming (which would be less
likely if RNA is locally well folded). This is somewhat supported by a study on influenza inter-
segment interactions suggesting that regions of the genome with high NP binding are more
likely to be involved in inter-segment interactions (Le Sage et al., 2020) (though this finding

was not supported by the data in this investigation).

The SHAPE directed structure prediction gave significantly lower Shannon entropy for SARS-
CoV-2 (median = 0.04) compared to influenza (median = 0.11) (Mann-Whitney P <0.0001).
This suggests as a whole that the influenza genome is less likely to form a single defined
structure. It would be interesting to see how the Shannon entropy would compare for in vitro
transcripts of the influenza vRNASs to see if this is an NP-dependent phenomenon. It would
also be interesting to perform SHAPE experiments on in vitro transcripts of the two viral
genomes in the presence of the nucleoprotein of the other virus (i.e. influenza vRNA with

SARS-CoV-2 N and SARS-CoV-2 genomic RNA with influenza NP).

The lack of perturbation of the SARS-CoV-2 RNA structure may equally be an intrinsic feature
of the N protein. There have been suggestions that the amount of structure in the SARS-CoV-

2 genome is in itself regulated in order to favour phase separation of the genome in infected
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cells (Iserman et al., 2020). This raises the question of what the expected amount of structure
is in an RNA of a given length. Performing MFE structural prediction on all possible RNAs of
a given length would allow a probability distribution to be produced of the likelihood of any
given amount of double strandedness. While not perfect, this may allow better comparison
between the amount of RNA structure in different viruses (or a regions within a genome) and
give clues as to whether overall single vs double strandedness exerts evolutionary pressure

on a virus.

There is high likelihood that many of the RNA structures presented in this investigation do not
represent the true predominant structures present in virio and there is still great room for
improvement in the field of RNA structure determination. A major problem in this field is the
lack of ‘ground truth’, that is RNAs of which we already know the structure against which to
benchmark our techniques. This is limited to a relatively small number of RNAs for which
crystal structures have been produced. In addition, crystal structures of potentially dynamic
RNA molecules may in themselves be misleading. It seems that there are many different
techniques, chemical probing reagents, analysis methods, and structure prediction algorithms
which all claim the greatest accuracy. This is currently very hard to assess in an objective
manner. For chemical probing techniques validation and folding parameter optimisation is
most often based on the ribosomal RNA structure. This is not necessarily an ideal model, as
it is often done in a different organism (where membrane differences may affect effective
reagent concentration) and ribosomal RNA has methylations and protein interactions that may
be quite different to the RNA being investigated. There can also be more specific issues such
as protein binding (like NP binding of viral RNA), phase separation (as with SARS-CoV-2
genomic RNA in cells), or sub-cellular location, that may affect optimal folding parameters

and/or the best reagent to use.

In the future, advances in Cryo-EM may help increase the number of RNA structures to allow
us to improve chemical probing prediction accuracy. In the short term, techniques such as

FISH should be used to compliment RNA structure prediction to try to eliminate some of the
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assumptions that are made. Direct RNA-RNA interaction capture techniques are also
improving with the development of new techniques such as COMRADES (Ziv et al., 2018).
There are a number of improvements that could be made to SPLASH. For example, RNA
could be fragmented to a much greater degree and shorter reads used. This would require the
addition of barcodes to reads to allow de-duplication, but would facilitate both the identification
of much closer ranger interactions and could improve the identification of the exact interaction
location within a loci. This may then compliment chemical probing data and allow better local

structure prediction when combined.

With the recent updates to AlphaFold the world of protein structure is now moving closer to
accurate sequence-informed structure prediction (Jumper et al., 2021). The field of RNA
structure seems further from this point, as these prediction programs rely upon training sets
(a ground truth) which are currently very limited. Despite this, rapid advances have recently
been made in the field by utilising machine learning (Townshend et al., 2021). Such
approaches can also predict RNA tertiary structure, a factor that is not currently addressed in

the majority of chemical probing based predictions.

The disruption of the current SARS-CoV-2 pandemic shows the need to be able to rapidly
characterise new viruses and our current understanding is highly focused on viruses that are
of current (or past) economic importance. There is a great diversity of functional RNA structure
not just in SARS-CoV-2 and IAV, but other viruses such as poliovirus and HIV. Characterising
a greater diversity of viruses may help us to be more prepared for future pandemics. It seems
likely that many undiscovered RNA functions exist that could form the basis for drug targets

or as useful molecular biology tools (such as IRES).
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