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Abstract

Avian astroviruses (AAstVs) cause growth suppression syndromes that place large
economic burdens on the global poultry industry. The vast inter-serotype antigenic
diversity of these +ssRNA viruses has hindered the production of vaccines, and the
emergence of increasingly pathogenic strains means an improved understanding of AAstV
biology is urgently required to develop novel control strategies. A growing number of
+ssRNA viruses are reported to use packaging signal (PS)-mediated assembly, where
multiple RNA stem-loops (SL) across the genome act cooperatively to facilitate efficient
genome encapsidation and virion assembly. This mechanism and its sequence-specific
characteristics are apparently conserved between strain variants, potentially presenting an
ideal antiviral target. Therefore, the existence of PSs in avian nephritis virus (ANV), a

prominent AAstV, was explored.

To guide expression of ANV capsid protein (CP) for identification of PSs by RNA SELEX, the
CP structure was investigated by computational modelling. ANV CP showed significant
structural homology to human astrovirus CP, and an RNA SL was predicted to interact with
the interior surface of the capsid by binding-specific substructure homology to panicum
mosaic virus. Expression of CP was trialled in plant, avian-derived, and bacterial systems,
with intact CP only generated in E. coli which was then used for further study. Whilst
magnesium ions induced capsomer-like formation by ANV CP, these appeared assembly-
incompetent as neither additional magnesium nor viral RNA promoted capsid assembly. In
the absence of protein suitable for SELEX, ANV was recovered by reverse genetics for an
alternate NGS approach to identify enriched nucleotides within virions. RNA structure
analysis at three identified positions revealed a PS-like consensus SL motif. Synonymous
mutation of the most conserved SL resulted in delayed accumulation of extracellular
virions, indicating an involvement in encapsidation. This thesis presents the first evidence
for PS-mediated assembly by ANV, which may be a mechanism employed across the

Astroviridae.
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Chapter 1

1 Introduction

1.1 Viral genome encapsidation

All organisms encompassing genetic material, whether eukaryotic, prokaryotic or viral,
need to condense and package their nucleic acids in order to protect and contain them,
whilst simultaneously being able to readily access them for transcription and translation
when required. Eukaryotes and prokaryotes utilise histones, histone-like proteins, DNA-
binding proteins and an array of other proteins and factors to condense DNA with length in
the order of centimetres down to micrometre-size' 2. The condensing of nucleic acid is also
a vital step in the life cycle of viruses, where the cognate genome, or segmented genome,
needs to be packaged inside of its respective capsid of virally-encoded proteins, so that it is
protected from host and environmental degradation as well as able to disseminate in order
to deliver its genomic cargo and further its replication. Encapsidation must be rapid and
efficient in order to outpace host defence mechanisms, to specifically package the cognate
genomic material over excess background host nucleic acids, and to produce multiple

viable infectious virions.

1.2 Mechanisms of encapsidation

1.2.1 DNA viruses

The mechanism of packaging for large DNA viruses, in particular double-stranded DNA
(dsDNA) viruses, such as the Herpesviridae and tailed bacteriophages is through the
insertion of the genome into a pre-assembled procapsid. The procapsid is readily formed by
capsid protein (CP) and scaffold proteins®, then the genome is actively introduced through
a dodecameric protein portal complex at one of the procapsid vertices by a virally encoded
ATP powered motor protein which initiates upon recognition of a specific sequence or
structure present in the viral genome*®. The assembly of the procapsid in the absence of
nucleic acid shows that all of the information for assembly is encoded within the protein
components, i.e. CP (in some cases a combination of major and minor CPs) and scaffold
proteins. It is also possible that the portal protein, that in many viruses forms an integral

part of the capsid shell, plays a role in nucleation of procapsid assembly® °,
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1.2.2 RNA viruses

Many RNA viruses do not form procapsids or encode nucleic acid packaging motors, and so
rely on alternative methods in order to encapsidate their genome. The packaging of
genomic material in small icosahedral RNA viruses occurs from direct interaction of the

nucleic acid with its CPs in a cooperative way.

For a long time, this process had been thought to be purely reliant on non-specific,
electrostatic interactions. In this model, positively charged residues on the interior of the
capsid are thought to cause condensation and collapse of the negatively charged nucleic
acid genome upon binding!!. This view was informed by a direct correlation observed
between genome size and the net charge of the highly basic N- or C-terminal arms of the
CP in positive-sense single-stranded RNA (+ssRNA) viruses'?. It was further supported by
experiments on heteroencapsidation and anion-induced capsid formation, where assembly
of some +ssRNA viral capsids could be achieved in vitro using non-cognate genomes, or by
increasing the ionic strength to adequately high levels, respectively® **. However,
spontaneous assembly of capsid around nucleic acid based on electrostatic interactions
alone would yield many defective particles and does not explain the observed specificity of
the CP to discriminate between cognate genomic and excess background host-cell nucleic
acids'™ 8, It also ignores the efficiency of capsid assembly. For example, capsid assembly in
bacteriophage MS2 in the absence of genetic material takes many days, whilst taking only
hours in the presence of genetic material'” '8, suggesting that the genomic RNA plays

essential roles in virion formation.

1.2.3 Packaging signal-mediated assembly

Analysing the mechanisms behind genome-promoted assembly revealed that the genomic
RNA is instrumental in switching the conformation of the MS2 capsomer, a protein dimer,
from a symmetric to an asymmetric form upon contact with an RNA stem-loop (SL)*°. In the
fully formed capsid, there are 60 asymmetric CP dimers located around the 12 particle 5-
fold axes, and 30 symmetric CP dimers centred on the 2-fold axes. Statistically, the
symmetric and asymmetric form of the CP dimer can interconvert in solution, but this
reaction is unfavourable®. It is, however, promoted by binding of the MS2 translational
operator (TR)?L. TR binding to a CP dimer initiates capsid assembly, and TR therefore acts as
a packaging signal (PS). Studies on the TR indicated that MS2 CP could regulate expression
of the viral replicase gene in a molecular switch-like mechanism, where replicase

translation is inhibited, and assembly of viral particles is promoted, by CP binding to the TR
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SL, giving TR a dual-function as both a translational repressor and as a PS?2. Analysis of TR
binding to the CP dimer revealed that the determinants of binding impose minimal

23,24

sequence specificity*> **, implying that there could be many other SLs in the genome that

25,26 3nd structural

trigger this effect. Some binding competent variants were known
studies revealed many more contacts between genomic RNA and CP at defined positions in
MS2273% as had been seen more widely in other +ssRNA viruses®*’. This posed the
question whether these contacts were random, or if there was a common motif between

these SLs, in which case they could all be considered as PSs.

In order to address this in MS2, Hamiltonian Paths Analysis (HPA) was developed®. HPA is a
combinatorial method that can be used to identify SLs in the secondary structure of a
packaged viral genome that are likely to be in contact with the inner capsid shell. Using
knowledge of distances between potential binding sites as a constraint set, it interrogates
different possible combinations of SLs for those that are consistent with capsid geometry.
Using this approach for MS2 it was possible to show that one hemisphere of the capsid is
more likely to be occupied by PSs, where organisation is more constrained than the other,
and a list of putative PSs were derived®. This list agreed well with asymmetric cryo-

39, 40

electron microscopy (Cryo-EM) reconstructions®” *°, showing computational modelling

could be used to predict PS motifs. The collective action of these PSs in capsid formation is

known as PS-mediated assembly, a paradigm shift from the electrostatic assembly model®'.

This poses the question of how PSs promote capsid formation, which has been addressed
from different perspectives. One aspect of genome packaging is the compaction of the
nucleic acid in order to fit the capsid shell. To investigate this, the collapse in hydrodynamic
radius (Rn) of genomic RNA upon addition of cognate CP has been studied for MS2 and a
plant virus, Satellite Tobacco Necrosis virus (STNV), using single-molecule fluorescence
correlation spectroscopy studies. These studies showed that fluorescently labelled
genomes of MS2 and STNV undergo a rapid condensation at limiting (low) CP
concentrations, and then gradually increase to the R, expected of properly formed virions**
3. However, no collapse in Ry was observed when non-cognate CP was added to the
labelled RNAs, or when non-viral RNAs were assayed. In these cases, particles and CP
aggregates were slowly formed instead. This data suggests that the presence of sequence
or structure-specific interactions between the genome and its respective CP promote
particle assembly through a mechanism known as two-stage assembly, in which the

genomic RNA collapses in Ry upon contact with CP, and then gradually expands to the
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radius of the fully formed capsid upon recruitment of additional CPs. However, PS-
mediated assembly does not always involve this two-stage assembly mechanism, as

discussed below.

A second approach to understanding the mechanism of PS-mediated assembly is via
modelling. In mathematical graph theory, a Hamiltonian path is a connected path that visits
each vertex of a graph exactly once**. Considering a viral capsid as a polyhedral shape, as in
Caspar Klug theory®, in which faces represent capsomers, and then connecting these faces
in the sequential order in which the capsomers are recruited to the growing capsid shell,

results in a Hamiltonian Path representation of capsid assembly (Figure 1.1).

Figure 1.1: A simplified model of capsid assembly following three possible Hamiltonian
paths. Genomic RNA (red) specifically interacts once at each RNA-CP binding site on CP
subunits (shown simplified as pentamers) in a connected pathway, known
mathematically as a Hamiltonian path. Three examples of the different paths an RNA

could take are shown.

This concept can therefore be used to study virus assembly. In particular, this approach has
been used to address the question of how viruses solve a viral equivalent of a Levinthal’s
paradox. Levinthal’s paradox in protein folding refers to the conundrum of how
polypeptide chains fold efficiently into their native, functional state without exploring all
combinatorially possible options. For viruses, this becomes the question of how to select
the most efficient assembly pathways among the immense number of possible ones.
Hamiltonian paths were used to interrogate the outcomes of stochastic simulations of virus
assembly that model the formation of a dodecahedral shell from pentagonal units (CP
proxy), each of which can interact with PSs with either high (green), intermediate (blue)
and low (red) affinity (Figure 1.2)* %47 This analysis revealed that the variation in CP
affinities results in selective packaging of viral RNAs against a backdrop of cellular

competitor RNAs along the most efficient assembly pathways. It also revealed that this
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effect can only be observed at low CP concentrations, typical of a viral infection in vivo
when CP is initially being produced, but is masked if assembly is considered at higher
concentrations. As many capsid assembly studies use high concentrations of CP, this
provides an explanation for why the effects of PS-mediated assembly are not observed in

some in vitro assembly experiments.
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Figure 1.2: PS-mediated assembly reduces the complexity of virus formation. Assembly

of CP units onto the genome is directed by PSs with heterogenous binding affinity. As
shown by protein ramp modelling, nucleation of capsid assembly occurs at the highest
affinity PSs, helping to direct assembly down a limited number of potential pathways and
prevent kinetically trapped assembly intermediates. 12 example PSs throughout an RNA
molecule are represented with strong (green), intermediate (blue) and weak (red) CP
affinities. Examples of potential sites for reversible assembly initiation are represented
by arrows, with a solid arrow indicating a more likely nucleation site when low

concentrations of CP are present.

Modelling of genome encapsidation for RNAs with PSs of heterogenous affinity to CP, when
in the presence of gradually accumulating CP and high levels (300:1) of competitor RNAs,

akin to that seen in vivo*®3

, showed that PS-mediated assembly of virions was highly
effective under these conditions® %, The accumulation of CP over time decreased the
number of kinetically trapped assembly intermediates, as well as the number of potential
assembly pathways the CP could take, demonstrating how PS-CP interactions could reduce
the complexity of virus formation. The increased efficiency was caused by a reduction in
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assembly initiation sites, in a manner where only the PSs with the highest binding affinity
for CP promoted nucleation, the remaining PSs were then able to direct recruitment of CP
in a controlled and ordered manner to rapidly complete virus assembly. Highly efficient
genome packaging at low RNA and CP concentrations is a feature likely preferred by
viruses, as the more incorrectly formed viral particles and free CP/RNA produced, the more
likely these pathogen-associated molecular patterns (PAMPs) are to stimulate host immune
responses, thus restricting viral replication. Therefore, it appears that PS-mediated
assembly may provide several significant benefits to a virus: selection of cognate RNAs for
packaging, efficient and rapid formation of infectious progeny virions, and evasion of host-

cell detection mechanisms.

1.2.4 Different variants of PS-mediated assembly in nature

Whilst the example of MS2, a virus that uses PS-mediated assembly, is discussed in detail
above, PS-mediated assembly is not constrained solely to the specifics of this example. For
instance, PS interaction with CP can promote capsid formation in other ways than the
conformational switching of a dimer from a symmetric to an asymmetric form, and it is not
always the case that viral genomes must undergo a collapse in Ry prior to assembly. For
example, many viruses package their genomes simultaneously as they are transcribed by
the RNA polymerase, in replication complexes, and this co-transcriptional packaging would
not require a collapse of the genome prior to packaging. However, PSs can still have an
impact on the formation of the capsid shell in these viruses as discussed below. A
comprehensive presentation of PS-mediated assembly and viral examples from different

families can be found in a recent review article®.

1.2.4.1 The plant virus STNV

The CP dimer-switching mechanism of MS2 is rare in virology. Capsomers are more
commonly seen to extend N- or C-terminal arms into the capsid interior, which result in
electrostatic repulsion when these units attempt to assemble to form the capsid shell. In
these cases, PS interactions with CP act by overcoming this barrier. An example of this is
STNV, in which interactions with PSs initiate a conformational switch, from assembly-
incompetent monomers to assembly-competent trimers. This occurs by PS-mediated
neutralization of positive charge in the CP N-terminal arms, allowing CP-CP interactions to
overcome electrostatic repulsion that restricts their higher-order structure formation®->2,
Crystal structures of STNV virus-like particles (VLPs) reveal a close association of multiple

RNA SLs with the CP, derived from packaged CP-encoding mRNAs>>. An interdisciplinary
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approach, based on a bespoke bioinformatics analysis of RNA-based systematic evolution
of ligands by exponential enrichment (SELEX) data identified multiple dispersed PSs in this
virus®3. These stem-loops with a consensus loop motif (AXXA, in which X is any nucleotide),
are repeated 30 times throughout the genome, and were shown to bind to STNV CP. When
CP was added to a short genomic fragment encompassing 5 putative PSs (the 5’ 127
nucleotides of the STNV genome), trimeric CP formation and subsequent particle assembly
was promoted?** 32, Resolution of these aptamer-assembled particles by X-ray
crystallography revealed that the disordered N-terminal basic arm of the CP had become
more ordered, and was bound to the stem-loop structures within the RNA>%, This suggests a
mechanism in which STNV PSs are able to trigger a conformational change in the CP, by
promoting order within the N-terminal arm, thus enabling assembly-competent trimers to
form. The PS-mediated assembly mechanism is well understood in this system. Using
insights into the PS code, it was possible to demonstrate that the PSs can be optimised to

create substrates with better assembly properties that outcompete wild type virus>*.

1.2.4.2 Hepatitis B virus

A similar phenomenon occurs in the C-termini of the Hepatitis B virus (HBV) CP,
demonstrating that PS-mediated encapsidation is not a feature solely attributed to the
group IV +ssRNA viruses®®. Recent work on hepatitis B virus (HBV), a virus which
encapsidates a +ssRNA copy of its genome as well as its polymerase for subsequent dsDNA
synthesis within the capsid prior to infection®®, was found to contain PSs when SELEX and
bioinformatics approaches were applied®’. The significance of the identified consensus PS
was examined using single-molecule fluorescence correlation spectroscopy, showing that
dye-labelled putative PSs were able to promote HBV VLP formation, whereas the capsid
alone self-assembled poorly under the same conditions®>. Similar to STNV, the HBV capsid
protein also contains a basic-residue rich arm that extends into the cavity of the virion,
suggesting that neutralisation of this positively-charged region by PSs is required to
overcome the repulsive electrostatic interactions between CPs. This mechanism is
supported by data showing that removal of the basic arm domain allows VLPs to readily

form in the absence of genomic RNA®’.

As the +ssRNA genome of HBV needs to be transcribed into a dsDNA form within the capsid
shell, having many strong CP-interacting secondary structures present could prohibit
efficient polymerase activity. The results of the SELEX and bioinformatics analysis are in line

with this, showing that significantly fewer PS-like sites are present in HBV compared to the
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other viruses studied®. One hypothesised benefit of HBV using a PS-mediated
encapsidation is that it would promote an ordered assembly pathway, preventing the
genome from potentially becoming entangled in a way that could inhibit conversion of the
genome to dsDNA by the co-packaged polymerase, i.e. via early termination or blockage of

polymerase translocation.

1.2.4.3 Hepatitis C virus

PSs were also identified in hepatitis C virus (HCV), another enveloped virus®®. Identification
of putative PSs in the genome of HCV was done using a SELEX and bespoke bioinformatics
approach to identify and align aptamers to the HCV genome®®. This approach revealed a
conserved loop motif that was present throughout the genome at multiple locations.
Mutational validation of these putative PSs showed that abolishing any single PS did not
have significant effect on viral replication and particle formation, however mutation of
multiple putative PSs resulted in decreased infectious titres of HCV®%, indicating that PS-CP
interactions in HCV act cooperatively to facilitate assembly of the capsid around the

genome.

1.2.4.4 Picornaviruses

Further examples of PS-mediated assembly are found in the picornaviruses. Cryo-EM
reconstructions of the human parechovirus 1 (HPeV1) virion revealed significant electron
density around the internal 5-fold vertices of the capsid, similar to that seen with STNV and
MS2 previously3> 3¢, suggesting evidence for PS-mediated encapsidation®’. As predicted, a
consensus stem-loop motif was identified by SELEX and bioinformatics analysis®®, and the
PS-CP interaction was characterised to atomic detail®’. Mutational studies validated the
observed RNA-CP interactions, finding that mutation of CP residues directly in contact with
the PSs resulted in million-fold drops of viral titre. Similarly, when PS motifs were mutated,
a decrease from zero to a million-fold in viral titre was observed, confirming that these

regions in the CP and HPeV1 genome were critical for particle assembly®°.

For HPeV1 CP, similarly to STNV, RNA binding promotes oligomerisation of CP into
pentameric capsomers>®. These PS-CP interactions are also thought to subsequently
stabilise the virion, with RNA bridging across the pentamer-pentamer contacts.
Interestingly, structural data show that similar RNA-CP interactions are present across the
Parechoviridae® ®. With the SELEX aptamers identified for HPeV1 showing widespread

matches to other Parechovirus genomes, it suggests that a common mechanism for
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encapsidation is likely conserved across the viral family, akin to that seen in the

Leviviridae®® ©2.

Collectively, these data suggest that encapsidation of viral RNA by means of PS-mediated
assembly may be a broadly utilised mechanism in viruses, with multiple SL structures
distributed across the genomic RNA directing the recruitment and addition of CP
conformers at defined positions to form the capsid®*® % 58596265 |n each virus studied, the
encoded PSs are seen to have heterogeneous affinities for the CP and vary around a
consensus structure and sequence that is conserved across strain variants. In all cases the

additive effect of multiple PSs mediates efficient cooperative assembly of the particle® %

62, 66

1.2.5 Presentation of PSs within viral RNA
Significant structural differences are seen between viral RNA when in virions or CP-free

environments®’%°

, suggesting that only a subset of the PS SLs may actually exist stably in
solution. It is likely that alternate RNA structures with a lower free energy overshadow the
SLs of PSs, as supported by folding of 22/30 of the putative PSs in STNV>3. One solution to
this is kinetically-driven folding of the RNA, where CP binding to the few available PSs
induces the refolding of neighbouring structures that mask additional PSs, by offsetting the
unfavourable energies in a sequential manner®. However, unless a high affinity PS site is
stable in solution to initiate nucleation, such as the MS2 TR, or a cluster of cooperatively

acting PS are present, then alternate mechanisms in which to fold and present PSs are

required.

Some viral families, including the Picornaviridae and Bromoviridae, are thought to package
their genomes as they are transcribed from the polymerase in replication complexes. This
co-transcriptional packaging is supported by observations of direct interaction between
viral proteins involved in genome replication with CP and RNA, which is hypothesised to
collectively facilitate genome encapsidation in a structure which has been termed an
assemblysome®® 7972, Studies on HPeV1 infer that PS-mediated encapsidation of the viral
genome may also be facilitated in a co-transcriptional manner, as addition of genome-
length viral RNA to CP does not promote particle formation®’. This suggests that particular
local secondary structures (i.e. PSs) may only be presented in nascent genomes and
captured by CP as they are synthesised by the polymerase. In summary, data indicate that
PSs with weak short-range local interactions in their structures may only be induced and

captured during genome synthesis and/or the assembly process. In these cases, PS-
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mediated assembly does not follow the two-stage mechanism of MS2 and STNV, but PSs

still play crucial roles during assembly.

1.2.6 Methods to identify genome encoded packaging signals

The studies discussed above highlight the difficulty in identifying encoded PSs by secondary
structure analysis alone®. This is exacerbated by the sparse nature of the sequence motif,
and the variation around a consensus motif sequence that is required for variation of the

PS affinities for CP.

Several techniques have been developed in order to investigate and identify the presence
of capsid-interacting RNA sequences and structures encoded in viral genomes. One of the
most successful being RNA-based SELEX, coupled with bioinformatics analysis. RNA SELEX
has been previously used as a tool to isolate high affinity RNA ligands to numerous target
proteins’37®. The first instance of using CP as a selection target was for bacteriophage MS2,
resulting in the identification of aptamers with a consensus sequence matching that of the
known CP binding site within the genome, the TR”. Since then, the technique has been
adapted and applied to multiple other viral capsids, including those with no prior RNA-CP
binding data available. This has led to the identification of putative PSs encoded within the
genomes of MS25, GA®2, STNV>3, HCV®8, HBV*>® and HPeV1°°, using cognate CP or capsomers

as selection targets.

The RNA SELEX approach works by exposing the inside of immobilised CP or capsomers to a
random RNA aptamer library. Aptamers that bind the viral capsid are enriched through
repeated selection cycles to identify aptamers with affinity to the capsid protein. Fully
assembled capsids are typically also present in solution to sequester any aptamers with
affinity to the exterior capsid surface. The resulting aptamer population is then subjected
to next-generation sequencing (NGS), and bioinformatics analysis is used to identify
putative RNA sequences and structures within the ensemble of SELEX hits. These are then

mapped back to the viral genome to identify putative PS targets for validation®3.

As SELEX aims to identify aptamers with affinity to the CP interior, the resulting positive hits
are expected to share some degree of similarity to putative PSs. PSs are seen to be
degenerate in both structure and sequence, varying around a consensus SL motif, and the
same holds for the aptamers. Therefore, bioinformatics analysis is required in order to
identify common sequence motifs and secondary structures shared by both the RNA

aptamers and the PSs encoded in the viral genome. Identified aptamers are aligned against
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the viral genome using a 1 nucleotide (nt) sliding window, and non-contiguous matches
with a probability equivalent to a contiguous match of a given length (the Bernoulli score)
are then calculated for each alignment’®, measuring the goodness of fit’°. Alignments with
a sufficiently high Bernoulli score, for example 12, equating to a 1:10,000 probability, are
selected and the fold of the genomic sequence at these positions is predicted to reveal

whether a common stem-loop motif is present at these locations across the genome.

A NGS approach was also recently developed as an alternate technique to SELEX for the
identification of multiple conserved putative PSs across the genome of foot-and-mouth
disease virus (FMDV)®. By analysing deep sequencing data derived from both packaged
and unpackaged viral RNA populations, clusters of constrained variation could be identified
in the packaged population, suggesting that they may have a functional importance for
genome encapsidation. Analysis of these regions indicated that they formed RNA stem-
loops sharing a common motif. This was confirmed by synonymous mutations disrupting
the structures of the identified SLs, demonstrating that the NGS approach had indeed
identified putative PSs®. Using NGS to identify putative PSs is possible due to the
quasispecies nature of RNA viruses. The lack of a proof-reading function in the virally-
encoded polymerase allows frequent introduction of errors, leading to the production of a
highly varied population of related genomes®.. Based on the PS-mediated assembly
hypothesis, mutations affecting PS motifs or structures within the genome will in turn
produce RNAs that are either less efficient at packaging or packaging incompetent.
Therefore, these mutants will be selected against during virion formation and be less
frequent in the packaged genome population when compared to the unpackaged
population. This NGS approach provides a simple methodology for the identification of
putative PSs and can easily be transferred to other RNA viruses that are able to be grown
and purified in vitro. It is an alternative to defining CP selection targets via VLP or capsomer

systems, as is required for SELEX.

1.3 Genome packaging in an avian virus

To date, studies on PS-mediated assembly have only been performed in viruses infecting
bacteria, plants and mammals. With the exception of FMDV, there is no investigation into
genome-encoded PSs within veterinary viruses, specifically those that infect the avian
species. Therefore, the avian astroviruses were selected as a target for study, because they
present similarities to features commonly exhibited in viruses utilising a PS-mediated

encapsidation mechanism, as discussed further below.
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1.4 The Astroviridae

The family Astroviridae is composed of 2 genera, Mamastrovirus and Avastrovirus, which
infect mammalian and avian species, respectively. There are currently 19 genotypes of
Mamastrovirus and 3 of Avastrovirus officially recognised by the International Committee
on Taxonomy of Viruses (ICTV 2018). These are classified as Mamastrovirus 1-19 and
Avastrovirus 1-3, respectively®2. Astrovirus (AstV) strains are currently classified based on
the host species they were isolated from®. However, there is growing evidence that some
astroviruses might not be strictly species specific and may emerge from zoonotic
transmissions; a recent study detected both avian and mammalian astroviruses (AAstV and
MAstV, respectively) in non-human primates from a range of locations®*. Similarly, reports
of a HAstV-like virus in a captive chimpanzee®®, amphibian-related astrovirus in faecal
matter of rhesus monkeys®, and astroviruses distantly related to mink and ovine

187 are present in the literature. There is also evidence of cross-

astroviruses in human stoo
species transmission into avian species with a report identifying an astrovirus genetically
similar to the Mamastroviruses in faecal samples of a clinically healthy avian host®, and
evidence to support the transmission of Avastroviruses into mammals, including humans®
%_Collectively, these reports suggest the Astroviridae may have a broad host range
potential, albeit producing asymptomatic infection in most cases, or that prolonged close-
contact can produce recombinant astrovirus strains capable of productive cross-species

transmission®% 9194,

The vast diversity of the Astroviridae is driven by mutation and recombination. Non-
synonymous mutations commonly occur in the ORF2 gene®, and recombination events
between HAstV strains are most frequently seen at the ORF1b-ORF2 junction®1?, with
6.6% of HAstV strains predicted to be recombinant®. Evidence of intertypic recombination
between several mammalian and avian astrovirus strains has also been observed® 103111,
Therefore, the high recombination rates, as well as the zoonotic potential of astroviruses,

suggest that classification based solely on host species may not be an accurate method.

1.4.1 Astrovirus disease

112,113

Astroviruses are primarily transmitted via the faecal-oral route , infecting the small

intestine and causing enteric disease worldwide. AstVs were first identified in humans!4 11>

and shortly thereafter in a range of other animals, including chickens'?, pigs!'’, dogs'?®,

122 126

mice!?, turkeys'?, cats'?, ducks'?, sheep'®, cows'?*, mink!?®, and more recently in bats?,

sea lions!'?, pigeons® and geese'?’. However, this is not a complete list of host species and
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more AstVs infecting other animals are likely to be discovered, especially with the

increasing sampling of the viromes of different animal species using NGS techniques??.

The Mamastroviruses predominantly cause gastroenteritis'?®

, with a typical human
astrovirus (HAstV) infection producing mild watery diarrhoea lasting 1-4 days. The virus can
also be associated with vomiting, fever and abdominal pain in some cases*. HAstV is the
second leading causative agent of paediatric acute gastroenteritis after rotaviruses*3% 132,
with a previous report estimating that there are almost 4 million cases of HAstV-associated
diarrhoea each year in the USA alone®®3. HAstV infection typically clears without the need
of medical intervention, however, symptoms can be prolonged and more severe in the
immunocompromised and elderly with systemic spread and the development of
neurological syndromes such as meningitis and encephalitis’* 13>, Similar symptoms have
also been observed in other mammalian species infected with AstVs recently!3¢144, HAstV
infection appears to be widespread, with ~90% of children seropositive for antibodies to at
least one of the 16 known HAstV genotypes by the age of 5°'%8 with seroprevalence
observed to decrease in healthy adults, suggesting a loss of immunity over time,
Immunity appears to be genotype specific, given that susceptibility to sequential HAstV
infections have been detected!* 1, It is thought that many AstV infections are

asymptomatic, potentially due to pre-existing antibodies, and therefore remain largely

unreported?’ 151153,

The Avastroviruses, like their mammalian counterparts, cause diarrhoea and can cause
extra-intestinal disease, producing a diverse range of pathologies in avian species. Young
birds are most susceptible to AAstVs, with infection typically occurring in the first few

154-157

weeks of life via the faecal-oral route , and there is increasing evidence to suggest

some AAstVs are transmitted vertically from hen to chick through eggs also**® *°, Clinical
disease varies by strain and serotype, causing pathologies such as enteritis'®’, hepatitis'®*
and nephritis!®> 162183 Chicken astrovirus (CAstV) and avian nephritis virus (ANV) have been
linked to poor hatchability and growth suppression syndromes in broilers such as runting-
stunting syndrome (RSS), gout, ‘white chicks’ condition, chick nephropathy and interstitial

nephritis!®> 159 162165 gome strains also cause mortality®?

, and the emergence of highly
pathogenic strains which cause outbreaks with up to 40% mortality have recently been
reported’®® 166167 Similarly to CAstV and ANV, Turkey astrovirus (TAstV) is linked to growth
depression, and also to poult enteritis complex or syndrome (PEC and PES) and poult

enteritis mortality syndrome (PEMS) in young turkeys!® 189, Whilst Duck astrovirus (DAstV)
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can cause fatal hepatitis in ducklings resulting in up to 50% mortality!22. Infection with
Avastroviruses may also lead to immunosuppression, leaving poultry more susceptible to
opportunistic secondary infections'’%’3, These examples underscore the need to control

these pathogens.

Astroviruses are widespread and found globally®? 174176

and the prevalence of AAstVs in
poultry flocks can be very high or ubiquitous for some strains'’’*%¢, making the control and
prevention of Avastrovirus infection an important area of focus. However, the exact

economic impact of astroviral disease on the poultry industry remains unquantified**>.

There are currently limited control measures for astrovirus diseases, vaccines and
antibodies developed against astroviruses only provide partial protection®®” 188,
chemotherapeutics are inefficacious, and elimination of environmental contamination is
difficult to achieve. Thorough sanitation and several weeks resting between flocks are the

only effective control methods available at this time?8 19,

1.4.2 The astrovirus virion

Astroviruses are small, 28-41 nm non-enveloped viruses, which encapsidate their +ssRNA
genome within a T=3 icosahedral capsid. The term astrovirus was first used due to the star-
like appearance (astron meaning star in Greek) of newly discovered small round viruses in
the faeces of hospitalised patients suffering with gastroenteritis''. However, only about
10% of the population of AstV virions actually exhibit the characteristic 5 or 6 pointed star-
like morphology when observed by electron microscopy, and this morphology may
represent an intermediate step of viral dissasembly¢® 192193 |nterestingly, not all astrovirus
strains display the star-like morphology, with the AAstVs ANV, CAstV and DAstV only seen

as small spherical viruses, lacking any prominent surface structure.

The AstV capsid is composed of 180 copies of the CP4. Cryo-EM reconstructions of the
HAstV virion show a continuous inner layer (core), surrounded by an outer layer of globular
densities (spike), that are disconnected or weakly associated with the capsid. In its
immature form there are 90 globular spike dimers on the surface of the capsid which are
reduced to 30 upon maturation through proteolysis'®* (Figure 1.3). In the mature capsid
form, there are triangular plateaus along the edges of the two-fold icosahedral axis and
depressions at the three- and five-fold axes of the capsid, and the globular spike domains
appear to have weak linkages to the core, suggesting that they may be flexible or loosely

associated. The AstV capsid is highly resilient, with virions maintaining infectivity in as low
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pH as 3, and after treatment with various detergents, chloroform, ethyl ether, trypsin and
most alcohols!®1%7, Additionally, particles are stable at 60 °C for 5 minutes, at room
temperature for 48 hours, and at 5 °C for 1 week*>. This inherent resistance promotes
environmental survival of AstV particles and makes effective removal of contamination

challenging.

»

3 ? = N \J ;
Immature HAstV Mature HAstV

Figure 1.3: Cryo-EM reconstructions of the human astrovirus virion. (A) The immature
HAstV virion, containing 90 globular spikes. (B) The mature HAstV virion after trypsin

proteolysis, with 30 globular spikes. Figure adapted from*%,

1.4.3 Astrovirus genome organisation, ORFs & proteins

The AstV genome consists of a +ssRNA that varies in size between 6.2-7.7 kbp with a 5’ viral
genome-linked protein (VPg) and 3’ poly-A tail*** 2%, The 3’ end of almost all astroviral
genomes contain a conserved secondary structure motif, the stem-loop Il motif (s2m),
which is seen in other +ssRNA viral families, the Caliciviridae, Picornaviridae and
Coronaviridae®®, and is hypothesised to interact with viral and host proteins required for
RNA replication. However, this structure is absent in TAstV-2, bat AstVs, rat AstVs and
HAstV-MLB1 astroviuses?°22%4, Terminal untranslated regions (UTRs) flank three
overlapping open reading frames (ORFs), ORFla, ORF1b and ORF2 (Figure 1.4). The 5’ UTR
of AstVs is typically 11-85 nt long, whilst the 3’ UTR varies in length between mammalian
and avian astroviruses, at either 80-85 or 130-305 nt, respectively'®* 2%, Computational
analysis of the HAstV UTRs suggests the presence of putative host protein binding sites
which may promote a genomic RNA secondary structure conformation suitable for

replication, or aid in recruiting proteins involved in the viral replication complex2®.

ORFla and 1b are located at the 5’ end of the genome and encode the non-structural
proteins (nsP) which are translated from the genomic RNA as two polyproteins, nsP1a and

nsPlab. nsP1la is thought to be cleaved into a variety of peptides, evidenced by
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experimental data and the presence of conserved predicted motifs; including a serine
protease with trypsin-like activity, a bipartite nuclear localisation signal (NLS), 5-6
transmembrane helices, an immunoreactive element, a putative VPg, and a putative death
domain?61, 199,202, 207212 pownstream of the putative VPg motif is a hypervariable region,

213 and

with insertions and deletions in this area associated with cell culture adaption
efficient RNA synthesis?*, The putative NLS is only present is some astroviral strains?'? and
localises to the nucleus in infected cells?'>. However, the NLS is located within the putative
VPg?'? and so its function, if any, remains uncertain. Bioinformatics analysis identified a
putative death domain towards the C-terminal end of nsP1a with structural similarities to
proteins which are known to induce caspase activity, and expression of ORFla alone in

209

CaCo-2 cells could promote apoptosis~”, suggesting this may be a functional domain.

ORF1b which encodes nsP1b, the viral RNA-dependant RNA-polymerase (RdRp)*% 216,
overlaps with ORFl1a by 10-148 nts and by 12-45 nts in MAstVs and AAstVs respectively®3.
ORF1b is accessed from ORF1a by a retrovirus-like (-1) ribosomal frameshift (RFS) which is
triggered by a highly conserved RNA SL motif following a slippery heptameric sequence
(AAAAAAC)': 200 However, an alternate translation strategy may be used by AAstVs, as
some strains have predicted stop codons in ORFla upstream of the SL structure, suggesting
another frameshift structure may be formed or a different mechanism for ORF1b

translation is used?'”- 28,

ORF2 is located at the 3’ end of the genome and encodes the precursor capsid protein
which is translated from poly-A tailed subgenomic mRNA of 2-2.5 kb in size with short 5’
and 3’ UTRs?. The ORF2 mRNA is transcribed from an internal subgenomic promoter
within the antigenome, which is suggested to be located around the ORF2 start codon®*
212 sequence similar to the conserved subgenomic promotor is also present at the 5’ end of

the genome, suggesting it has a role in the transcription of genomic RNA also?'%,

ORF1a ORF2 A,

ORF1b

Figure 1.4: Typical genome organisation of the Avastroviruses. Schematic diagram of
the organisation of the three open reading frames within the AAstV genome, the flanking
UTR’s, 5’ VPg and 3’ poly-A tail, as well as the ribosomal frameshift structure located

between ORFla and 1b.
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1.4.4 Astrovirus capsid proteins

Recently, a number of structural studies focused on the Astroviridae have established the
crystal structures of the ORF2 encoded CP and show that there are two main structural
domains, the core and the spike (Figure 1.3: blue/green and red, respectively), in astrovirus
CPs. Structures for the core domains of HAstV-1 and -8, and the spike domains of HAstV-1, -
2, -8 and TAstV-2 have been reported!® 194 220-222 The tertiary structure of the HAstV core
domain is strikingly similar to that of hepatitis E virus (HEV), despite a low ~18% sequence
identity between them93 194220 This may suggest a potential evolutionary relationship
between these viruses??*2%*, In contrast, the AstV spike domain structures are dissimilar to
that of HEV, and are highly variable even between AstV strains, suggesting they interact

with different host proteins®* 22!,

The core domain of the CP is located in the N-terminal half of the ORF2 precursor protein
(Figure 1.5), which is more conserved than the C-terminal spike domain across the

225

Astroviridae“~. A region of repeating small and basic amino acids, predominantly arginine

and serine or arginine and lysine, is found within the first ~70 amino acids of the N-terminal

domain of all astroviral CPs?%6 227

, and is thought to be a putative RNA recognition domain
by analogy to other +ssRNA viruses®* 228234 The C-terminal half of the CP precursor forms
the spike proteins on the particle’®*. The high sequence variability in this region is indicative
of a domain that is under selective pressure from the immune system?> 2% and correlates
with the differing tropisms of the Astroviridae®*> **’. Finally, a conserved acidic domain at
the C-terminus of the CP contains multiple putative caspase cleavage sites, and may be a
substrate for host caspase cleavage that promotes the processing of the capsid for

assembly and release, as this region is not present in the extracellular virion?3® 23,

SR, Core Spike Acidic

Figure 1.5: Domain architecture of the astrovirus capsid protein precursor. Schematic
representation of the astrovirus precursor capsid protein, highlighting the respective
positions of the basically-charged disordered N-terminus (typically consisting of
repeating serine and arginine residues), the capsid core domain, the spike domain, and

the acidic C-terminal domain.

240, 241

Although uncommon in enteric RNA viruses , an enterotoxin-like activity of the

astrovirus capsid was identified when turkey poults orally administered with TAstV VLPs
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developed VLP-induced diarrhoea akin to that seen in astrovirus infection?*2. TAstV
infection triggers the rearrangement of F-actin and redistribution of sodium-hydrogen
exchangers (NHE2 and NHE3) from the membrane to cytoplasm in jejunal tissues of
experimentally infected turkey poults, suggesting infection provokes osmotic diarrhoea*.
Similarly, infection of cell monolayers with HAstV VLPs or UV-inactivated virions increases
epithelial barrier permeability, correlating with a decrease of actin stress fibres and
disruption of occludin at cellular tight-junctions®**. These data suggest that astrovirus-
induced diarrhoea is linked to the viral capsid protein itself and independent of
inflammation and cell death caused by viral replication in contrast to other gastrointestinal

245 reminiscent of cholera toxin induction of diarrhoea?*®. In addition to

pathogens
enterotoxin-like properties, a 30 amino acid peptide in the N-terminus of the HAstV-1
capsid core domain with sequence homology to human neutrophil defensin-1 has been
shown to bind complement proteins C1g and MBL, inhibiting activation of the classical

and lectin pathways of the complement system, respectively**”-2*, This potentially explains

the mild levels of inflammation and cellular damage observed in the gut during infection”3.

1.5 Astrovirus replication

There is limited information available concerning the replication of astroviruses, with most
of what we understand derived from studies on HAstV genotypes 1-8 and TAstV-2. This
leaves it unclear how other MAstVs and AAstVs may compare. One major pitfall in
astrovirus research is the lack of robust cell culture systems and animal models in which
astroviruses can be isolated and characterised, with just some strains of HAstV, ANV,
DAstV, CAstV, canine AstV and murine AstV able to grow in vitro, albeit poorly, depending
upon strain’t 211 237,249253 "£or several AAstVs, including CAstV, TAstV, ANV and DAstV,
successful virus isolation has been achieved in embryonated eggs®>*2°. However, cell

culture systems will be vital to developing our understanding of AAstV biology.

In addition, several reverse genetics systems have been developed for the Astroviridae,
including HAstV-1%7, ANV-1%'1, porcine astrovirus®*® and chimeric HAstV-1/8 containing a
combination of the HAstV-1 non-structural and HAstV-8 structural genes®°. The advent of
reverse genetics systems for the Astroviridae is an exciting development, which provides

the key tools needed in order to study the molecular biology of these viruses.

1.5.1 Receptor binding and entry
Entry of astroviruses is poorly understood and the host receptors are currently unknown. It

is estimated that HAstV has an attachment half-time of about 10 minutes, indicating high
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affinity receptor binding, or an abundance of host-cell attachment factors?®°. However,
different virus strains are likely to have different receptor requirements. Data from HAstVs
show that some cell lines are permissive for binding and entry of certain serotypes but not
others, for instance CaCo-2 cells are susceptible to infection with all 8 HAstV genotypes,
whilst BHK-21 and HTC-15 cells only support HAstV-2 and HAstV-1 infection, respectively?*.
Putative conserved carbohydrate-binding pockets were identified on the spike proteins of
HAstV and TAstV, and addition of non-sialic sugar molecules such as heparin, heparan
sulphate and dextran sulphate was seen to reduce HAstV-8 binding in vitro, whilst infection
with HAstV-1 was unaffected®?’ 2%, Further work is needed to fully elucidate the role of
carbohydrates in astroviral attachment, and their importance for each strain. Furthermore,
HAstV receptor binding may trigger the disruption of cellular tight-junctions, as increased
epithelial barrier permeability and subsequent diarrhoea are associated with the viral

binding stage of its life-cycle?*.

HAstV particles have been observed in coated pits and vesicles during infection by electron
microscopy, suggesting astrovirus may enter cells by clathrin-mediated endocytosis®®2. This
is supported by data showing reduced viral entry in vitro when clathrin-coated pit
formation and endocytosis are inhibited or disrupted, whilst virus binding to the host cell
was unaffected?®® 262, AstV entry may also be dependent upon the actin cytoskeleton and
the presence of cholesterol in the cell membrane, as drugs targeting the disruption and

removal of these, respectively, impair HAstV infection®®.

Data suggest that HAstVs require activation of the extracellular signal-regulated kinase
(ERK) 1/2 pathway for a productive infection?®®. The pathway is activated within 15 minutes
of viral binding to the cell and can be achieved even with inactivated virus or VLPs?% 263,
Inhibition of the ERK 1/2 pathway substantially reduces astrovirus production, affecting
both genomic and subgenomic mRNA accumulation as well as viral protein expression?%,
Activated ERK may phosphorylate and activate the RdRp, as seen for coxsackievirus?®, or it
may contribute to formation of clathrin-coated endosomes as seen for the internalisation

of lactoferrin receptors?®®. However, the exact function of activated ERK in relation to

HAstV infection is currently unknown.

After binding, astrovirus entry into the cell, and genome release into the cytoplasm, occur

within around 130 minutes?®°

. Whilst the mechanism for uncoating is unclear, disassembly
of capsid and genome release into the cytoplasm is thought to be mediated by acidification
of late endosomes?®2. The importance of this mechanism in replication was shown for
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HAstV-8, as inhibition of endosome maturation by Rab7 knock-down drastically reduced
infection?®?. The stabilizing effect of divalent cations observed on astrovirus virions may
also suggest a possible mechanism for genome release?®, as the low concentrations of
cations found in the cytoplasm of intestinal cells may destabilize the capsid and promote

virus uncoating.

1.5.2 Transcription and translation

Although the exact location of genome release is unknown, the viral genomic RNA serves as
an mRNA template for the initial translation of the non-structural proteins including the
RdRp. Like other +ssRNA viruses, such as the Caliciviridae, initiation of translation may be
dependent on a VPg cap®®’, this is supported by protease treatment of the HAstV genome
prior to transfection leading to reduced replication of the virus®®®. Additionally, the region
of astroviral nsP1a/4 containing the putative VPg and hypervariable region, when

269

phosphorylated, was found to oligomerise and interact with the viral RdRp**°. nsP1a/4 was

also located near the endoplasmic reticulum (ER), colocalised with viral RNA and host

protein CD63%7°, supporting the hypothesis that this is indeed the putative astroviral VPg?®.

The first proteins translated upon genome uncoating are nsP1a and nsP1ab from ORFla
and ORF1a/b, respectively. The ribosomal frameshift mechanism between the two
overlapping reading frames allows translation of the nsP1ab polyprotein 25-28% of the
time?’! and processing releases nsP1b, the viral RdARp?’%. The npsla polyprotein is self-
cleaved by the virally-encoded serine protease and by a cellular protease into at least 5
non-structural peptides?3! 273275 Together, the products of ORF1a and 1b work to facilitate

modulation of the cell and viral genome replication.

Little mechanistic detail about astrovirus replication is available. However, it has been
shown that replication complexes assemble in subcellular membrane compartments,
thought to be ER-derived?®®27¢, These membrane structures may not be exclusively derived
from the ER as there is evidence to suggest that membranes from other cellular organelles
may be recruited into the replication complexes?’’. Host genes linked to cholesterol and
fatty acid synthesis, as well as phosphatidylinositol and inositol phosphate metabolism
were found to be important in HAstV replication, as silencing of these in Caco-2 cells
significantly reduced the transcription, translation and production of virions?”’. The
manipulation of these genes and their products may be linked to the formation and
regulation of replication complexes, as seen for multiple other viruses?’2282, However, their

exact mechanisms of function in astroviral infection remain unknown.
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Transcription of the antigenome within replication complexes is detected around 6-12
hours post-infection (hpi)?’® 283, This is then used as a template for positive-sense
subgenomic and genomic RNA synthesis, occurring immediately after anti-genome
production, with transcription of subgenomic RNA estimated at levels 10-fold greater than
the genomic RNA, and the anti-genome representing just 0.7-4% of the total positive-sense

RNA produced?*,

The host gene encoding an RNA helicase (DDX23) was found to be important in HAstV

277 +ssRNA viruses similar

replication, as knock-down of DDX23 reduced viral yield by ~40%
in size to astroviruses typically encode a helicase domain?®®. Unusually, however, data
suggest that HAstV does not encode its own RNA helicase and instead recruits it from the
host, as previously suspected from comparative sequence analysis of astroviral genomes*'”
286 The UTRs of HAstVs may also play a role in viral replication via host factor recruitment,
such as for replication complex formation, as seen for various other RNA viruses®®’. It was
observed in CaCo-2 cells that PTB/hnRNP1 binds to a conserved helical structure in the 3’
UTR of HAstV and plays an important role in the replication of the virus, as siRNA knock-
down of PTB reduced the production of negative-sense HAstV RNA by ~90%2%, In silico
analysis also identified additional putative recognition sites for SRSF and hnRNPE2 proteins

in the UTRs of the HAstVs?%, Binding of these may act to function in a similar manner to

that observed for poliovirus, whereby they aid in promoting translation initiation?®.

1.5.3 Assembly and egress

During HAstV infection, expression of ORF2 CP and virus assembly occur alongside genome
replication within subcellular double-membrane vesicle compartments?3 20825 Cp jg
translated around 8-12 hpi, coinciding with a large increase of sub-genomic RNA around
this time?3% 28, The location of assembly may vary between strains, as clusters of HAstV

particles are observed near the nucleus?®® 2°1, whereas crystalline arrays of virus are instead

seen in lysosomes, autophagic vesicles and the cytoplasm during ovine AstV infection?.

Translation of ORF2 in HAstV-8 generates an ~90 kDa capsid precursor (VP90) which is
cleaved intracellularly at multiple putative caspase recognition motifs in the acidic C-
terminal region by host caspases-3 and -9 to produce a ~70 kDa capsid protein (VP70)?3% 239,
180 copies of capsid protein assemble to form the immature virion, and both virions
comprised of VP70 or VP90 have been observed intracellularly?3l 238 283,290,292 pimers and

possible trimers of HAstV-8 VP90 have also been observed in infected CaCo-2 cells?®,
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suggesting that the capsid protein readily forms intermediate structures which may then

facilitate formation of the particle, akin to HEV?%% 2%,

VP90 associates with membrane structures most likely by its highly acidic C-terminus, as
VP70, which lacks this domain, is not membrane associated?®. The C-terminal region is also
protected from trypsin cleavage when capsid protein is membrane bound, further
supporting this??°. This suggests that caspase cleavage releases membrane-bound capsid
protein, and may promote virion assembly and release from the cell, as observations
suggest that extracellular astrovirus capsids are formed exclusively from VP70, and not the
VP90 precursor?? 283292 The function, if any, of the ~8 kDa C-terminal region released
upon VP90 caspase cleavage is unknown. However, it is highly conserved between HAstV

strains suggesting it may have additional roles in infection%.

Recent work identified the activation of the host cell elF2a-ATF4-CHOP pathway during
HAstV-1 infection?’®. Sensing of AstV dsRNA by PKR was seen to promote phosphorylation
of elF2a, which induces translational block, in the late stages of HAstV infection 12-16 hpi.
However, dsRNA was detected as early as 6 hpi, suggesting PKR was suppressed by HAstV
via an unknown mechanism. Phosphorylated elF2a subsequently activated the elF20—ATF4
pathway. The study found that CHOP, a target of ATF4, was then upregulated in HAstV-1
infected cells, activation of which induces caspase activity, and was linked to the release of
HAstV-1 progeny into the extracellular media®’®. These data suggest that astroviruses are
able to specifically modulate the innate immune response to viral infection, by suppressing
and then activating the elF2a-ATF4-CHOP pathway in order to benefit replication and

egress, respectively.

The non-lytic release of HAstVs from infected cells occurs around 12 hpi and is not
accompanied with significant cell death?®. It is thought egress may be mediated by
membrane destabilization or export through membrane vesicles!®® 272, Consistent with this
is recent data suggesting a viroporin-like activity of a newly identified protein (XP), which is
encoded in ORFX, a hidden gene within ORF22%°, Egress of HAstV particles appears to
require the activity of caspases-3 and -7?’%, and although the processing of the capsid is
also caspase-dependent, the cleavage and release events appear to be independent of one

anothe r.209, 238, 239

Assembled CP within extracellular virions is further cleaved into 3 smaller units by trypsin-

like proteases?®?, causing structural changes, to form the mature virion and increase

37



infectivity by 10°-fold in vitro®2. For HAstV-8, trypsin cleaves VP70 into 3 smaller molecules
of 34 and 27/25 kDa (Figure 1.6), representing the capsid core and spike domains,
respectively?®?. This proteolytic processing releases 60 of the 90 globular spike dimers
present on the surface of the particle®® to give rise to the mature virion morphology.
Unusually among astroviruses, ANV appears able to form mature infectious virions in the
absence of trypsin in vitro, suggesting capsid maturation by proteolysis is either not

required, or that a different maturation mechanism is used?®.

' Caspase cleavage

VP70

| A | Trypsin cleavage

VP34 VP27
VP25

Figure 1.6: Proteolytic processing of the HAstV capsid precursor. Schematic diagram of
the proteolytic processing pathway for the HAstV-8 capsid. The full-length precursor
(VP90) is cleaved at multiple sites in its C-terminus by caspases to remove the acidic
region, forming VP70 which is then able to form immature virus particles capable of
exiting the cell. These immature particles are processed by an extracellular trypsin-like
protease to produce the capsid core (VP34) and two spike variations (VP25 and VP27),

which comprise the mature, highly infectious HAstV-8 particles?% 2%,

1.6 Genome packaging mechanism of astroviruses

Viral packaging enzymes and nucleoproteins seem to be absent in astroviruses, suggesting
encapsidation of genomic RNA could be PS-mediated®. This hypothesis may be further
supported by the presence of highly conserved stem-loop structures (RFS and s2m) at the
start of the replicase gene (ORF 1b)'%%2%° and in the 3" UTR?%, respectively, as well as a
highly basic N-terminal arm within the CP across the Astroviridae, which are features seen
in other +ssRNA viruses that exploit a PS-mediated assembly mechanism3% %> % The
importance of the basic N-terminal region in the CP for genome packaging was displayed in
a study investigating the capsid of HAstV, where removal of residues 11-30 reduced viral
titre by half, and removal of residues 31-50 caused a 1000-fold reduction in infectious virus

when compared to the wild type produced in cells?!.
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The work presented in this thesis investigates the genome encapsidation mechanism of the
Astroviridae. Given the similarities with +ssRNA viruses that are known to use a PS-
mediated encapsidation mechanism, such as conserved RNA SLs in the genome and a
highly basic N-terminal arm of the CP, the hypothesis that the Astroviridae also use this
mechanism will be explored, using the model avian astrovirus ANV G-4260. To achieve this,
a protein expression system to produce VLPs for RNA SELEX and a reverse genetics system

in which to undertake mutation studies of putative PSs were constructed.

In Chapter 2, details of the experimental procedures used throughout this thesis are
presented. In Chapter 3, the structure of the ANV CP was investigated using homology
modelling to reveal similarities to the other known AstV structural proteins. In addition, a
domain on the interior of the CP was predicted to interact with SLs of RNA based on

binding-specific substructure homology.

Having computationally defined the structural domains within the CP of ANV, Chapter 4
investigates the expression of AAstV CP in a range of systems, with attempts to assemble
VLPs guided by the initial modelling. Capsomer-like structures could be formed by ANV CP,

however, ANV VLPs were not produced.

Chapter 5 shows the construction of a reverse genetics system for ANV, from which
infectious virus was recovered. ANV was then characterised and methods to purify viral

particles were investigated and optimised.

Finally, as VLPs or ANV virions suitable for RNA SELEX could not be produced in Chapters 4
and 5, respectively, an alternate approach to identifying PSs was investigated. In Chapter 6,
a NGS approach was used to identify nts that were enriched in the genomes of ANV virions
when compared to intracellular viral RNA. The structures of putative PSs were identified in
these conserved regions, and the most conserved PS, PS1, was then disrupted using the
reverse genetics system, to recover PS1 mutant ANV. The role of PS1 in genome
encapsidation was then validated using viral growth assays, demonstrating that mutation

of PS1 resulted in a delayed accumulation of extracellular virus.
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Chapter 2

2 Materials and Methods

2.1 Materials

2.1.1 \Virusisolates
Isolates of the avian astroviruses, ANV strain G-4260, CAstV 612 and CAstV 11672 were a

kind gift of Victoria Smyth, Agri-Food and Biosciences Institute (Northern Ireland).

2.1.2 Celllines
BSRT7: Cell line derived from BHK21 cells which constitutively express bacteriophage T7

polymerase, a kind gift of A. Easton (University of Warwick)?’.

LMH: Immortal cell line derived from diethylnitrosamine-induced primary hepatocellular

carcinoma of a male leghorn chicken (ATCC® CRL-2117™)%,

DF-1: A spontaneously transformed chicken fibroblast cell line from East Lansing line

chickens (ATCC® CRL-12203™)%*,

Chicken Kidney cells (CK): Primary cells derived from the kidneys of 2-3 week-old SPF Rhode

Island Red chickens3®.

Chick Embryo Fibroblasts (CEF): Primary cells derived from 9 day-old chicken embryos from
SPF eggs (VALO Line, BioMedia).

2.1.3 Media and buffers

BES medium: 1x EMEM (Sigma), 10% Tryptose Phosphate Broth (Gibco), 0.2% Bovine Serum
Albumin (Sigma), 20 mM N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES)
(Sigma), 0.4% Sodium Bicarbonate (Sigma), 2 mM L-Glutamine (Sigma), 100 U/ml
Penicillin/Streptomycin (Gibco) and 25 U/ml Nystatin (Sigma).

Blocking buffer: 5% skimmed milk (Sigma) in PBS.

Boiling mix: TruPAGE™ LDS Sample Buffer (Sigma) and TruPAGE™ DTT Sample Reducer

(Sigma).

CEF growth medium: 1x E199 (Sigma), 10% Tryptose Phosphate Broth (Gibco), 5% FBS
(Sigma), 0.2% Sodium Bicarbonate (Sigma), 100 U/ml Penicillin/Streptomycin (Gibco) and 1
ug/ml Amphotericin B (Gibco).
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CEF maintenance medium: 1x E199 (Sigma), 10% Tryptose Phosphate Broth (Gibco), 2% FBS
(Sigma), 0.2% Sodium Bicarbonate (Sigma), 100 U/ml Penicillin/Streptomycin (Gibco) and 1

ug/ml Amphotericin B (Gibco).

CK cell growth medium: 0.8x EMEM (Sigma), 8.85 mM N-(2-Hydroxyethyl)piperazine-N'-(2-
ethanesulfonic acid) (HEPES) (Sigma), 8.8% Tryptose Phosphate Broth (Gibco), 8.8%
Newborn Bovine Serum (NBS) (Sigma), 1.6 mM L-glutamine (Sigma), 8.8 U/ml
Penicillin/Streptomycin (Gibco) and 40 U/ml Nystatin (Sigma).

Complete DMEM: 1x DMEM (Sigma), 10% FBS (Sigma), 100 U/ml Penicillin/Streptomycin
(Gibco) and 1 ug/ml Amphotericin B (Gibco).

Complete EMEM: 1x EMEM (Sigma), 10% FBS (Sigma), 1 mM Non-essential Amino Acids

(Gibco) and 1 mM Sodium Pyruvate (ThermoFisher).
Extraction buffer: 1 mM MgSO,; and 1 mM NaPOQ,, pH 7.4.
LB Broth (Invitrogen).

MMA: 10 mM MES (2-[N-morpholinolethanesulfonic acid) pH 5.6, 10 mM MgCl; and 100

KM Acetosyringone.

PBSa: 0.2 g/L KCl, 0.2 g/L KH,PO4, 8 g/L NaCl and 1.15 g/L Na,HPO4 (Sigma, 56064C), pH:
7.2-7.5.

1x TBE: made from 10x UltraPure™ TBE Buffer (Invitrogen), diluted in Super-Q water
(sQw).

TBS-T: 50 mM Tris-HCI (pH 7.4) (Sigma), 150 mM NaCl (Sigma), 0.1% Tween 20 (Sigma).
TN buffer: 50 mM Tris-HCI (pH 7.4) (Sigma), 100 mM NacCl (Sigma).

TNS buffer: 50 mM Tris-HCI (pH 7.4) (Sigma), 300 mM Na,SO, (Sigma).

TruPAGE™ TEA-Tricine SDS running buffer (Sigma).

2.1.4 Chemicals, reagents and kits

2.1.4.1 Chemicals and reagents

Ambion™ Recombinant RNase A (Invitrogen).

Ammonium sulphate (Sigma).
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Ampicillin 100 pg/ml (Sigma, A5354).

Attachment Factor Protein (1X) (Gibco).

Chloramphenicol 25 pg/ml (Sigma, R4408).

EDTA (Invitrogen).

GelRed® Nucleic Acid Gel Stain (Biotium).

Geneticin™ Selective Antibiotic (G418 Sulfate) (Gibco).

IGEPAL® CA-630 (Sigma).

Isopropylthio-B-galactoside (IPTG) (Invitrogen).

Kanamycin 50 pg/ml (Sigma, K0254).

Lipofectamine® 2000 Reagent (Invitrogen).

Opti-MEM (Gibco).

PageBlue™ Protein Staining Solution (Thermo Scientific).
Polyethylene glycol 6000 (Sigma).

Precision Plus Protein™ Kaleidoscope™ Prestained Protein Standards (Bio-Rad)
Quick-Load Purple 2-Log DNA Ladder (NEB).

Restriction enzymes (NEB).

Ribonuclease H (Invitrogen).

RNaseOUT™ Recombinant Ribonuclease Inhibitor (Invitrogen).
VECTASHIELD® Mounting Medium with DAPI (Vector laboratories).

2.1.4.2 Kits

GoTaq® DNA Polymerase (Promega, M7122).
[llustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare, 28903470).

Monarch® DNA Gel Extraction Kit (NEB, T1020S).
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NEBuilder® HiFi DNA Assembly Master Mix (NEB, E2621S).

Q5¢® High-Fidelity DNA Polymerase (NEB, M04915S).

QIAGEN Plasmid Midi Kit (QIAGEN, 12145).

QlAprep Spin Miniprep Kit (QIAGEN, 27106).

ReliaPrep™ RNA Cell Miniprep System (Promega, Z6011).
SuperScript™ Il First-Strand Synthesis System (Invitrogen, 18080085).

SuperScript™ Il One-Step RT-PCR System with Platinum™ Taq DNA Polymerase (Invitrogen,
12574018).

SuperScript™ IV First-Strand Synthesis System (Invitrogen, 18090050).
T4 DNA Ligase (Thermo Scientific, 15224041).

Zero Blunt™ TOPO™ PCR Cloning Kit, with pCR™-Blunt [I-TOPO™ Vector (Invitrogen,
450245).

2.1.4.3 Consumables

Gene Pulser® electroporation cuvettes (Bio-Rad), 0.1 cm gap width.
HisPur™ Cobalt Resin (Thermo Scientific).

iBlot™ 2 Transfer Stacks, PVDF, mini (Invitrogen).

Ni-NTA Agarose resin (Thermo Scientific).

Poly-Prep® Chromatography Columns (Bio-Rad).

TruPAGE™ precast 4-20% poly-acrylamide gels (Sigma).
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2.1.5 Primers and probes

Name Sequence

M13a_F TGTAAAACGACGGCCAGT
pCRII vector-specific primers

M13a_R CAGGAAACAGCTATGACC

GSP_dT  TTTAAAAGTTAGCCAATTC

IntR1 GGTGTCAATTGAATCTGC

IntR2 GTTATTCTCAAGTCAAGAGG

IntR3 CAGCCGTACAAACAACCACG
ANV GSP primers

IntF1 TCAATGACACAATGAAGACC

IntF2 GAACCAGTCATCCAACAG

IntF3 CATGCAATAATATCAGCGTGT

IntF4 CGAATAGATGGGATGGC

Table 2.1: Primers for ANV G-4260 isolate cloning and sequencing.

Location Primer Sequence

Forward TTGAGAAGGGGTGGACCGTA

3’ UTR Probe 6-FAM-CAGCAACTGACTTTC-MGB

Reverse TCCCAGCTTTCCTGTACCCT

Forward TCCTTCCCAAGTAAGGCCGATAA

ORFla Probe 6-FAM-TGTTGATGGTGGTTCTGCTGGAGTTGGCT-MGB

Reverse TGGCCTGCTGTGTAGATGTAGT

Table 2.2: Primers and probes for qPCR of ANV G-4260.Primer-probe set for the 3’ UTR

was as described by Smyth et al*%%.



Name Sequence

Oligo(dT)2o TTTITTTTTTITTITITTTTIT T T

ANV-GSP_F2 CCGAATAGATGGGATGGCTTCGGC

ANV-GSP_R2 AAAAGTTAGCCAATTCAAAATTAATTCAAATAATGAAAAGCCC

ANV-Mid1_R CGAAGTCAAGCATTTTGG

ANV-Mid2_F GGACTATCCTGAACTCACTGC

Table 2.3: Primers for synthesis of cDONA/dsDNA for next generation sequencing.

Name Sequence

WT_F GGTATGCTGCGTGAT

WT_R AGTCTTGCATACCCA

CH_F GGGATGCTCCGGGAT

CH_R AGCCTGGCGTATCCC
Mutant-specific

RT_F GGTATGCTACGTGAC

RT_R AGTCTCGCGTACCCC

ED_F GGTATGCTGAGAGAT

ED_R TCTCTTGCATACCCA

PS1-sequencer_F TCTCTGGCACTTGAG
pANV generic

PS1-sequencer_R GCCAAGTGTTGTGGA

Table 2.4: Primers for pANV PS1 mutant insert confirmation and sequencing.



2.1.6 Antibodies

2.1.6.1 Primary antibodies

ANV positive chicken-antiserum (EF84/50-289) (a kind gift of V. Smyth, AFBI), diluted 1:500

for immunofluorescence and 1:2000 for western blot.

Mouse Anti-Penta-His (Qiagen, 34660), diluted 1:2000 for western blot.

Mouse Anti-HA.11 (Covance, MMS-101P), diluted 1:2500 for western blot.

2.1.6.2 Secondary antibodies

Goat Anti-Chicken IgY (H+L) Alexa Fluor® 488 (Invitrogen, A-11039), diluted 1:500 for

immunofluorescence.

Donkey Anti-Chicken IgG (H+L) IRDye® 800CW (LI-COR, 926-32218), diluted 1:10,000 for

western blot.

Goat Anti-Mouse IgG IRDye® 680RD (LI-COR, 926-68070), diluted 1:10,000 for western blot.

2.1.7 Plasmids

Plasmid Antibiotic resistance
pCR™Blunt Il (Invitrogen) Kanamycin

pET23a (A. Panjwani, The Pirbright Institute) Ampicillin

pPEAQ (G. Lomonossoff, John Innes Centre) Kanamycin
pcDNA3.1(+) (ThermoFisher) Ampicillin

pUC19 (ThermoFisher) Ampicillin

pSTBlue-1, containing CAstV VF07-13/7 ORF2

(V. Smyth, AFBI)

Ampicillin and Kanamycin

pOET-1, containing CAstV VF08-3a ORF2

(V. Smyth, AFBI)

Ampicillin

Table 2.5: Plasmids used within this thesis.
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2.1.8 Sequences

T7 promotor: TAATACGACTCACTATAG

Synthetic DNA, containing the HDR (dotted box) and T7 terminator (grey highlight):

AAAAAAAAAAAAAAAAAAAA%TI'CCTG CGGCCGGGTCGGCATGGCATCTCCACCTCCTCGCG GTCCG§

%ACCTGGGCATCCGAAGGAG GACGTCGTCCACTCGGATGGCTAAGGGAGAGCTCGGATCCGGCTG@

%TAACAAAG CCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAG CAT§AACCCCT

TGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

Nucleotide sequences (GenBank ID): ANV G-4260 (AB033998.1), CAstV 612 (JN582317.1),
CAstV 11672 (JN582327.1), VF07-13/7 (GU222331.1), VF08-3a (GU222332.1).

Protein structures (PDB ID): HAstV-1 capsid core (SEWN), TAstV-2 spike (3TS3), HAstV-2
spike (5KOU), PMV capsid protein (4V99), HEV capsid core (2Z2Z2Q).

2.2 Methods

2.2.1 Nucleic acid methods

2.2.1.1 Preparation of encapsidated RNA by RNase A digestion

IGEPAL® CA-630 (Sigma) was added to samples to a 0.5% final concentration to release any
potential membrane-bound RNA from cellular debris, prior to the addition of RNase A to 10
ug/ml (Ambion). Reactions were incubated for 30 minutes at 37 °C, before addition of BL +

TG buffer from the ReliaPrep™ RNA Cell Miniprep System (Promega) to inhibit RNase A

activity. RNA purification then proceeded as below (2.2.1.2).

2.2.1.2 RNAisolation

RNA extractions were completed using the ReliaPrep™ RNA Cell Miniprep System
(Promega) following the manufacturer’s instructions. Briefly, samples were treated as the
smallest cell input option (1 x 10 - 5 x 10°) and were mixed with 100 pl of BL + TG buffer by
vortexing for 5 seconds. Next, 35 pl of 100% isopropanol was added and mixed by vortexing
for 5 seconds. The resulting suspension was transferred to a Minicolumn and centrifuged at
12,000 x g for 1 minute and flow through was discarded. The membrane was washed with
500 pl of RNA wash solution and centrifuged at 12,000 x g for 1 minute with the flow
through discarded. Next, contaminating DNA was removed by addition of 30 pl DNase |
incubation mix to the Minicolumn membrane and incubated for 15 minutes at room

temperature. The membrane was then washed sequentially with 200 pl of column wash
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solution and 500 pl of RNA wash solution and centrifuged at 12,000 x g for 1 minute after
each solution was added. The Minicolumn was then placed into a new collection tube and a
final 300 pl of RNA wash solution was added and centrifuged at 12,000 x g for 2 minutes.
The Microcolumn was transferred to an elution tube and 12 ul nuclease-free water added
to the membrane and centrifuged at 12,000 x g for 1 minute. Purified RNA was stored at -

80 °C.
2.2.1.3 First-strand cDNA synthesis

c¢DNA was synthesised from purified RNA using SuperScript® Il reverse-transcriptase
(Invitrogen) following manufacturer’s instructions. Reactions containing 1.5 pul RNA, 1 pl 10
mM dNTPs, 1 pl 50 uM random hexamers (Invitrogen) and 9.5 pl nuclease-free water were
incubated at 65 °C for 5 minutes to denature any secondary structures, then cooled on ice
for 1 minute. To this, 4 pl 5x buffer, 1 ul SuperScript Il reverse transcriptase, 1 ul 0.1 M
DTT, and 1 pl RNaseOUT were added. Reactions were then incubated at 25 °C for 5 minutes
followed by 50 °C for 40 minutes for cDNA synthesis, and a final 70 °C for 15 minutes to

terminate the reaction, with the resulting cDNA stored at -20 °C.

2.2.1.4 One-step reverse transcription and PCR

For the cloning of avian astrovirus isolates, the SuperScript® Il One-Step RT-PCR with
Platinum® Tag DNA Polymerase kit (Invitrogen) was used. Reactions contained 25 pl 2x
reaction mix, 2 pl SuperScript™ Il RT/Platinum™ Taq enzyme Mix, 1.5-2.5 pl of genomic
RNA derived from AstV isolates, primers for both reverse transcription and PCR, and
nuclease-free water to 50 pl. Reverse transcriptions were primed with either 20 pmol of
gene-specific primer (GSP) (section 2.1.5) or 50 pmol of oligo(dT).0, PCR was primed with
either 20 pmol of forward-sense GSP (section 2.1.5) or 100 ng of random hexamers. For
these single-tube RT-PCR reactions, initial reverse transcription was performed at 45 °C for
30 minutes for GSP and oligo(dT) primed reactions, or at 25 °C for 10 minutes and then 45
°C for 30 minutes when using random hexamer primed reactions. After the completion of
cDNA synthesis PCR was subsequently performed on these reactions, with an initial
denaturation step of 94 °C for 2 minutes, followed by 40 cycles of denaturation at 94 °C for
15 seconds, primer annealing at an appropriate Tm (55-66 °C) for 30 seconds, elongation at

68 °C for 2 minutes 30 seconds, and a final 5 minute elongation step at 68 °C.
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2.2.1.5 Polymerase chain reaction

For cloning and generation of products for sequencing, Q5® High-Fidelity DNA Polymerase
(NEB) was used. Reactions contained 10 pl 5x reaction buffer, 200 uM dNTPs, 0.5 uM of
each forward and reverse primer, < 1,000 ng template DNA, 0.5 ul Q5 polymerase enzyme
and nuclease-free water to 50 pl. PCR was performed using an initial denaturation at 98 °C
for 2 minutes, followed by 25 cycles of denaturation at 98 °C for 20 seconds, primer
annealing at an appropriate Tm for 20 seconds, and elongation at 72 °C for 25 seconds per

kilobase amplified, with a final extension step at 72 °C for 2 minutes.

For analytical PCR assays, GoTaq® Green Master Mix (Promega) was used. Reactions
contained 10 pl 2x GoTaq® master mix, 1 uM of each forward and reverse primer, < 200 ng
template DNA and nuclease-free water to 20 ul. For colony PCR, colonies were picked with
sterile pipette tips and dipped into the aliquoted GoTaq PCR reaction mix 2-3 times to
introduce template DNA, the same tip was then used to inoculate fresh LB antibiotic
cultures for overnight growth. PCR was performed with an initial denaturation at 95 °C for
3 minutes, followed by 18 cycles of denaturation at 95 °C for 20 seconds, primer annealing
at an appropriate Tm for 20 seconds, and elongation at 72 °C for 30 seconds per kilobase

amplified, with a final extension step at 72 °C for 1 minute.

2.2.1.6 Invitro RNA transcription

RNA was synthesised in vitro from cDNA downstream of the T7 promotor within pANV,
using T7 RNA polymerase (NEB). Reactions contained 0.5 mM of each NTP, 1 ug template
DNA, 1 pl RNaseOUT, 1 ul DTT, 2ul T7 RNA Pol, 10x reaction buffer and nuclease-free water
to 20 pl. Reactions were incubated at 37 °C for 1 hour, and subsequent RNA was purified as

above (2.2.1.2).

2.2.1.7 Restriction enzyme digestion

Restriction endonuclease digest reactions contained 5 units of enzyme (NEB), 0.5 pug DNA,
2.5 ul 10x buffer (as recommended by the manufacturer for the enzyme), and nuclease-
free water to 25 pl. Reactions were incubated for 15-60 minutes at the recommended
temperature for the enzyme used. Where double-digestion using enzymes with different
optimal temperatures was performed, reactions were incubated for 30 minutes at the
lower temperature followed by 30 minutes incubation at the higher temperature.
Reactions involving Dpnl were first incubated at 37 °C for 20 minutes and then 80 °C for 20

minutes to inactivate the enzyme.
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2.2.1.8 Agarose gel electrophoresis

Agarose gels (typically 0.8-1% w/v) were prepared by heating agarose in 1x TBE buffer using
a microwave until all agarose was in solution. This was then cooled before addition of
GelRed® Nucleic Acid Gel Stain (Biotium) to a 1x final concentration and after mixing
thoroughly the gel was cast. After the gel had fully set, it was placed into a Sub-Cell® (Bio-
Rad) electrophoresis tank containing 1x TBE and combs were removed. DNA samples were
mixed with appropriate volumes of 6x loading dye and loaded into the wells with the 2-Log
DNA ladder (NEB) used as a size standard on the same gel. Samples were electrophoresed

at 100 V for 30-60 minutes and imaged using the Gel Doc EZ imaging system (Bio-Rad).

2.2.1.9 Gel purification of DNA

For gel purification, DNA in agarose gels was visualised using a Safe Imager™ 2.0 Blue Light
Transilluminator (Invitrogen) and cDNAs were size selected using a scalpel to isolate
desired fragments. A single band of the expected size was extracted for cDONAs amplified
using GSPs, while multiple bands, with preference for fragments of 1-2 kb, were taken from
amplifications using random hexamers. DNA was extracted from agarose plugs using the
illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare) following the
manufacturer’s instructions. Briefly, 500 ul of capture buffer type 3 was added to the
agarose plug in a 1.5 ml Eppendorf to achieve a ratio of 100 pl:100 mg minimum and
incubated at 60 °C with occasional vortexing to dissolve the gel. This sample mix was then
added to a MicroSpin Column and centrifuged at 16,000 x g for 1 minute with the flow-
through discarded. 500 ul of wash buffer type 1 was added to the column and centrifuged
at 16,000 x g for 1 minute, flow-through was discarded and the column then centrifuged
again at 16,000 x g for 1 minute. DNA was eluted into a clean 1.5 ml Eppendorf tube by
adding 40 pl of elution buffer type 6 to the membrane and centrifugation at 16,000 x g for

1 minute.

2.2.1.10 DNA ligation

cDNA derived from the AstV isolates was cloned into pCRIl using the TOPO® TA Cloning® Kit
(Invitrogen) to enable sequencing of AstV inserts. Following the manufacturer’s
instructions, 4 pul of AstV cDNA, 1 ul Salt Solution and 1 ul TOPO® vector were mixed and
ligation reactions were incubated at room temperature for 30-60 minutes or at 4 °C

overnight.
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Ligation of linear DNA with sticky or blunt ends was performed with T4 DNA ligase
(ThermoFisher). Ligation reactions were formed from 100 ng of linear vector DNA, 1:2
molar ratio of insert DNA, 2 ul 10x T4 DNA ligase buffer, 5 U of T4 DNA ligase and nuclease-
free water to a final volume of 20 pl. Reactions were incubated at 22 °C for 1 hour, or at 16

°C overnight for complicated ligations.

The NEBuilder® Assembly Tool was used to design primers to PCR amplify AstV cDNA
inserts with homologous overlapping ends for seamless cloning into plasmid vectors using
the NEBuilder® HiFi DNA Assembly Cloning Kit (NEB). Following the manufacturer’s
instructions, linear vector:insert DNA at a molar ratio of 1:2, 10 pl of 2x NEBuilder HiFi DNA
Assembly Master Mix and nuclease-free water to 20 pl were mixed. These reactions were

incubated at 50 °C for 1 hour to ligate inserts into the vector.

The resulting ligation products were then transformed into competent E. coli cells (Section

2.2.1.12).

2.2.1.11 Preparation of electrocompetent E. coli

50 ul of DH5a cells (Invitrogen) were used to inoculate 10 ml of LB (with this and all
subsequent growth steps in absence of antibiotic selection) and incubated with shaking for
2 hours at 37 °C. This starter culture was used to inoculate a 100 ml overnight culture (in
LB). The overnight culture was then used to inoculate 1 litre of LB and grown to ODggo 0.5-
0.6. All subsequent steps were done on ice and in a cold room where possible. The 1 litre
culture was split into 6 x 200 ml falcon tubes and incubated on ice for 30 minutes before
centrifugation at 3,825 x g for 15 minutes at 0 °C in a JLA-16.250 rotor. The supernatant
was decanted and 50 ml of sterile ice-cold deionised water was used to re-suspend each
pellet, resuspended pellets were then made up to 160 ml each with sterile ice-cold
deionised water and centrifuged at 1,875 x g for 15 minutes at 0 °C. The supernatants were
decanted and the pellets were re-suspended and pooled in a total of 600 ml sterile ice-cold
deionised water and split into 3 equal aliquots before centrifugation at 1,875 x g for 15
minutes at 0 °C. The supernatants were discarded and the pellets were re-suspended in a
total of 40 ml sterile, ice-cold 10% glycerol and subsequently centrifuged at 2,000 x g for 15
minutes at 0 °C in a Beckman S$4180 rotor. Finally, the supernatant was decanted and the
pellet was re-suspended in 2 ml of ice-cold 10% glycerol which was then aliquoted into 50

ul volumes and flash frozen in a dry-ice ethanol bath before storage at -80 °C.
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2.2.1.12 Transformation of E. coli

Ligation products from cloning reactions were diluted 1:4 in nuclease-free water and
incubated on ice until cold, 2 pl volumes of these dilutions were then added to 50 pl
aliquots of electrocompetent E. coli DH5a cells thawed on ice, before transfer to 0.1 cm
Gene Pulser electroporation cuvettes (Bio-Rad) and transformation at 1.8 kV (200 Ohms, 25
microFd) using a Gene Pulser® (Bio-Rad). Transformed cells were recovered in 350 pl of
SOC at 37 °C for at least 1 hour with shaking. The entire volume of bacterial suspension in
SOC was then spread onto LB antibiotic selection plates and incubated at 37 °C overnight.
The following antibiotics (or combinations thereof) were used for selection: Kanamycin 50
ug/ml, Ampicillin 100 pg/ml, Chloramphenicol 25 pg/ml. Transformant colonies were
picked using a clean pipette tip, subject to colony PCR (section 2.2.1.5), and inoculated on
to a fresh selective LB agar plate or into 5 ml overnight cultures for purification of plasmid

DNA.

2.2.1.13 Purification of plasmid DNA (Miniprep)

Plasmid DNA was purified from overnight bacterial cultures using the QlAprep spin
Miniprep kit (QIAGEN) following manufacturer’s instructions with several modifications.
Bacteria were pelleted from 3 ml of overnight culture by centrifugation at 3,000 x g for 5
minutes, pellets were resuspended in 250 pl buffer P1, followed by addition of 250 pl
buffer P2 and inversion of the tube 3-5 times, until complete lysis of cells is observed (via
LyseBlue). Then 350 pul of buffer N3 was added and the tube inverted gently to mix 3-5
times. The lysate was clarified by centrifugation at 21,000 x g for 10 minutes with the
resulting supernatant transferred to a QlAprep spin column, which was then centrifuged at
12,000 x g for 1 minute. 750 ul of buffer PE was added to the column and centrifuged at
12,000 x g for 1 minute, the flow-through was discarded and the column centrifuged again
at 12,000 x g for 1 minute. The column was transferred to a clean 1.5 ml Eppendorf tube
and 40 pul of EB was added directly to the column membrane and incubated at room
temperature for 1 minute prior to centrifugation at 12,000 x g for 1 minute. Purified

plasmid DNA was then kept at 4 °C, or -20 °C for long-term storage.

2.2.1.14 Purification of plasmid DNA (Maxiprep)

Plasmid DNA was purified from overnight cultures using the QlAprep spin Maxiprep kit
(QIAGEN) following manufacturer’s instructions. Bacteria were pelleted from 100 ml of

overnight culture by centrifugation at 4,000 x g for 10 minutes, pellets were resuspended in
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10 ml buffer P1, followed by addition of 10 ml buffer P2 and inversion of the tube 3-5
times, until complete lysis of cells is observed (via LyseBlue). Then 10 ml of buffer N3 was
then added and the tube inverted gently to mix 3-5 times. The lysate was clarified by
centrifugation at 4,000 x g for 60 minutes with the resulting supernatant transferred to a
QlAprep column equilibrated with 10 ml buffer QBT, which was then drained by gravity-
flow. 2 x 30 ml of buffer QC was added to the column and drained by gravity-flow, the flow-
through was discarded. The column was transferred to a clean 50 ml Falcon tube, and 15
ml of buffer QF was added directly to the column membrane and drained by gravity-flow.
DNA was precipitated by addition of 0.7 volumes of room-temperature isopropanol and
centrifugation at 4,000 x g for 60 minutes at 4 °C. The supernatant was then carefully
decanted and the pellet washed with 5 ml room-temperature 70% ethanol, before
centrifugation at 4,000 x g for 60 minutes at 4 °C. The supernatant was discarded and the

pellet air dried for 5 minutes before resuspension in 500 pl of nuclease-free water.

2.2.1.15 Sequencing and analysis

Purified plasmid DNA containing AstV inserts were submitted to SourceBioscience or GATC
for sequencing. Plasmid DNA was made to 100 ng/ul for sequencing and where custom
primers (Section 2.1.5) were provided these were at a concentration of 3.2 pmol/pl.
Sequencing of AstV isolate cDNAs within the pClI-TOPO vector was performed using the
M13a forward and reverse primer sites flanking the TOPO insertion site of the vector. Due
to the large size of some AstV inserts, internal GSPs were used to achieve complete
sequencing coverage in addition to sequencing from the M13 flanking sites (Section 2.1.5).
Sequence data was then assembled into contigs using SeqMan Pro (DNASTAR lasergene),
using the default assembly parameters. For template-based contig assembly, the published
ANV G-4260 genome sequence (GenBank: AB033998.1) or partial genome sequences of
CAstVs 612 and 11672 (GenBank: JN582317.1 and JN582327.1, respectively) were set as

the reference sequence.

2.2.2 In Silico modelling of the ANV capsid protein

The SWISS-MODEL webserver3®? was used to predict the tertiary structures of the ANV G-
4260 capsid core and spike domains from the full ORF2 primary amino acid sequence
(GenBank ID: AB033998.1) by homology modelling against structures in the SWISS-MODEL
template library, derived from experimentally determined structures in the protein data

bank.
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Superimposition of protein structures was performed using the FATCAT pairwise alignment
webserver3%, The alignment model was set to flexible and used to compare the predicted
ANV core and solved HAstV-1 core domain (PDB ID: 5EWN) structures, the predicted ANV
spike and solved TAstV-2 spike (PDB ID: 3TS3) structures, the solved HAstV-1 and HEV core
domains (PDB ID: 5EWN and 2ZZQ, respectively), as well as the predicted ANV core and
solved PMV capsid structure (PDB ID: 4V99). The PDB structure files generated by SWISS-
MODEL for the predicted ANV domains were used as templates for the pairwise

alignments.

The COACH webserver3® was used to predict potential ligands and their binding sites of the
modelled ANV core and spike protein domains, using the SWISS-MODEL predicted PDB

structures as query templates.

All predicted structures and superimpositions were analysed and imaged using PyMOL3%,
The surface electrostatic potential of the predicted ANV core and spike was calculated
using the built-in tool (‘Protein contact potential (local)’) on PyMOL. Images were captured
using the command ‘ray 1000, 1000’ and saved using the command ‘png FileName,

dpi=600’.
2.2.3 Cell culture methods

2.2.3.1 Routine passage

Adherent cell lines were grown to 80-90% confluence prior to passage. To subculture,
media was removed from flasks and the cells were washed once with PBS. Cells were
detached by incubation with minimal volumes of 0.25% trypsin-versene at 38.5 °C for 1-2
minutes. Detached cells were then resuspended with media containing serum and seeded

into new flasks with fresh media at an appropriate seeding density for that cell line.

Details for primary cell and cell line origins and culture medium composition are found in

sections 2.1.2 and 2.1.3, respectively.

2.2.3.2 Mammalian cell culture

BSRT7 cells were grown in complete DMEM supplemented with 1 mg/ml Geneticin (Gibco),

in a 5% CO; atmosphere at 38.5 °C. Cells were sub-cultured at a seeding rate of 1:20-1:30.
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2.2.3.3 Avian cell culture

CK cell preparation: CK cells were prepared from 2-3 week old SPF Rhode island red
chickens by Cell culture services at the Pirbright Institute following the method of Hennion
and Hill3%, After seeding, primary CK cells were grown for 3 days in CK growth media at 37
°Cina 5% CO; atmosphere, CK media was then removed and cells washed once with PBS

before addition of 1x BES media to maintain the cells for up to an additional 5 days.

LMH cells were grown in complete EMEM (Gibco) at 38.5 °C in a 5% CO, atmosphere. Cells
were sub-cultured at a rate of 1:4-1:6. All flasks used to culture LMH cells were pre-treated
with 1x attachment factor (Gibco) for at least 30 minutes, with excess attachment factor

removed before addition of cells and media.

DF-1 cells were grown in complete DMEM (Sigma) at 38.5 °Cin a 5% CO, atmosphere and
sub-cultured at a rate of 1:10-1:20.

CEF preparation: Bodies of decapitated 9 day-old chicken embryos, derived from SPF eggs
(VALO Line, BioMedia) were washed with PBSa and then homogenised through a 10 ml
needless syringe. The resulting tissue was washed twice in PBSa prior to the addition of
Trypsin. Tissue was incubated with trypsin for 4 minutes, with stirring, after which the
supernatant was carefully decanted and transferred into NBCS to neutralise the trypsin.
This process was repeated as necessary until cells no longer dissociated from the tissue,
typically 3-4 cycles. Pooled supernatant was filtered through a coarse gauze filter and then
centrifuged for 10 minutes at 524 x g. The resulting pellets were then resuspended in fresh
warm CEF growth medium and passed through a 40 um pore filter (Swinnex), before being
counted and seeded into flasks with fresh CEF growth medium. After seeding, primary CEF
cells were grown to 80-90% confluence in CEF growth medium at 38.5 °Cin a 5% CO;
atmosphere, CEF growth medium was then removed and cells washed once with PBS

before addition of 1x CEF maintenance medium.

2.2.4 Expression of recombinant astrovirus capsid protein

2.2.4.1 Mammalian and avian expression systems

Mammalian and avian cells were transfected using Lipofectamine® 2000 Reagent
(Invitrogen) following the manufacturer’s instructions. Expression vector plasmid DNA (2.5
ug) was mixed with 250 pl of Opti-MEM (Gibco), whilst 10 ul of Lipofectamine reagent was

separately mixed with 250 pl of Opti-MEM per transfection. These suspensions were
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incubated for 5 minutes and then mixed together before a further 30 minute incubation.
Cells of ~80-90% confluency in 6 well plates were washed with PBS and given 2 ml fresh
media per well prior to addition of the DNA-lipofectamine complexes, no further media

changes occurred. Cells were then harvested 48-72 hours post-transfection for analysis.

2.2.4.2 Bacterial expression systems

Starter cultures (5 ml) of E. coli strain Rosetta™(DE3)pLysS cells transformed with pET23a
protein expression vectors were grown overnight in LB at 37 °C with shaking. Starter
cultures were used to inoculate 50 ml volumes of LB and were grown to an ODgoo of 0.6-0.8,
cultures were then induced using Isopropyl B-D-1-thiogalactopyranoside (IPTG) at a final
concentration of 0.4 mM. Cultures were induced for 5 hours at 30 or 37 °C in a shaking
incubator set to 200 rpm before cells were harvested by centrifugation. Cells were kept
under antibiotic selection with 25 mg/ml Chloramphenicol and 100 mg/ml Ampicillin during

both growth and expression in LB.

2.2.4.3 In planta expression systems

Nicotiana benthamiana plants used in this study were grown for 5-6 weeks in greenhouses

maintained at 24 °C and 70% relative humidity with 16 hours of light per day.

Agrobacterium tumefaciens carrying the pEAQ expression vector containing recombinant
AstV capsid genes were grown and used to infiltrate leaves of Nicotiana Benthamiana
plants to direct expression of the recombinant viral protein within leaves as described
previously®°®. Briefly, A. tumefaciens harbouring the pEAQ-AstV expression vectors were
grown to stable phase in LB containing Rifampicin (50 ug/ml). A. tumefaciens cells were
pelleted by centrifugation at 4,000 x g and then resuspended in MMA to 0.4 ODggo and
incubated at room temperature for 1 hour before pressure infiltration through small grazes
into the air spaces of fully expanded N. benthamiana leaves using a needless syringe.
Transduced leaves were harvested 7 days post-agroinfiltration for protein isolation and

analysis.

2.2.5 Purification of recombinant astrovirus protein

2.2.5.1 Purification of AstV capsid protein expressed in E. coli

Cultures of E. coli BL21 pLysS Rosetta cells (50 ml) expressing recombinant ANV CP were
centrifuged at 3,000 x g for 10 minutes, the supernatant was discarded and the pellet re-

suspended in 3 ml of TN buffer containing cOmplete™, EDTA-free Protease Inhibitor
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Cocktail (Roche). The suspended cells were then split into 2 x 1.5 ml Eppendorf tubes and
lysed by sonication (Diagenode Bioruptor) in an ice water bath for 15 minutes at medium
power for 30 seconds on, 30 seconds off. The lysate was then clarified by centrifugation at
16,000 x g at 4 °C for 20 minutes before purification of the His-tagged recombinant AstV

capsid protein by cobalt affinity chromatography (Section 2.2.5.3).

2.2.5.2 Purification of AstV capsid protein expressed in N. benthamiana

Protein was extracted from agroinfiltrated Nicotiana benthamiana leaves as described by
Saunders and Lomonossoff*°®. Leaves were homogenised in 3 volumes of extraction buffer
containing cOmplete™, EDTA-free Protease Inhibitor Cocktail (Roche) by mechanical
blending. Homogenate was then cleared of insoluble debris through Miracloth and the
supernatant further clarified by centrifugation at 12,000 x g for 30 minutes. The resulting
homogenate was either processed for nickel affinity chromatography (Section 2.2.5.3) to
isolate His-tagged recombinant AstV CP, or for sucrose gradient centrifugation to isolate

VLPs (Section 2.2.8.3).

2.2.5.3 Cobalt and nickel affinity chromatography

Cobalt resin (ThermoFisher) or nickel resin (ThermoFisher) was prepared for purification of
recombinant His-tagged AstV capsid protein by washing 3 times in TNS buffer containing 5
mM Imidazole, resin was then incubated with clarified cell lysate for 60 minutes at room
temperature mixing on a roller. Lysate and resin was transferred to Poly-Prep
chromatography columns (Bio-Rad) and the lysate was allowed to drain through the resin
matrix under gravity flow. Once all lysate had passed through the resin bed it was washed
twice with 20 bed volumes of TNS buffer containing 5 mM Imidazole and once with 20 bed
volumes of TNS buffer containing 10 mM imidazole. Purified protein was then eluted from
the resin using 1 bed volume of TNS buffer supplemented with 300 mM imidazole. The
resulting purified protein was stored at 4 °C and used for analysis by SDS-PAGE (Section

2.2.5.4) and transmission electron microscopy (Section 2.2.8.4).

2.2.5.4 SDS-PAGE and Western Blotting

For SDS-PAGE analysis, protein samples were mixed with 2x boiling mix (TruPAGE™ LDS and
DTT sample buffer, Sigma) and boiled at 85 °C for 5 minutes, then loaded on to TruPAGE™
precast 4-20% poly-acrylamide gels (Sigma). Samples were electrophoresed using
TruPAGE™ TEA-Tricine SDS running buffer (Sigma) at 180 V. Gels were then either stained

with PageBlue (ThermoFisher) for 1 hour and washed with deionised water, or transferred
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onto a PVDF membrane using the iBlot® 2 Gel Transfer system (ThermoFisher) at 23 V for 6
minutes. Membranes were blocked for at least 30 minutes in 5% skimmed milk in PBS
(blocking buffer), and then incubated with primary antibody diluted in blocking buffer,
either for 1 hour at room temperature or overnight at 4 °C with shaking. Primary antibody
was removed, and membranes washed 3 times with TBS-T for 5 minutes. LI-COR
compatible fluorescent secondary antibodies were diluted in blocking buffer and incubated
with membranes at room temperature with shaking for one hour whilst covered in tin foil
to minimise light degradation of the fluorophore. The secondary antibody was removed
and membranes washed with TBS-T as before, prior to rinsing membranes once with PBS.
Membranes were imaged using the Li-COR Odyssey and analysis was performed using the

Image Studio™ Lite software (Li-COR).

2.2.6 Recovery and propagation of ANV from the reverse genetics system

2.2.6.1 Recovery of ANV in BSRT7 cells

To recover infectious ANV virions, the reverse genetics plasmid containing the full-length
cDNA clone of the ANV genome under the control of a T7 promoter was transfected into
BSRT7 cells using lipofectamine 2000 (Section 2.2.4.1). BSRT7 cells constitutively express
the T7 RNA polymerase to drive transcription of the ANV genome from the plasmid cDNA
clone. At 48 hours post-transfection, extracellular culture media was collected and
centrifuged at 1,500 x g for 10 minutes with the resulting supernatant filtered using a 0.22

um syringe filter (Millipore) to remove debris from this extracellular virus preparation.

Intracellular virus was also harvested from BSRT7 cells, cells were detached from flasks
using 0.25% trypsin-versene and pelleted at 1,500 x g for 10 minutes, before resuspension
in minimal volumes of 2% serum DMEM and homogenisation using a TissuelLyser I
(QIAGEN) at 28 Hertz for 1 minute. Extracellular and intracellular virus preparations from
transfected BSRT7 cells were then used to inoculate confluent CK cells using neat or 10-fold
serial dilutions of virus suspensions. The inoculum was removed 4 hpi and cells were
washed with PBS and overlaid with BES medium for continued incubation until cytopathic

effect (CPE) was observed.

2.2.6.2 Propagation of ANV in LMH and CK cells

ANV was further propagated in LMH and CK cells using clarified and filtered extracellular

media harvested from ANV infected CK cells (Section 2.2.6.1) showing high levels of CPE,
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typically 72-96 hpi. Inoculation of T75 and T150 flasks of LMH or CK cells was performed

using 0.5- and 1-ml volumes of media from ANV infected CK cells respectively.

2.2.7 Characterisation of recovered ANV

2.2.7.1 \Viral titration by plaque assay

To determine the titre of ANV, confluent CK cells in 6-well plates were inoculated with
250 pl of 10-fold serially diluted virus suspension (in BES) from infected media of CK cells
for 1 h. The inoculum was removed and the cells were overlaid with 2 ml BES medium
supplemented with 1% agar to limit virus diffusion. At 72 hpi, monolayers were fixed by
addition of 10% formaldehyde for 1 hour, this was carefully removed along with the agar-
BES plugs, using a flat-edged spatula, and the CK cell monolayer was then stained using
0.1% crystal violet for 20 minutes before rinsing with water, drying and imaging to

quantitate the titre of virus stocks as plaque-forming units (pfu)/ml.

2.2.7.2 \Viral titration by TCIDs,

To determine the 50% tissue culture infectious dose of ANV, confluent CK cells in 24-well
plates were inoculated in quadruplicate with 100 pl of 10-fold serially diluted virus
suspension from infected media of CK cells in BES medium. Presence of CPE in each well
was reported at 48, 72, 96 and 120 hpi and TCIDso was calculated using the Spearman and

Karber algorithm3%’,

2.2.7.3 Quantitative RT-PCR

Quantitative-PCR (qPCR) for ANV was performed based on the method of Smyth et a/*°*.
cDNA for gPCR was prepared from purified RNA as described earlier (Sections 2.2.1.2 and
2.2.1.3). gPCR reactions were set up in triplicate for each cDNA sample with each reaction
comprising 10 ul 2x ABsolute Blue gPCR Low ROX master Mix (ThermoFisher), primers to a
final concentration of 400 nM, FAM dye-labelled probe with MGB quencher to a final
concentration of 120 nM, 2 pl of either template, standard or control DNA and nuclease-
free water to 20 ul. Where the published method targeted a region within the 3° UTR using
degenerate primers®’?, an additional primer and probe set used here were designed to
specifically target a 106 bp region in the ORFl1a of ANV (Section 2.1.5). 2 ul of nuclease-free
water was used for the negative control reactions and the recombinant ANV reverse
genetics plasmid was used to create standards, ranging from 1 X 108 — 1 X 103 copies per 2

ul in tenfold dilutions. Reactions were run using an Applied Biosystems 7500 Real-Time PCR
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System; starting with initial denaturation at 95 °C for 10 min, followed by 40 cycles of
denaturation at 95 °C for 15 sec, and then primer annealing and template amplification at
60 °C for 45 sec. Results were analysed using the manufacturer’s software to calculate
absolute copy numbers based on the recombinant ANV reverse genetics system plasmid

reference standard.

2.2.7.4 Immunofluorescence

CK and LMH cells were grown to 80-90% confluency on 13 mm glass coverslips in 24 well
plates. Where LMH cells were used, coverslips were pre-treated with 1x attachment factor
(Gibco) as described previously (Section 2.2.3.3). Confluent cells were infected with virus at
an MOI of ~0.02 (calculated from TCIDso) and fixed at 72 hpi using 4% paraformaldehyde in
PBS for 1 hour. Cells were then washed in PBS and treated with 0.1% Triton X-100 for 15
minutes and washed again with PBS. The cells were blocked using 0.5% bovine serum
albumin in PBS for 30 minutes and then incubated with primary antibody for at least 60
minutes. Excess primary antibody was removed by 3 x 5 minute washes in PBS before
incubation with the secondary antibody for 60-90 minutes. Coverslips were then washed in
PBS as for the primary antibody, rinsed with de-ionised water and carefully blotted
vertically against tissue to pull residual liquid off the cells and dry the bottom of the
coverslip before mounting. Coverslips were mounted on VECTASHIELD® containing 4',6-
diamidino-2-phenylindole (DAPI) to stain nuclei, and sealed in place using clear nail varnish.
Cells were observed with a Leica SP5 confocal laser scanning microscope using the 63x
objective lens at 1.4 magnification and 8 bits resolution, and illuminated with the 405, 488

and 561 nm lasers. Images were captured and analysed using Leica’s LAS AF software.

2.2.8 Virus purification

2.2.8.1 Concentration of extracellular ANV virions

Extracellular media from infected CK cells was harvested and cellular debris was removed
by centrifugation at 2,000 x g for 10 minutes and filtration of the resulting supernatant
through a 0.22 um syringe filter unit (Millipore). Extracellular ANV was precipitated by
addition of Polyethylene glycol (PEG) 6000 to the clarified supernatant to a final
concentration of 8% and incubated for 1 hour at room temperature with continuous mixing
until fully dissolved. PEG precipitated virus was pelleted by centrifugation at 4,500 x g for 1
hour at 4 °C, then gently re-suspended in minimal TN buffer over 1-3 hours to concentrate

the virus.
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2.2.8.2 Sucrose purification of ANV

ANV virions within extracellular media of infected CK cells were subject to concentration by
centrifugation onto a 60% sucrose cushion (in PBSa) at 130,000 x g for 2 hours at 4 °C using
a Beckman Coulter SW55Ti or Sorvall Surespin 630 rotor depending on volumes to be
processed. The interface above the 60% sucrose was then carefully extracted and diluted in
PBSa, before centrifugation through a 20, 40 and 60% sucrose step-gradient (in PBSa) at
130,000 x g for 2 hours at 4 °C. Fractions for analysis were then taken from the top of the

tube in 1 ml volumes using a pipette.

2.2.8.3 Sucrose gradient purification of CAstV 11672 capsid protein

10-50% sucrose (in TN buffer) gradients were preformed using a Gradient Master™
(BioComp) following the manufacturer’s instructions. The soluble lysate of N. benthamiana
leaves agroinfiltrated to express recombinant CAstV 11672 CP was carefully loaded onto
the top of the preformed sucrose gradient and centrifuged at 136,800 x g for 1.5 hours at 4
°C using a Thermo Scientific™ TH-641 Swinging Bucket Rotor. Gradient fractions were the
harvested for analysis by puncturing the tubes near the bottom with a needle and

collecting 1 ml fractions under gravity flow.

2.2.8.4 Electron microscopy

For negative-stain examination of protein structures and virions, 7 pl of purified protein or
viral sample (Sections 2.2.5.3, 2.2.8.1 and 2.2.8.2) was applied to freshly glow discharged
carbon formvar 200 mesh copper grids and incubated for 2 minutes. Excess liquid was
removed by blotting with filter paper before grids were stained with 2% uranyl acetate for
60 seconds, blotted once again and air dried. Grids were imaged at 100 kV using an FEI T12
transmission electron microscope, and micrographs were collected using a TemCam-F214

camera (TVIPS).

For examination of ultra-thin cellular cross-sections, infected cells on Thermanox™
coverslips (ThermoFisher) were fixed sequentially with 2% glutaraldehyde followed by 1%
osmium tetroxide for 60 minutes each. Fixed samples were dehydrated with ethanol at
concentrations of 70% for 30 minutes, 90% for 10 minutes, then 100% for 3 x 10 minutes.
Samples were infiltrated with propylene oxide and epoxy resin (Agar Scientific) ata 1:1
ratio for 60 minutes, then with 100% resin at 60 °C overnight, from which 70 nm sections

were cut from resin blocks using a UC7 Ultramicrotome (Leica). Ultra-thin cross-sections
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were stained with uranyl acetate and lead citrate then imaged as for negative-stain

preparations.

2.2.9 Sample preparation for next-generation sequencing

2.2.9.1 Viral RNA sample preparation and purification

To prepare packaged and total populations of ANV RNA for NGS and bioinformatics
analysis, 18 x T150 flasks of confluent chicken kidney (CK) cells were infected with reverse
genetics recovered ANV that had been passaged in CK cells 9 times. Virus was harvested
from the flasks of infected CK cells at 72 hpi. For packaged RNA, the extracellular media
from infected CK cells (~400 ml) was clarified by centrifugation at 3,000 x g for 10 minutes,
and the supernatant was then filtered using a 0.22 um syringe filter. Virions were then
concentrated by PEG precipitation (Section 2.2.8.1), with the resulting pellets resuspended
in 1 ml TN buffer containing 1% IGEPAL® CA-630. Total intracellular RNA was prepared from
cells of 4 x T150 flasks of infected CKCs, these were harvested by scraping, pooled and then
pelleted after extracellular media had been removed. RNA was purified from the packaged
and total fractions using the ReliaPrep™ RNA Cell Miniprep System (Section 2.2.1.2), except
that the DNase | step was omitted and all samples were kept on ice where possible with

final elution of RNA in 12 ul of nuclease-free water.

2.2.9.2 Genome-length cDNA synthesis

cDNA for NGS was synthesised from purified RNA (Section 2.2.9.1) using SuperScript® IV
(SSIV) reverse-transcriptase (Invitrogen) following the manufacturer’s instructions.
Reactions contained 11 pl purified RNA, 1 pl 10 mM dNTPs and 1 pl 50 uM Oligo d(T)z20
(Invitrogen) and were incubated at 65 °C for 5 minutes, then cooled on ice for 1 minute. To
this, 4 ul 5X SSIV buffer, 1 ul 100 mM DTT, 1 pl RNaseOUT and 1 ul SuperScript IV reverse
transcriptase were added. Reactions were then incubated at 50 °C for 10 minutes with a
final incubation at 80 °C for 10 minutes. Template RNA was removed from first strand cDNA
prior to PCR by adding 1 ul RNase H (Invitrogen) and incubating the reaction at 37 °C for 20

minutes.

2.2.9.3 Genome-length cDNA amplification

Q5°® High-Fidelity DNA Polymerase (NEB) was used for genome-length PCR as described
above (Section 2.2.1.5), using 2 ul of the RNase H-treated SSIV reaction as template DNA

(Section 2.2.9.2). The PCR reaction was adjusted to have an initial denaturation at 98 °C for
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1 minute, followed by 40 cycles of denaturation at 98 °C for 20 seconds, primer annealing
for 20 seconds at 65 °C, and elongation at 72 °C for 5 minutes, with a final extension step at

72 °C for 2 minutes.

2.2.9.4 Purification of genome-length DNA

Genome-length PCR products (Section 2.2.9.3) were size selected using agarose gel
electrophoresis (Section 2.2.1.8). DNA was purified from the gel slice using the Monarch®
DNA Gel Extraction Kit (New England Biolabs) following the manufacturer’s instructions.
Four volumes of Monarch Gel Dissolving Buffer were added to the cut agarose gel slices in
1.5 ml Eppendorf tubes and heated at 50 °C until fully dissolved. The sample mix was then
added to the MicroSpin Column and centrifuged at 16,000 x g for 1 minute, flow-through
was discarded, and 200 pul of DNA Wash Buffer was added and centrifuged at 16,000 x g for
1 minute. Flow-through was again discarded and the column centrifuged a second time at
16,000 x g for 1 minute. Finally, DNA was eluted into a clean 1.5 ml Eppendorf tube by
adding 6 pl of DNA Elution Buffer to the centre of the matrix, incubated for 1 minute at

room temperature and then centrifuged at 16,000 x g for 1 minute.

Quality control was performed on 1:10 dilutions of each eluted DNA prior to NGS using the

Qubit Fluorometer (Invitrogen).

2.2.10 Next-generation sequencing and bioinformatic data analysis

2.2.10.1 lllumina Library preparation

To prepare DNAs for sequencing, samples were diluted to 0.2 ng/ul in a total volume of 1
ul. Library preparation was then performed using the Nextera XT DNA Library Preparation
Kit (lllumina) according to the manufacturer’s instructions with a Hamilton NGS STAR
(Hamilton Robotics), as per official Illumina scripts. Libraries were sequenced on an lllumina
MiSeq platform using a v2 300-cycle cartridge to produce paired end reads of around 150

bp each.

2.2.10.2 Sequence data processing

The quality of the raw paired-end reads generated by the MiSeq were first assessed using
FastQC (v0.11.5)3%, Each read was trimmed to remove the first 15 and last 5 bases from the
5’ and 3’ ends, respectively, using PrinSeq-Lite (v0.20.4)*%. Reads were further trimmed
using Sickle (v1.33)3%° to remove sequences with a Phred quality score below 38 and with

read lengths less than 70 bp in size.
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Trimmed reads were then aligned to the ANV G-4260 reference sequence (GenBank:
AB033998.1) using BWA-MEM?3!?, and the resulting .SAM file was converted into a .BAM file
using SAMtools (v1.2)3!2 The Linux Grep command was used to extract all sequences in the
alignment with a mismatch equal to or less than 4 nucleotides to the reference sequence,
via the NM:i: tag, creating a new .BAM file in which the potentially misaligned sequences

had been removed from the contigs.

The SAMtools “sort” utility was used to order the sequence alignments to that of the
reference genome and then the “mpileup” utility was run, generating read coverage, and
the variants at each genomic position. Finally, an in-house R script, eleano.R (written by
Rocio Enriques-Gasca, The Genome Analysis Centre, Norwich), was run to count the
quantities of each base (A, T, G, C) at each genome position, and output the resultsin a

chart formatted text file.

2.2.10.3 Entropy calculations

The equation to calculate Shannon-Wiener diversity (H') at each genome position in the
sequence alignments was adapted from a previous study on the population diversity of

FMDV?:

H'== >  wlog(m)
be{A,C,G,T}

Where py represents the proportion of each base (A, C, G, T) present.

In order to analyse data within the chart formatted text file generated by the eleano.r
script, the equation was converted into an excel function, and the entropy (y) for each

nucleotide at each position calculated using:
y[A,C,G,T] = IF(X=0,0,X*(LOG(X,2)))

Where X represents the occurrence of a specific nucleotide (A, C, G, T) in the ensemble of
variants at a particular genome position as a percentage. This function was run four times
at each genome position, for each individual nucleotide, to give y[A], y[C], y[G] and y[T],

respectively.
The total entropy for each genome position (H’) was then calculated using:

H’ = -SUM(y[A]+y[C]+Y[G]+Y[T])
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The total entropy at each genome position in the packaged population was then subtracted

from that of the total population, to give the difference in Shannon’s entropy scores.

2.2.10.4 Mutation rate calculations

To calculate the difference in mutation rate at each genome position between the
packaged and total populations, the number of nucleotide variants at each individual
position in a population, relative to that of the reference sequence, were calculated as a
percentage. The percentage of variants at each position in the packaged population was

then subtracted from that of the total population, to give the difference in mutation rate.
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Chapter 3

3 Insilico modelling of the ANV capsid protein structure

3.1 Astrovirus capsid proteins

Encapsidation of the viral genome is essential to the production of infectious progeny
virions. Studies on several +ssRNA viruses have shown that rapid and selective
encapsidation of the genome is achieved through a PS-mediated assembly mechanism** %
28,359,626 'in which the CP and the RNA play crucial roles. The Astroviridae share several
features with viruses known to utilise PS-mediated assembly, including a basically-charged
N-terminal extension in the CP and highly conserved RNA SLs within the genome (RFS and
s2m), suggesting this viral family may utilise a similar mechanism of genome packaging.
Capsids of the Astroviridae are formed from the product of the ORF2 gene which is
translated from a subgenomic RNA to produce a CP precursor of 72-90 kDa, depending on
the strain of virus. This precursor has a common structure across the Astroviridae,
containing a highly basic N-terminal region (residues ~1-70) leading to a conserved N-
terminal domain representing the capsid core, then a variable domain representing the
spike, ending with an acidic C-terminal region containing multiple putative caspase
cleavage sites. Crystal structures for the HAstV-1 and -8 capsid core domains, as well as the
HAstV-1, -2, -8 and TAstV-2 spike domains have recently been determined!93 194 220222,
These data show there is high structural homology between the core and spike domains of
different HAstV isolates'* 220222 whereas, pronounced structural variation in the spike
domain is seen between the HAstVs and TAstV, correlating to the significant difference in

primary sequence between these strains?% 221,

Excluding the spike protein of TAstV-2, there are no solved crystal structures for the CPs of
the AAstVs, limiting the knowledge to use as a starting point for investigation into the
genome encapsidation mechanism of ANV. To begin addressing this, in the absence of a
solved ANV CP structure, a computational approach was used to identify, map and predict
the tertiary structures of domains within the capsid protein by homology modelling with

known astrovirus structures.
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3.2 Homology modelling of the ANV capsid protein

3.2.1

Identification of structural domains encoded within ANV ORF2

To begin investigating the structure and functional domains of the ANV capsid protein,

comparative analysis on the ORF2 encoded protein sequence was performed using the

SWISS-MODEL structure prediction software3%2. This programme performs searches using
BLAST and HHblits to find related sequences and structures to use as templates to model

prediction of structures for proteins without solved structures. SWISS-MODEL identified

two main domains within the ANV CP, likely representing a capsid core and a spike region,

consistent with the structures of other reported astrovirus CPs**> (Figure 3.1).
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NDTMKTTVTVGTLVGQTOSGLNRQLRVSENPLLMKSTEGGSTTPLSIRASMYEMWK

PLSVEIFATPLSGEFSSVVGSVGFMVITLNGLEASADSIDTIKARRHVOMALGRPYRLKLS

ARELAGPREGWWLVDTSEAPADAYGPAVDLMLAYATENLLGTSSGSTTSYTGTLWQVEMR

VTYAFSTYNPKPGLOQTLVSQSITGGQTVTIQPSPDDGSLIMTTNSQOVLALLTPRVAGOR

KGKSQTIWAIAGSAVDAAATVLGPWGYLLKGGFWLVRLIFGGSSARNTTTRQYQIYPSVE

SALTDQPIFGNSTGTQSVTVPICHITEVVNP

Figure 3.1: Domains of the ANV ORF2 encoded capsid protein. The domains encoded

within ANV ORF2 (GenBank ID: AB033998.1) identified by SWISS-MODEL are shown.

Amino acids 1-64 represent the highly basic unstructured N-terminus, followed by the

capsid core domain (65-391, dark purple) which is separated from the spike domain

(417-627, lilac) and acidic C-terminus (628-683) by a flexible region (392-416).

Unstructured regions of the protein are light grey and previously predicted caspase

cleavage sites®® are underlined.
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3.2.2 Structure prediction of the ANV CP domains
The sequence homology of the ANV ORF2 encoded CP to those of other AstVs with solved
crystal structures was sufficient to allow template-based modelling of predicted structures

for the ANV CP spike and core domains.

3.2.2.1 Spike domain

The closest predicted structural homologue of the ANV spike domain was the spike (P2)
domain of TAstV-2 (Figure 3.2), despite low sequence similarity. Whilst there is a similarity
in overall topology between the two avian astrovirus spike domains, there is variation on
the outer surface, particularly at the putative receptor-binding site, where a shallow
depression is located??!. This may infer that even though the capsids of these two
Avastroviruses may be closely related, they potentially have very different receptor
tropisms, consistent with in vitro data'®. The structure of the HAstV-1 spike monomer is
also shown to highlight the significant structural variation to that of the avian astrovirus
spike domains (Figure 3.2 D), as may be expected for the low sequence homology and

differing host tropisms between them (Table 3.1).

3.2.2.2 Proteolytic cleavage of the capsid protein

By analogy to the studied HAstVs, the astrovirus capsid is required to undergo one or more
cleavages by various host caspases in order to trigger release of the particle from the cell?3®
239 previous work has identified 3-4 putative caspase sites in the capsid protein of ANV?38
(Figure 3.1). After modelling the spike domain of ANV, it appears that the first putative site
(DVTD) is unlikely to be a viable target for cleavage as it is found buried internally within
the structure of the spike and is likely non-accessible. If the structure modelled here is
indeed similar to the crystal structure of TAstV-2, then the latter 3 sites are potentially
viable targets for host caspases, with the ‘DSDD’ motif being most optimal for trimming the

greatest amount of the acidic region from the C-terminus of the spike domain.
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Figure 3.2: Structural comparison of ANV, TAstV-2 and HAstV spike domains. (A) The
structure of the ANV spike monomer was computationally predicted using SWISS-
MODEL, based on (B) the known crystal structure of the TAstV-2 spike monomer (PDB ID:
3TS3). (C) Superimposition of the predicted ANV capsid spike and known TAstV-2 spike.
The structure alignment has 187 equivalent positions with a root-mean-square

deviation (RMSD) of 1.53 A, without twists, indicating close positioning of the
polypeptide backbone atoms. The putative receptor site of the TAstV-2 spike is indicated
by an arrow. (D) The solved crystal structure of the HAstV-1 spike monomer (PDB ID:
5EWOQ) is shown, highlighting the structural dissimilarity to the AAstV spikes.
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BLASTp results Vs. ANV-G4260 ORF2 (1-683)
Query cover (position) Sequence identity
HAstV-1 (AAC34717.1) 51% (25-367) 30.62%
TAstV-2 (NP_987088.1) 94% (21-666) 33.13%
CAstV VF08-56 (AFK92942.1) 75% (36-528) 37.65%
HEV (P29326) 46% (1-250) 19.71%

Table 3.1: Sequence homology between CPs of ANV, HAstV, TAstV and CAstV as well as
HEV.

3.2.2.3 Core domain

The closest predicted structural homologue to the ANV capsid core domain was for the
core (S and P1) domains of HAstV-1 (Figure 3.3). This in silico modelling approach showed
high homology between the predicted ANV and solved HAstV-1 capsid core structures,
despite low amino acid sequence conservation (Table 3.1). This structural homology was
particularly notable in the S domain which contains a jelly-roll B-barrel fold that is located
on the inside of the capsid shell. Indicating that this could be a conserved structure within
the AstV CP that may be present across the Astroviridae regardless of host species (Figure
3.3 C). Interestingly, the capsid core of HEV was identified as a significant structural
homologue of ANV, consistent with previous data for HAstV'%*. Superimposition of the
known HEV and HAstV-1 crystal structures (Figure 3.3 D) suggest the HEV core is less
structurally similar to HAstV-1 than the predicted ANV core (Figure 3.3 C). The structural
homology between the Astroviridae and HEV could suggest a deep evolutionary link
between these groups. If the function of this core domain is also conserved then it may

mean data from studies of HEV capsid assembly could be applicable to astroviruses.
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Figure 3.3: Structural comparison of ANV, HAstV-1 and HEV capsid core domains. (A)
The structure of the ANV core domain was computationally predicted using SWISS-
MODEL, based on (B) the known crystal structure of the HAstV-1 core (PDB ID: 5EWN).
The lower half of the displayed structure, containing the jelly-roll B-barrel fold, forms the
S domain, whereas the top half containing the squashed B-barrel fold makes up the P1
domain. (C) Superimposition of the predicted ANV capsid core and known HAstV-1 core.
The structure alignment has 312 equivalent positions with a root-mean-square

deviation (RMSD) of 0.99 A, without twists, indicating highly similar positioning of the
polypeptide backbone atoms. (D) Superimposition of the HEV capsid core (blue) onto the
HAstV-1 core for structural comparison. The structure alignment has 292 equivalent
positions with a root-mean-square deviation (RMSD) of 3.04 A, without twists, indicating

close positioning of the polypeptide backbone atoms.
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3.2.2.4 The basic N-terminal region

In a number of viruses that utilise a PS-mediated assembly mechanism, such as STNV, HBV
and HPeV1, there is a basically-charged unstructured region present at either the N- or C-
terminal end of the CP37-51.55:57.78 ‘The N-terminal region of astrovirus CP (approximately
residues 1-70, depending on strain), whilst variable in sequence between strains, is
abundant in basically-charged residues irrespective of host species. The N-terminal
sequence of AstV CPs generally consist predominantly of repeating serine and arginine
residues, however this region in ANV contains repeating glutamine and lysine residues
(Figure 3.4). Because of the position of the basic N-terminal sequence in the core domain, it
could suggest that this region forms unstructured extensions which may protrude into the
capsid interior. This would be consistent with the involvement of this region in either
electrostatic or sequence-specific RNA-CP interactions during encapsidation of genomic
RNA by analogy to viruses that utilise a PS-mediated assembly mechanism?3’-3% 5% 57,69, 78
Furthermore, the basic N-terminal region is not proteolytically cleaved from the CP during

particle assembly?!

, and is therefore part of the AstV capsid shell, consistent with an
important function in the mature virion, which was further supported by in vitro studies
showing that complete or partial deletion of this region significantly reduced viral titre?*'. In
vitro data also show that this basic region of the AstV capsid is dispensable for VLP
formation®®, suggesting it is not essential for CP-CP interactions. Taken together these data

may indicate that the N-terminal basic region of AstV CP has a role in genome packaging.

ANV ---MAGGATAPAGAKPKQPKQKQKKPSSQARKKPS ——————-—-- 32
HAStV ---MASKSNK--QVTVEVSNNGRNRSKSRARSQSR-—--GRDKSV 36
TAStV MAAMADKVVVKKTTT-—--— RRRGRSNSRSRSRSRSRSRTK-KTV 39
CAstV ---MADKAVVVKKTTIQKPRRARQRS SSRGRSRSRSRSRSRVRKYV 42
* % . . * . *
ANV —————- OKOKAMKPVKQELR——————— KVEKQVRVLKARTNGPKV 64
HAStV KI TVNSRNRARRQPGRDKRQSSQRVRNTVNKQLR--KQGVTGPKP 79
TAStV KI TEKKPEKS ILKKIDQAER--————— RDAKQLRRTRKKVQGPPV 77
CAstV KIVETAPKPTLK--VRPKQT--——-—- KILRKTRKLERKTNGPLV 78

Saox L %%
Figure 3.4: Sequence homology of the basic N-terminal arm between AstVs. Clustal
Omega alignment of the N-terminal regions from ANV, HAstV, TAstV and CAstV.
Positively charged residues (arginines and lysines) are highlighted in blue. ‘*’ denotes full
conservation of the amino acid at that position, ‘:’ for conservation of strongly similar
residue properties, and “.” for conservation of residues with weakly similar properties.

Sequences used as listed in Table 3.1.
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3.2.3 The interior surface of ANV CP is highly basic

As RNA molecules have a high negative charge, it may be hypothesised that regions of the
CP in close contact to PSs will have an overall positive charge in order to counter
electrostatic repulsion at these sites. To investigate this, the surface electrostatic potential
of the modelled ANV capsid core structure was calculated with PyMOL3%. Modelling
showed a strongly basic character on the surface of the jelly-roll B-barrel fold within the
lower half of the displayed structure (S domain) (Figure 3.5), which is located on the
interior surface of the capsid, as determined by solved cryo-electron microscopy structures
of HAstV1%* 220 This positioning of the basic surface could indicate that it is involved in
close-range interactions with genomic RNA, such as acting to stabilise the backbone of RNA
within stem-loop structures, though the electrostatics analysis data shown here does not

conclusively identify a putative PS-CP interaction site.

(A) (B)

| Taaaaa— |
-51.2 (kBT/ec) +51.2

Figure 3.5: Prediction of surface electrostatic potentials in the predicted ANV capsid
protein structure. The surface electrostatic potential of the predicted ANV capsid core
domain was calculated using PyMOL and superimposed on views of the capsid protein
monomer presented from different angles. (A) and (B) show the capsid core side-on
rotated through 180° to show the front and back of the same monomer, respectively. (C)
View of the capsid core from the perspective of the capsid shell interior (A rotated 90°).

Surface charge: Blue = positive, White = neutral, Red = negative.

3.2.4 Predicted ligands of the ANV capsid protein
Earlier studies on HAstV CP assembly identified the requirement of Mg?* in the formation of
HAstV VLPs?®®, Therefore, as predicted structures of the ANV capsid core and spike proteins

had been modelled, the COACH webserver3® was used to computationally predict any
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possible ligands, by comparison of binding-specific substructures from protein function
databases, that may interact with these structures in order to identify any key molecules
that may be involved in ANV CP assembly. Potential ligands of the core domain include
Zn?*, SO4* and Ca**ions, albeit with low C-scores (0.13-0.14 out of 1) indicating a poorer
prediction reliability and thus may not be meaningful. In comparison, when the known
HAstV-1 core structure was analysed, only Ca®* was identified as a divalent cation ligand (C-
score of 0.20). Next, the structures of the predicted ANV and known HAstV-1 spikes were
examined by the COACH webserver, Mn?*, Mg?* and Ca** were identified as potential
ligands for both of the structures (C-scores between 0.16-0.23), indicating that these may
be more accurate predictions than those for the core domain. These data could suggest
that the CP of ANV may follow a similar divalent cation (i.e. Mg?*) promoted mechanism of
VLP assembly to that of HAstV-12%¢, even with the highly dissimilar spike domain topology,
and it is plausible that ANV may even utilise different ions to HAstV for capsid assembly and

stability, such as the Zn?* or SO,* identified here.

Unexpectedly, the highest scoring result from binding-specific substructure comparison to
the modelled ANV core was for a nucleic acid ligand, in the form of an RNA hairpin binding
to the highly basic inner surface of the ANV CP (Figure 3.6). This prediction was based on
the crystal structure of panicum mosaic virus (PMV) (PDB ID: 4V99), solved by X-ray
diffraction analysis, where icosahedrally ordered genomic RNA hairpins ~17 nts in size were
identified bound at sites across the twofold A-B subunit interfaces on the interior of the
capsid®®. To confirm the validity of the prediction, the structural homology of the PMV CP
and modelled ANV capsid core were investigated (Figure 3.7). Comparison of the two
proteins revealed high levels of structural similarity, with the PMV CP appearing to be a
structural equivalent to the astroviral CP S domain. Moreover, high homology in structure
at the site of genomic RNA interaction is observed between the ANV and PMV CPs,

suggesting these distinct viral proteins could share a conserved function.

This data, alongside with the surface electrostatic predictions, further support the
hypothesis that this region of the ANV capsid may be important for the sequence-specific
binding of viral RNA, and therefore that ANV may use a PS-mediated assembly mechanism

for encapsidating its genome.
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Figure 3.6: Predicted RNA ligand and binding site for the ANV capsid core. (A) Model of
the predicted ANV capsid core-RNA complex, extrapolated from the solved crystal
structure of PMV virions. RNA (atomic model) is in yellow and protein surface is shown in
purple. (B) rotated 45°. With predicted RNA binding residues corresponding to N65, T67,
K69, L122, 5123, V124, E125, L179, R240 and A244 shown in white. The confidence score
(C-score) of the prediction is 0.33, the C-score ranges from 0-1, where a higher score
indicates a more reliable prediction. (C) The solved crystal structure of the PMV CP-RNA
complex3* (PDB ID: 4v99), identified as a ligand-binding structural homolog to the
modelled ANV capsid core. RNA is shown in yellow with a generic sequence of
U,A,UAUsAUs, derived from the best fit to the electron density maps, from which COACH

used as a template model.
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Figure 3.7: Structural comparison of the PMV and ANV core domains. (A) The known
crystal structure of the PMV capsid monomer (PDB ID: 4V99). (B) The modelled ANV
capsid core. (C) Superimposition of the PMV and ANV CPs. The structure alighnment has
159 equivalent positions with a root-mean-square deviation (RMSD) of 3.06 A,

without twists, indicating close positioning of the polypeptide backbone atoms. The PMV
CP appears to closely resemble that of the astrovirus core S domain, with a high

structural homology on the capsid interior.
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3.3 Summary

3.3.1 Predicted structure of the ANV capsid protein

Collectively, the computational homology modelling of the ANV CP presented here has
identified the relative locations of the core and spike domains within ORF2, predicted their
respective tertiary structures and indicated putative ligands, most importantly of which is

an RNA SL interaction located at a region of basic charge on the surface of the core domain.

The availability of solved crystal structures for the human and turkey astrovirus structural
proteins enabled homology modelling of the ANV CP, revealing that the capsid structure of
ANV is likely to be similar to that of the other Astroviridae (Figure 3.2 and Figure 3.3).
Whilst the ANV capsid core shows high structural homology to that of the known HAstV-1
core, it may be expected that this domain would show a greater level of similarity to those
of the other avian astroviruses, such as TAstV-2 or CAstV, based on sequence homology
(Table 3.1). However, no structures for the capsid core protein of either TAstV or CAstV
have been produced to verify this hypothesis. There are limitations to using homology
modelling however, as absence of structural templates with significant sequence identity
can lead to predictions using sub-optimal templates and result in potentially unreliable
data. These issues might be the case for the predicted ANV spike structure presented here

as the sequence and structure of this domain is hypervariable within Astroviridae®* ¢

The modelling data here also support the hypothesis that the Astroviridae may utilise a PS-
mediated encapsidation mechanism, as an RNA SL structure was mapped to the basic
surface regions of the ANV CP from substructure comparison of known ligand-binding
proteins (Figure 3.6). The ligand interaction was derived from studies on the crystal
structure of PMV, which identified the presence of multiple ordered RNA stem-loops
closely associated with the CP 2-fold subunit interface*. Although specific PSs have not
been identified in the genome of PMV, the structural data for this virus strongly indicate
that it may utilise a PS-mediated assembly strategy, by analogy to MS2, STNV and HPeV13”
313,314 Furthermore, the high structural homology between the capsid cores of HAstV and
ANV to that of the PMV CP could indicate that there may be conserved elements of PS-
mediated assembly between these distinct viruses, such as the CP residues involved in PS

interaction, or even the PS stem-loop motif sequences used.

The unstructured N-terminal extensions found in the AstV CP may also be important for PS-
mediated assembly of viral particles by analogy to the CP of viruses which use this method

of genome packaging. For example, these extensions may be involved in recognition of
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sequence and structure-specific motifs within the viral RNA, creating a switch-like
mechanism which promotes capsid assembly or structure stabilisation upon PS binding, as
seen for STNV and HPeV1, respectively®> >°. However, data for HAstV VLP assembly in insect
cells suggest that interaction of the CP basic N-terminal region with PSs may not be
essential for capsid stability, as VLPs were readily assembled from both full-length and N-
terminally truncated forms of CP2%¢, Therefore, PS-mediated neutralization of positive
charge in the ANV CP N-terminal arms may act to overcome electrostatic repulsion
between the CPs that restricts their higher-order structure formation, as seen for STNV>Y>2,
Alternatively, the N-terminal extensions may help facilitate the organisation of RNA within
the capsid so that the genome is packaged correctly, as hypothesised for HBV>>. Regardless
of exact function the AstV N-terminal region plays, it appears to be important for the
production of infectious particles, as viral titre of HAstV is significantly reduced upon
mutation of this region, implicating its role in an essential function of the viral life-cycle,
such as genome encaspidation®’. The high sequence variation in the basic arm between
astroviruses (Figure 3.4) indicates that if this CP region interacts with genomic RNA in a
structure- or sequence-specific manner during encapsidation, then the PSs utilised may
also vary slightly by strain, a feature which is observed between the related MS2 and GA

bacteriophages®?.

In summary, the results presented here for the identification and modelling of structural
domains within the ANV CP will inform cloning of Avastrovirus ORF2 and its sub-regions
into expression systems for production of CP, as well as help guide subsequent experiments

on the assembly of AstV VLPs for use in PS-identification studies, such as RNA SELEX.
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Chapter 4

4 Heterologous expression of avian astrovirus ORF2 capsid protein
for virus-like particle formation

4.1 Control and prevention of viruses

Current control measures for astroviruses are limited, and elimination of environmental
contamination is time consuming, expensive and difficult to achieve®®®. Control of viruses,
both human and veterinary, is commonly achieved by vaccination with live attenuated,
inactivated viruses, or non-infectious VLPs**** which consist of viral capsid proteins in the
conformation of the authentic virus, but lack the viral nucleic acid3!*321. VLPs can be
produced in a broad range of expression systems, including plants, bacteria, mammalian
and insect cell lines3?2, VLPs are attractive vaccine candidates as they are non-replicative,
cheap to produce, highly immunogenic, and able to provide protection against wild type

virus32°,

However, a recently developed experimental CP-based vaccine (non-VLP) against a novel
strain of CAstV only provided partial maternally-derived protection to chicks challenged
with the virus'®’. The antigenic diversity between AAstVs would greatly limit the generation

96, 180, 242, 244, 256

of cross reactive neutralising antibodies by vaccination , and a unique

enterotoxin-like activity of the AstV capsid, identified from reports of VLP-induced

242,244

pathology , may further restrict the use of VLPs to vaccinate against AstVs. Therefore,
novel means of control are needed to prevent AstV disease in poultry, which could

potentially be achieved by targeting a highly conserved essential function of the virus, such
as capsid assembly or genome encapsidation, which is likely to be a conserved mechanism

within a virus group®% 323,

Whilst AstV VLPs may be unsuitable for vaccination, they could however be used to
improve our understanding of AstV capsid assembly and genome packaging through the
use of VLPs or their assembly intermediates to perform identification of RNA-encoded PSs
by RNA SELEX>%>° It is likely that AstVs exploit this encapsidation mechanism as they lack
identifiable genome packaging machinery and share features common in other +ssRNA
viruses which utilise PS-mediated assembly>* > 385965 Thys, to improve understanding of

AstV genome packaging and capsid assembly, which could provide novel avenues for future
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control strategies, a CP expression platform for ANV was established and optimised to

provide VLPs for RNA SELEX screening to identify PSs within the ANV genome.

4.2 Design of astrovirus capsid expression constructs

Regions of Avastrovirus ORF2 capsid genes, from ANV G-6240 and CAstV 612, 11672, VFO7
and VF08, were cloned into specialised expression vectors to test the expression of
recombinant ORF2 CP in multiple systems. Cloning of truncated ORF2 regions was guided
by homology with the solved crystal structure of the HAstV capsid core (Section 3.2.1) and
similarities to the CPs of other viruses utilising PS-mediated assembly. One such similarity is
the presence of a highly basic N-terminal arm in Avastrovirus CPs, a feature found in many
CPs of viruses which use PS-mediated assembly, leading to the hypothesis that this region
of the CP may be important for genome encapsidation. To ensure that the production of
recombinant CP for PS studies was as similar to wild type CP as possible, truncations and
epitopes for detection and purification were positioned to avoid interference with the

structure of the N-terminus.

4.3 Expression and purification of avian astrovirus capsid protein

4.3.1 Plant-based expression system (Nicotiana benthamiana)
As plant-based expression systems have previously been used to successfully express large

306,324,325 an N. benthamiana codon

guantities of viral CPs capable of VLP formation
optimised variant of the full-length capsid gene of CAstV 11672 was cloned into pEAQ to
produce pEAQ-CAstV-11672. In this construct, an in-frame 6-histidine (6His) epitope was
introduced at the C-terminus of ORF2 for purification and detection of the expressed
protein. pEAQ-CAstV-11672 was introduced into N. benthamiana leaves by agroinfiltration,
and expression of the C-terminally His-tagged CAstV 11672 CP was assayed over a period of
7 days post-infiltration (Section 2.2.4.3). On successive days leaves were harvested and
frozen prior to processing. At the end of the time course the harvested leaves were
processed (Section 2.2.5.2) and the presence of CAstV 11672 CP in the resulting soluble and
insoluble fractions was analysed by western blotting. From as early as 3 days post-
agroinfiltration, a protein of > 75 kDa which reacted with the mouse anti-His antibody
could be detected in the insoluble fraction (Figure 4.1). Whilst in the soluble fraction a

similar band was only readily detected at 7 days post-agroinfiltration (Figure 4.1). This

protein is consistent with the expected size of the CAstV 11672 capsid protein, at 81.6 kDa.
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Figure 4.1: Detection of recombinant CAstV 11672 CP in N. benthamiana. pEAQ-CAstV-
11672 was agroinfiltrated into leaves of N. benthamiana plants to express recombinant
CAstV 11672 CP with a C-terminal 6His tag for purification. Leaves were harvested at 1,
2, 3, 4 and 7 days post-infiltration, then processed to yield insoluble and soluble
fractions for western blotting. In the insoluble fraction an anti-His antibody reactive
band of > 75kDa is readily detectable from 3 d post infiltration, whilst in the soluble
faction this band is only weakly detected after 7 days post-infiltration. The detected
band of > 75kDa is consistent with the expected size of the recombinant CAstV 11672
CP, which is calculated at 81.6 kDa.

Protein from the soluble fraction of agroinfiltrated pEAQ-CAstV-11672 plant lysate was
purified using either nickel (Ni**) immobilised metal affinity chromatography (IMAC)
(Section 2.2.5.3) or sucrose density gradient ultracentrifugation (Section 2.2.8.3). Nickel
purification elution fractions were resolved by SDS-PAGE and stained with PageBlue. A
doublet of bands were present at around ~60 kDa in the first elution fraction with a smear
of smaller products below, which may be indicative of CP degradation or proteolytic
processing to smaller units (Figure 4.2 A). This suggests that CP eluted from the nickel resin
may have lost sequence from the N- or C-terminal regions, potentially including the
hypothesised PS-interacting domain, rendering CP derived from this system unsuitable for
RNA SELEX identification of PSs. Sucrose gradient purification gave rise to three bands of
approximately 55, 65 and 70 kDa in the fourth fraction of the gradient which were absent
from other fractions (Figure 4.2 B). This may once again be consistent with degradation or
programmed proteolytic cleavage of CP, or the carry-over of contaminating cellular
proteins rather than the presence of VLPs, as no His-tagged protein could be detected by
western blotting. As neither purification method isolated the previously identified 81.6 kDa

full-length CAstV 11672 capsid protein, alternate expression systems were trialled.
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Figure 4.2: IMAC and density gradient purification of CAstV 11672 CP expressed in N.
benthamiana. Recombinant CAstV 11672 CP was purified from the soluble fraction of
agroinfiltrated N. benthamiana leaves 7 days-post infiltration. Elution fractions from (A)
Ni%* IMAC and (B) sucrose density gradient purification were resolved on 4-20%
polyacrylamide gels, then stained with PageBlue. A cluster of bands of around ~60kDa
were observed in the 1% Ni?* IMAC elution fraction rather than the expected 81.6 kDa
recombinant protein. Sucrose density gradient purification did not yield the expected
81.6 kDa recombinant CAstV 11672 CP, but three bands ranging between ~55-70 kDa in

the 4™ elution fraction.

4.3.2 Avian cell-based expression system (DF-1 cells)

For expression of Avastrovirus ORF2 in avian cells, the full-length capsid gene of ANV G-
4260 as well as CAstV strains VFO7 and VF08 were cloned into pCDNA3.1(+), with an in-
frame C-terminal 6His tag (ANV) or HA epitope tag (CAstVs), respectively. An additional
construct with an N-terminal 6His tag fused with ANV ORF2 was also produced. These
expression plasmids were transfected (Section 2.2.4.1) into DF-1 cells to assess the
possibility of using an immortalised avian cell line to produce correctly post-translationally

modified ANV or CAstV CP.

Expression of the full-length CP of ANV containing either an N- or C-terminal 6His tag in DF-
1 cells was assessed by western blotting at 72 hours post-transfection (Figure 4.3). Whilst
the anti-His antibody detects a number of background bands present in the mock and
transfected cells, there is a distinct band of around 75 kDa specifically detected in lysates of
DF-1s transfected with pCDNA3.1(+) encoding N- or C-terminally tagged ANV ORF2. This

product is consistent with the expected size of ANV CP at 73.9 kDa, suggesting that the
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complete capsid gene can be successfully translated in a chicken cell line with a 6His tag at
either terminus of the protein product. Interestingly, two additional bands of < 37 kDa
were detected by the anti-His antibody in cells producing N-terminally tagged CP (Figure
4.3). These smaller proteins could represent proteolytically processed CP, corresponding to
different forms of the core domain of the capsid, which is within the N-terminal region of
ORF2 and linked to the 6His tag. The processed core domains of other astroviruses are
around ~34 kDa in size supporting this hypothesis*** 292, No evidence of CP processing was
detected with the C-terminally tagged expression construct. However, if processing of C-
terminally tagged ANV CP has occurred, the apparent absence of smaller ORF2 proteins
may be explained by cleavage of the 6His tag from any processed CP, which would prevent
detection of these products. The CPs of HAstVs are processed at their C-terminus by host
caspases which remove the C-terminal acidic region?*® 23, the corresponding region to
which the 6His epitope is fused in the ANV construct. The presence of multiple putative
caspase cleavage sites between the spike and acidic domains of the ANV CP supports this

hypothesis (Figure 3.1), however, further investigation would be required?,
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Figure 4.3: Detection of recombinant His-tagged ANV CP in DF-1 cells. Lysates of DF-1
cells transfected with expression constructs containing either N- or C-terminal 6His tag
variations of ANV ORF2 were resolved by SDS-PAGE and recombinant CP detected by
western blotting. For both N- and C-terminal 6His tag constructs, a specific anti-His
antibody reactive band of around 75 kDa was detected which is consistent with the
expected size of the recombinant ORF2 protein, at 73.9 kDa. Two bands of around 30
kDa are also present for the N-terminally tagged ORF2 protein. White arrows indicate

ORF2-specific products.
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Following the successful detection of recombinant ANV CP production in DF-1 cells,
expression constructs for C-terminally HA-tagged ORF2 of CAstV strains VFO7 and VF08
were transfected into DF-1 cells, and expression assessed at 48 hours post-transfection.
Western blotting of whole cell lysates indicated that HA-tagged recombinant CP was
expressed by the VFO7 construct, but not the VFO8 construct (Figure 4.4). Whilst HA-tagged
protein was detected in cells transfected with the VFO7 ORF2 construct, a 74.7 kDa band
corresponding to unprocessed CP was not observed. Instead, a prominent band of ~30 kDa
and 2 fainter bands of around 24 and 27 kDa were detected. Based on the location of the
6His tag, the 30 kDa band seen here likely represents the spike region of processed VF07
CP. This suggests that similarly to ANV CP, processing of the CAstV CP occurs within DF-1
cells. However, this result does not match that seen for C-terminally His-tagged ANV CP in
DF-1 cells, suggesting there may either be differences in capsid processing between the
AAstV strains, or in detection sensitivity of the antibodies used against the HA and 6His

antigens.
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Figure 4.4: Detection of recombinant HA-tagged CAstV CP in DF-1 cells. Lysates of DF-1
cells transfected with expression constructs containing C-terminal HA-tagged CAstV VF07
and VFO8 ORF2 were resolved by SDS-PAGE, and recombinant CP detected by western
blotting. For the VFO7 ORF2 construct, a specific anti-HA antibody reactive band of
around 30 kDa was detected. However, no protein consistent with the expected size of
the full-length CP was observed, and no HA-tagged protein was detected in DF-1 cells

transfected with the VFO8 ORF2 expression construct.
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Collectively, these data suggest that expression of either ANV or CAstV ORF2 in DF-1 cells, a
cell line derived from the host species of these viruses, may not be suitable for recovery of
full-length recombinant CP. Processing of the recombinant CP within DF-1 cells resulted in
truncated forms of the CP, for most, if not all constructs examined, akin to CAstV 11672
ORF2 expressed in N. benthamiana (Section 4.3.1). Therefore, any attempt to purify protein
from this system would likely result in material that does not encompass the intact CP,

potentially rendering it unsuitable for RNA SELEX identification of PSs.

4.3.3 Bacterial expression system (E. coli)

For expression in bacterial cells, the full-length ORF2 and a truncated version containing
only the predicted N-terminal core domain were cloned into pET23a with a C-terminal 6His
tag in each construct. Design of ORF2 truncation to isolate sequence encoding the CP core
domain was done using alignment of the ANV capsid sequences. Alignment indicated high
conservation from positions 1-391, with homology rapidly dropping after this region,
suggesting that it may correspond to the capsid core domain of ANV. This domain
prediction was further confirmed by homology modelling against the solved HAstV-1 capsid
core', indicating that residues 65-391 were in-fact likely to contain the core domain
(Section 3.2.1). Thus, the region encompassing residues 1-391 and the full-length ORF2
were cloned into pET23a (Figure 4.5 A and B).

Expression of the full-length and truncated ANV ORF2 within pET23a constructs was tested
in BL21 pLysS Rosetta E. coli (Section 2.2.4.2). SDS-PAGE and western blot analysis show
that protein of the expected size was detected in the cell lysate of transformed E. coli,
corresponding to 43.9 and 73.9 kDa for capsid core and full-length CP, respectively (Figure
4.5 C). Levels of detection for the expressed constructs suggest that the core protein was
produced in higher quantities than the full-length CP. The observed lower levels of full-
length protein expression may be due to toxicity of the ANV spike region in bacteria, or
improper CP folding within the prokaryotic cells leading to aggregation in bacterial
inclusion bodies, or removal of the C-terminal His-tag by proteolytic processing rendering it

undetectable with the antibody used.
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Figure 4.5: Expression of ANV ORF2 constructs in E. coli. In silico analysis of the ANV
ORF2 sequence revealed that residues 1-391 correspond to the capsid core domain,
determined by alignment and structure homology modelling against the known HAstV
CP. Therefore, (A) the full-length ORF2 and (B) the region corresponding to the core
domain were cloned into pET23a with a C-terminal 6His tag for expression of
recombinant ANV CP in E. coli. Regions highlighted in grey indicate the unstructured
regions flanking the core and spike domains, as determined by homology modelling
against the known HAstV-1 (PDB ID: 5EWN) and TAstV-2 (PDB ID: 3TS3) crystal
structures, respectively. (C) Expression of core or full-length ANV ORF2 CP in BL21 cells
was induced using IPTG for 5 hours at 30 °C. The cells were pelleted and lysed by
sonication, clarified lysates were then resolved by SDS-PAGE and recombinant CP
detected by western blotting using antibodies targeting the 6His tag. Large quantities of
protein corresponding to the 43.9 kDa capsid core were detected, whereas only low

levels of the 73.9 kDa full-length CP were detected.

Having shown the production of recombinant ANV CP in bacterial cells, purification of the
core and full-length CPs by IMAC using a cobalt resin (Co?*) was attempted (Section
2.2.5.3). Bound recombinant protein was eluted after three sequential washes to the resi

with each collected as individual fractions. Eluted protein was analysed by SDS-PAGE and

n,

PageBlue staining to confirm purification of the expected products (Figure 4.6). A ~40 kDa

band was evident in the lysate of cells expressing the ANV capsid core, which was present

in the elution fractions post-IMAC. Similarly, a ~75 kDa band was detected in the clarified

lysate of cells expressing the full-length CP, which was also present in the elution fractions

post purification. The capsid core was noticeably more abundant than the full-length CP in

the purified fractions, however basal expression of the capsid core was also higher which

may account for the differences observed (Figure 4.5).
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Figure 4.6: IMAC purification of recombinant ANV CP expressed in E. coli. Recombinant ANV CP
was purified using IMAC from the lysate of BL21 cells induced to express either the core or full-
length ORF2 constructs. Clarified lysates (CL) containing total cellular protein, the three washes
(W1-3) and a single elution (E) fraction from Co?* IMAC were resolved by SDS-PAGE for each
construct and stained with PageBlue. Capsid core and full-length CP were successfully purified
using IMAC. The eluted protein consists predominantly of species of the expected size for the

core and full-length CP, 43.9 and 73.9 kDa, respectively.

To confirm that the ~40 kDa protein purified from the bacterial expression system was
indeed a product of ANV ORF2, the band was excised and subjected to mass spectrometry
analysis using nanoscale liquid chromatography coupled with tandem mass spectrometry.
Peptide fragments from mass spectrometry indicated that this protein corresponded to the

entire ANV capsid core region as expected (Figure 4.7).

MAGGATAPAGAKPKQPKOQKQKKPSSQARKKPSQKQKAMKPVKQELRKVEKQVRVLKARTN
GPKVNDTMKTTVTVGTLVGQTQSGLNRQLRVSEFNPLLMKSTEGGSTTPLSTIRASMYEMWK
PLSVEIFATPLSGFSSVVGSVGEFMVITLNGLEASADSIDTIKARRHOMALGRPYRLKLSA
RELAGPREGWWLVDTSEAPADAYGPAVDLMLAYATENLLGTSSGSTTSYTGTLWQVEMRV
TYAFSTYNPKPGLOTLVSQSITGGQTVTIQPSPDDGSLIMTTNSQOVLALLTPRVAGQORK
GKSQTIWATAGSAVDAAATVLGPWGYLLKGGFWLVRLIFGGSSARNTTTRQYQIYPSVES
ALTDOPTIFGNSTGTQSVTVPICHITEVVN

Figure 4.7: Mass spectrometry analysis of the IMAC-purified ANV capsid core protein.
Recombinant ANV capsid core protein was expressed in BL21 cells, purified by Co* IMAC
and products were resolved using SDS-PAGE. The protein band of the expected size for
the ANV capsid core (43.9 kDa) was excised and subjected to mass spectrometry.
Peptides consistent with the ANV CP were identified (highlighted in grey) which cover
almost the entire ANV ORF2 core domain (residues 1-391), indicating that the purified

protein corresponds to the intact capsid core of ANV.
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4.3.3.1 Proteolytic cleavage of the ANV capsid protein

In order to inform VLP assembly studies, the capsid processing of ANV was investigated to
examine whether a similar processing mechanism to that of the HAstVs is used, and thus to
assess if it may be a requirement for VLP formation, purified recombinant full-length ANV
CP was subjected to digestion with trypsin at various concentrations. It is well documented
that the HAstV CPs undergo several cleavages by trypsin-like proteases during its
maturation, drastically altering the capsid structure®®® 21292 Thjs processing appears to be
highly important in HAstVs, as infectious titre is increased by over 10°-fold after trypsin
treatment?®?2. However, trypsin does not appear necessary for infectivity of ANV in cell

culture?!?,

Treatment of purified ANV CP with trypsin (0.02%) for 1 hour at 37 °C lead to the
emergence of a protein ~29 kDa in size, at higher trypsin concentrations a transition of the
29 kDa protein into one of ~27 kDa is seen (Figure 4.8). This ~27 kDa protein may represent
a fully processed CP product that may be present in the mature capsid of ANV, akin to that
seen for the HAstVs?®!' 292 and these data indicate the ANV CP may follow a similar pattern

of proteolytic processing to HAstV CPs.

To confirm the identity of the ~27 and ~29 kDa fragments as cleavage products of trypsin-
treated ANV CP, bands corresponding to these fragments were excised from the gel and
subject to mass spectrometry analysis. The mass spectra of these two fragments contained
peptides corresponding to the C-terminal spike region of the ANV capsid protein,
confirming they are cleavage products of trypsin-treated ANV CP. The peptides
corresponding to the ~27 kDa product band suggest this has an N terminal truncation
relative to the ~29 kDa cleavage product (residues 463-645 and 363-636, respectively),
suggesting there may be multiple processing sites to release the spike region from the full
ANV CP (Figure 4.9). This observation is consistent with data from TAstV-2 where pepsin-
treatment of full-length CP produced a 26 kDa protein product corresponding to the spike
domain of TAstV-2 CP?2%, The trypsin cleavage products seen here for ANV CP appear to
follow the same pattern as for HAstV-1 CP, where two proteins are produced with the
larger containing the spike domain and a partial core region, and the smaller containing
only the spike domain® 2°2_ |nterestingly, however, no protein equivalent of the ~34 kDa
capsid core region produced by trypsin-treatment of HAstV particles®® 21292 was observed

after trypsin treatment of ANV CP. This may be due to the fact that the ANV CP used here
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was not in an assembled virion form and thus trypsin cleavage sites within the core region

were exposed allowing complete digestion of this domain.

Full-length ANV CP with trypsin (%)

Trypsin
(0.16%)

0 0.01 0.02 0.04 0.08 0.16
(kDa)

10 S g p— ———

50

?..l:n::

Figure 4.8: Trypsin digestion of full-length ANV capsid protein. Full-length ANV CP was

]

o

purified by Co?* IMAC from the lysate of BL21 cells expressing ANV ORF2. Purified CP was
treated with increasing concentrations of trypsin to assess if the proteolytic processing
of ANV CP was similar to HAstV CPs (Figure 1.6). Two bands of protein ~27 and ~29 kDa
in size (indicated by black arrows) become apparent as the trypsin concentration is
increased above 0.04 %, with the ~27 kDa protein becoming more prominent when
trypsin concentration is increased to 0.16 %. A third band of ~75 kDa is also seen upon

digestion with 0.16 % trypsin and may represent intact ANV CP (indicated by white

arrow).
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Figure 4.9: Mass spectrometry analysis of the trypsin-treated full-length ANV CP. Two
products of tryptic digest on full-length ANV CP (Figure 4.8) were excised and subjected
to mass spectrometry, corresponding to the bands ~29 and ~27 kDa in size. (A) Peptides
corresponding to the ANV CP in the 29 and 27 kDa bands were identified (highlighted in
grey, and outlined in red, respectively). (B) The identified peptides mapped to the
predicted C-terminal spike region of the ANV CP, indicating the ~27 and ~29 kDa proteins
represent processed forms of the ANV spike domain. (C) Schematic summary of the
proteolytic processing pathway of HAstV-1 CP which follows a similar digestion pattern
to that observed for ANV with three processed forms of CP found in mature HAstV

particles. Figure adapted from'%® 2%2,
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4.4 Formation of virus-like particles from purified ANV capsid protein

4.4.1 ANV capsid proteins form structural intermediates of capsid assembly

As purification of the recombinant capsid core and full-length ANV CPs from bacterial cells
had been achieved, the ability of these proteins to form VLPs or structural intermediates of
capsid assembly was evaluated by negative staining and transmission electron microscopy
(TEM). In TN buffer, both the ANV capsid core and full-length CPs did not form any visible
structures (Figure 4.10 A and B). Previous work had identified the importance of
magnesium ions in HAstV VLP assembly®®®, and so 10 mM MgCl, was added to TN buffer to
investigate if ANV VLP formation required divalent cations. Addition of 10 mM MgCl, to TN
buffer promoted the formation of non-uniform ~16 nm structures by both the core and
full-length recombinant ANV CPs (Figure 4.10 C and D). However, no ~30 nm spherical
virion-like structures were formed. Increasing concentrations of MgCl, (15 mM) did not
alter the appearance of structures formed by the capsid core domain (Figure 4.10 E). Whilst
in contrast, the 16 nm structures formed by full-length CP generally had more pronounced
morphologies when TN buffer was supplemented with 15 mM MgCl, (Figure 4.10 F). Similar
structures were formed by purified HAstV-1 capsid protein and were hypothesised to
represent capsomers or T=1 VLP structures?®®, Assembly of these HAstV-1 capsomers into
VLPs was magnesium dependent, and reversible upon addition of chelating agents®®®. The
requirement for magnesium to promote ANV capsomer formation may also suggest that a
similar mechanism is used by ANV. However, there are differences between ANV and
HAstV-1, whilst 10 mM MgCl, was sufficient to promote VLP formation by HAstV-1
capsomers, only formation of capsomer-like structures was seen with the ANV CP and
higher concentrations of MgCl; did not promote VLP formation by these ANV capsomers. In
conclusion, these observations suggest that ANV may require different conditions to HAstV

in order to promote capsid assembly by purified CP.
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Figure 4.10: MgCl, promotes the formation of 16 nm capsomer-like structures by
purified recombinant ANV CPs. Structure formation by recombinant ANV capsid core
and full-length CP purified over a range of MgCl, concentrations was assessed by
negative stain TEM. In TN buffer (no MgCls), VLPs or assembly intermediates do not
readily form by either (A) the core domain or (B) full-length ANV capsid protein. In the
presence of 10 mM MgCl; ~16 nm non-uniform structures are formed by both the (C)
ANV capsid core and (D) full-length CP. (E) In TN buffer containing 15 mM MgCl,, the
capsid core did not show altered morphology compared to 10 mM MgCls. (F) Whilst full-

length CP formed more uniform ~16 nm structures in 15 mM MgCl,. Scale bars = 25 nm.

4.4.2 Divalent cations are required for ANV capsomer stability

The requirement of MgCl, for the stability of capsomer-like structures formed by the
purified full-length ANV CP was further confirmed by addition of chelating agents to
samples prepared with MgCl,. Addition of EDTA to a suspension of 16 nm ANV capsomer-
like structures (purified in the presence of 10 mM MgCl,) resulted in the loss of these
structures, to resemble preparations of capsid protein purified in the absence of MgCl,
(Figure 4.11). This result indicates that MgCl,, or perhaps other divalent cations, are

important for the formation and stability of these 16 nm structures.

Figure 4.11: MgCl, is required for ANV capsomer-like structure stability. Stability of

capsomers formed by recombinant full-length ANV CP in the presence or absence of
EDTA was assessed by negative stain TEM. (A) Full-length recombinant ANV CP purified
in TN buffer containing 10 mM MgCl, formed capsomer-like structures of ~16nm
diameter. (B) These cog-like structures were subsequently disassembled by addition of

EDTA to a final concentration of 10 mM. Scale bars = 25 nm.
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As analysis of ANV CP preparations by TEM indicated that magnesium ions promote
capsomer formation of the ANV CP, the ability of other divalent cations to substitute for
Mg?* ions was assayed. As In silico modelling suggested that Mg?*, Zn** and Ca** ions could
all potentially bind to various pockets on the ANV CP (Section 3.2.4), full-length CP was
purified in TN buffer containing calcium to assess if ionic strength, or the presence of

specific ions was responsible for formation the capsomer-like structures.

TEM examination of full-length ANV CP purified in TN buffer or TN containing calcium (10
mM CaCly) revealed the formation of highly irregular structures by ANV CP when Ca®" ions
were present (Figure 4.12). These structures do not show the cog-like morphology of those
produced in the presence of Mg?* (Figure 4.11 A). The structures formed in the presence of
Ca’" potentially represent aggregated protein rather than correctly formed assembly
intermediates. This data indicates that Mg?* may be preferred for assembly of ANV CP into
capsomers, possibly due to its size, to maintain an assembly competent protein

conformation that may be disrupted by larger ions such as Ca**.

Figure 4.12: Calcium promotes less consistent ANV CP assembly than magnesium.

Structure formation by recombinant full-length ANV CP purified with or without CaCl, in
TN buffer was assessed by negative stain TEM. (A) In TN buffer with no CaCl,, VLPs or
assembly intermediates do not readily form. (B) In the presence of 10 mM CacCl,,
irregular non-uniform structures are formed. However, these do not resemble the cog-

like morphology previously observed for CP in the presence of MgCl,. Scale bars = 25 nm.
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4.4.3 Proteolytic processing of ANV ORF2 may promote VLP formation
Proteolytic processing of HAstV capsid protein by trypsin-like proteases is required for
virion maturation, with the cleavage of capsid protein into 3 subunits and release of 60 of
the 90 dimeric spikes from the surface of the capsid shell. As recombinant ANV CP showed
similar tryptic processing to HAstV CPs (Figure 4.8 and Figure 4.9), and that processing of
HAstV CP by trypsin-like proteases is required for virion maturation, proteolytic processing
may therefore be important or essential for proper ANV virion formation. To test this
hypothesis, preparations of purified ANV CP in TN buffer were treated with trypsin at a final
concentration of either 0%, 0.05% or 0.25% for 30 minutes at 37 °C. Electron microscopy
showed the presence of irregular spherical particles ~30 nm in size after tryptic digest
(Figure 4.13), indicating that proteolytic processing of the full-length recombinant CP may

promote VLP-like structure formation, even in TN buffer lacking magnesium ions.

Figure 4.13: Proteolytic processing of full-length ANV CP promotes formation of 30 nm
VLP-like structures. Structure formation by purified recombinant full-length ANV CP
treated with trypsin in the absence of divalent cations was assessed by negative stain
TEM. (A) In TN buffer without trypsin, CP structures do not readily form. (B) In the
presence of Trypsin (0.05%) irregular spherical particles ~30 nm in size are formed. (C) At
a higher trypsin concentration (0.25%) similar 30 nm particles are observed, suggesting
the protein structures present are stable and resistant to further proteolysis. White

arrows indicate ~30 nm particles. Scale bars = 25 nm.
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4.4.4 ANV genomic RNA does not promote assembly of capsomers into virions
Virion assembly in +ssRNA viruses that use a PS-mediated assembly mechanism, requires,
or is promoted by sequence-specific genomic RNA-CP interactions!® > 5% 5455 Tg
investigate if ANV CP requires genomic RNA in order to promote capsid assembly,
preparations of capsid core or full-length ANV CP were incubated with in vitro transcribed
RNA from a genome-length cDNA clone of ANV (Section 2.2.1.6). In addition to RNA, NaCl in
the TN buffer was replaced with Na,SO, to assess if increased ionic strength would

promote assembly of ANV CP, as VLPs of HEV, a structurally similar virus*®* 326, are formed

more efficiently in the presence of Na,SO4 than with NaCI*%’.

Irregular structures were seen in capsid core and full-length CP purified in Na,SO4 (Figure
4.14 A and B). Many capsomer-like structures, akin to those seen previously, were present
in the capsid core preparation, indicating that the higher ionic strength may have a similar
effect to Mg?* on the CP of ANV, though only for the core domain. Addition of genomic RNA
to purified ANV CP did not result in any observed morphological change in the apparent
structure of either the capsid core or full-length ANV CP when compared to CP in the
absence of RNA, and no virus particles were observed (Figure 4.14 C and D). The failure of
genomic RNA to promote capsid assembly could indicate that the CP itself may be assembly
incompetent, or require specific ions, post-translational modifications, or appropriate
proteolytic processing. Alternatively, formation of the ANV capsid may only occur co-
transcriptionally, with assembly of CP on nascent genomes as they are transcribed by the

viral RdRp in an assemblysome, as has been reported for other viruses>® 67687072,
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Figure 4.14: ANV RNA does not promote virion formation by ANV capsid core or full-

length CP. Assembly of viral particles by addition of ANV RNA to purified recombinant
capsid core and full-length ANV CP was assayed assessed by negative stain TEM. (A)
Capsid core, or (B) full-length CP in TNS buffer show only the presence of capsomer-like,
and irregular protein structures, respectively. Addition of in vitro transcribed ANV RNA
(0.5 ng/ul) at an estimated substoichiometric ratio to (C) capsid core, or (D) full-length
CP does not produce any noticeable change in the structures for either CP form when

compared to their respective TNS-only control. Scale bars = 25 nm.

4.5 Summary

4.5.1 Expression and purification of recombinant ANV capsid protein
Expression of ORF2 CP from various AAstVs was attempted in systems ranging from plant to
bacteria, resulting in the detection of recombinant ANV or CAstV CP in cellular lysate of N.

Benthamiana plants, DF-1 cells and in BL21 bacteria (Figure 4.1, Figure 4.3 and Figure 4.5,
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respectively). However, detection of intact full-length CP was not always observed, and
presence of smaller than expected products suggests that either processing, or degradation
of CP had occurred in these systems. The importance of purifying intact CP can be
explained by analogy to the CPs of other viruses which use a PS-mediated assembly
mechanism, wherein a basically-charged unstructured arm at one of either of the CP
termini plays a crucial role in RNA interaction®®>5>%% The function of this domain varies
between viruses, for example, neutralisation of the positive charge in STNV CP arms by PSs
allows CP-CP interactions to overcome electrostatic repulsion and assembly-competent CP
trimers to form®% 2, The CPs of the Astroviridae also contain a similar basically-charged N-

terminal arm?®°% 220

, and removal of this region in whole, or in part, significantly reduces
infectious viral titre?3!, suggesting it may be critical to virus formation. However, CP can still
form VLPs when the basic arm is absent?®®, supporting the hypothesis that this region is
specifically involved in PS recognition and or RNA binding. Thus, purification of ANV CP with
an intact N-terminal region is crucial in order to study PS-mediated encapsidation by ANV.

Therefore, as only the recombinant capsid core and full-length ANV CP produced in BL21

cells appeared to be intact, protein produced by this system was selected for further study.

Processing of the AAstV CP in eukaryotic expression systems could be anticipated given
that HAstV CP undergoes a complex multi-step proteolytic maturation pathway during
infection, requiring at least both caspase and trypsin-like activites?*> 29, This is reflected by
the different patterns of processed ORF2 products between the various expression systems
investigated here, indicating that one (or more) unknown proteolytic events may have
occurred (Figure 4.2, Figure 4.3 and Figure 4.4). The importance and extent of processing
by trypsin-like and other proteases in the lifecycle of ANV is currently unexplored.
However, a previous report suggests that ANV virions are infectious without trypsin-
treatment?'?, which is further supported by work presented in this thesis (Section 5.3.2).
Collectively, these data suggest that ANV may follow a different maturation process to the
other studied astroviruses and might not require proteolytic digestion in order to be fully
infectious. However, trypsin digestion patterns of the ANV CP in this work may indicate that
the CP is processed similarly to HAstV CPs (Figure 4.9). Thus, further study is needed to

investigate the full requirement of protease activity by ANV CP for maturation.

4.5.2 Formation of virus-like particles from purified ANV capsid protein
Both the purified ANV capsid core and full-length CP appeared to be competent for

assembly into capsomer-like structures (Figure 4.10), showing similarity to the 16 nm ring-
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like structures formed by HAstV CP previously?®®. The morphologically similar HEV capsid is
formed by the assembly of dimers into decameric capsomers3?, therefore, if the AstV

)¥%4 it would be reasonable to

capsid is as structurally similar as indicated (Section 3.2.2.3
hypothesise that these 16 nm ANV capsomer-like structures could represent decamers of

CP.

The full-length ANV CP was able to form irregular ~30 nm VLP-like structures or
intermediates when digested with trypsin (Figure 4.13). However, the inability of the
recombinant ANV CP to form VLPs of homogenous size and shape indicates the potential
absence of key factors required for proper capsid assembly. Studies show that full-length
recombinant HAstV CP can assemble into VLPs when expressed in eukaryotic cells, with or
without the 70 N-terminal residues. This would imply that the assembly of VLPs for other
AstVs may be possible®®. Therefore, the inability of ANV CP to assemble into VLPs here
may be a result of producing recombinant CP in a bacterial expression system, wherein the
necessary post-translational modifications or processing required by CP for assembly do

not occur.

An alternate explanation for the inability of recombinant ANV CP to form VLPs could be
that RNA, or more specifically PSs, are required for capsid assembly. This is supported by
data for HEV, where it was observed that formation of HEV T=3 particles requires the
presence of viral RNA, and only smaller T=1 particles form in the absence of RNA3%,
However, ANV CP did not readily form capsids upon addition of in vitro transcribed ANV
genomic RNA to preparations of purified CP (Figure 4.14). This would be consistent with a
co-transcriptional encapsidation mechanism, where only nascent genomes are packaged by
CP as they are transcribed by the RdRp in assemblysomes®”->% 7972 As genomic RNA is
produced by the viral polymerase, there is opportunity for short-range structures to form in
the RNA, i.e. PSs, which may be energetically unfavourable in the context of larger RNA
molecules. This could explain why direct addition of ANV RNA to CP was not sufficient to
promote particle assembly, hinting that active transcription of the viral genome in the
presence of CP, or addition of shorter RNA fragments to CP preparations may be what is

required to promote ANV VLP formation.
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Chapter 5

5 Construction of a reverse genetics system for ANV

5.1 Alternate approaches to identifying putative packaging signals

As described earlier (Section 1.6), astroviruses share features with other viruses that utilise
a PS-mediated assembly mechanism and lack any known machinery for packaging genomic
RNA into pre-formed capsids. This suggests that the instructions for genome encapsidation
may be encoded within the sequence and structure of the viral genomic RNA itself. Various
approaches for the identification of PS-CP interactions have been developed over the last
decade, including but not limited to RNA SELEX and NGS>* 2, Of these approaches, RNA
SELEX coupled with bioinformatics analysis of the selected library and its matches to the
viral sequence has been the most prominent method used for the identification of putative

PSs in multiple viral families®”- 3335 €2,

For SELEX identification of putative PSs, purified assembly-competent capsid protein is
required which can be derived from either capsomers, disassembled virions, or
disassembled VLPs. As attempts to produce and purify ANV VLPs or assembly-competent
capsomers for SELEX screening were inconclusive (Section 4.5.2), a reverse genetics system
for ANV was constructed. The reverse genetics system opens up approaches for PS
identification which are not available with a VLP system. For example, purified virus could
be used in high resolution cryo-EM to identify RNA-CP interaction®', or for deep
sequencing of packaged and unpackaged viral genomes to identify putative PSs®. This NGS
approach is less challenging to undertake than SELEX, as disassembly and partial
reassembly of the capsid shell is not required for NGS, and only the isolation of packaged

(virion) and unpackaged (cellular) viral RNA populations is needed.

A functional reverse genetics system is also required for validation of putative PSs in viral
genome encapsidation, irrespective of the experimental approach used to identify them.
Importantly, a cDNA clone provides a stable genetic background into which mutations can
be readily introduced, and from which recovery of putative PS-mutant viruses can be

attempted for subsequent comparison to the wild type virus.

To date, only a few reverse genetics systems have been developed for the Astroviridae,
with systems for ANV G-4260, Porcine astrovirus 1 strain GX (PAstV1-GX1), HAstV-1, and a

HAstV-1/8 chimera reported?'! 257259, The last report of a successful reverse genetics
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system for an avian astrovirus was in the early 2000s%!1. In that study, two plasmid clones
of ANV were constructed, one from which genome-length RNAs were transcribed in vitro
under the control of a T7 promotor, and subsequently in vitro m’G capped before
transfection into chicken kidney (CK) or baby hamster kidney (BHK) cells. The other system
consisted of a plasmid within which the cDNA clone of ANV was under the control of the
CMV promotor, allowing this to be directly transfected into CK or BHK cells to produce

RNA, subsequently recovering infectious ANV?™,

Based on this previous study?'*

, a similar plasmid-based system was constructed for ANV to
provide a key tool for the study of this virus. ANV recovered from this system was further
characterised, and methods to concentrate and purify the virus were explored in order to

produce material suitable for PS identification.

5.2 Construction of a full-length cDNA clone of ANV G-4260

5.2.1 Synthesis of cDNA from astrovirus genomic RNA

To produce a plasmid-based system for the production of infectious ANV, a cDNA copy of
the full-length RNA genome must be cloned and assembled, as summarised in Figure 5.1.
To achieve this, viral genomic RNA was purified from an inactivated isolate of ANV G-4260
(a kind gift of V. Smyth, AFBI), and used as a template for cDNA synthesis (Sections 2.2.1.2
and 2.2.1.4). The primers used for cDNA production (Table 2.1) were positioned to produce
overlapping fragments of the genome to enable subsequent construction of a genome-
length cDNA clone. The resulting cDNAs were gel purified (Section 2.2.1.9) with fragments
of the expected size (GSP primed reactions) extracted for ligation into pCRIl using the Zero
Blunt TOPO PCR cloning kit (Invitrogen). The resulting plasmids were transformed into E.
coli DH5a and 2-3 clones selected for subsequent preparation of plasmid DNA and
sequencing of the insert (Sections 2.2.1.12 and 2.2.1.13). Sequence data was checked

against the sequence databases using BLAST%°

and then assembled into contigs using
SegMan Pro (DNASTAR lasergene) using the default assembly settings to validate overlaps

between genome segments (Section 2.2.1.15).
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Figure 5.1: Process of cloning ANV cDNA and constructing the plasmid-based reverse
genetics system. Flow chart detailing the stages involved in cloning a genome-length
cDNA of ANV, and construction of a functional sequence-validated infectious reverse

genetics system for ANV,

5.2.2 Assembly of a genome-length ANV G-4260 expression plasmid

Plasmids containing cloned regions of the ANV genome were used to assemble a genome-
length cDNA clone of ANV for the reverse genetics construct. Four overlapping DNA
segments (R3_1, R2_3, R1_8 and dT_7) that spanned the entire genome of ANV (Figure 5.2
A) were chosen and amplified by PCR to produce linear fragments. These fragments were
mixed in equimolar amounts and subject to PCR to produce a single genomic length cDNA
clone of ANV G-4260 (cloneANV) (Figure 5.2 B). Addition of flanking sequences for
assembly into pUC19 and a 5’ T7 promotor site (Section 2.1.8) to drive expression of the
ANV genome to cloneANV was then performed by PCR to generate cloneANV-T7. Next,
HDR-T7, a PCR-derived synthetic DNA sequence containing a 3’ Poly-A, to mimic the viral
pA tail followed by the hepatitis delta ribozyme (HDR) and T7 terminator sequence (Section
2.1.8), was assembled into EcoRl-linearised pUC19 along with cloneANV-T7 using the
NEBuilder HiFi DNA assembly kit (Section 2.2.1.10) to produce pANV (Figure 5.2 C). pANV
was initially characterised by restriction digest with Bgll, and by PCR using primers targeting

the 5’ and 3’ ends of the cassette, as well as the sequence in pUC19 flanking the multiple
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cloning site (Figure 5.3). The Bgll digestion pattern and PCR results were consistent with

those expected for correctly assembled pANV.
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Figure 5.2: Assembly of the genome-length ANV cDNA cassette. (A) Overlapping cDNA
segments of the ANV genome were cloned, sequenced and then assembled into contigs
using SegMan Pro (DNASTAR lasergene) using the published ANV G-4260 genome as a
reference sequence (GenBank ID: AB033998.1). Sequences for the four cDNAs (shown
below assembly) were generated using both flanking and internal primers due to the
length of the fragments. (B) PCR amplification of the four cDNA fragments used for
assembly of cloneANV, and the single genomic-length cDNA assembled from the four
fragments by PCR. (C) The organisation of the ANV genome is shown, detailing the three
open reading frames, UTRs and the RFS structure. The four overlapping clones generated
by RT-PCR used for assembly of the genome-length cassette and the regions they
represent are shown underneath the ANV genome (grey), with the number below
indicating the clone. The HDR-T7 terminator and T7 promotor sequences introduced

during PCR and assembly into pANV are also shown (red).
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Figure 5.3: Confirmation of correct assembly of pANV. The correct assembly of
cloneANV-T7 and HDR-T7 into pUC19 was confirmed by restriction digest and PCR of
pANV. Digestion with Bgll produced the expected DNA band pattern, with sizes of 4225,
1867, 1648, 1118, 790 and 242 nts. PCR with either the M13 primer pair targeting
sequence flanking the multiple cloning site of pUC19, or primers targeting the 5’ and 3’

ends of the ANV and HDR insert show products of expected size, approximately 7.2 kb.

The ANV reverse genetics construct built here differs from those reported previously?*.
One such system utilised in vitro transcription from the T7 promoter and in vitro capping to
produce viable RNA templates for translation after transfection. The system described here
uses the T7 promoter combined with the self-cleaving HDR to produce capped full-length
transcripts, without extra sequence, directly after transfection of the pANV plasmid into T7
RNA polymerase expressing cells, such as BSRT7 cells. A T7-driven method was chosen as
this provides reliable expression of downstream genes. Addition of the HDR allows
subsequent self-cleavage of the T7-expressed RNA, creating transcripts with a defined 3’
Poly-A tail. Thus, producing RNAs that are more similar to viral RNA in infected cells with a

simpler approach than those previously reported?!’.
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5.2.3 Sequence analysis of pANV

The cDNA construct within pANV was sequenced and compared to the previously published
ANV sequence?!! to confirm the absence of mutations in ORFs that may have been
introduced through reverse transcription and PCR. pANV showed 99.74% sequence
homology to the published ANV G-4260 genome (GenBank ID: AB033998.1), with 18 base
differences (Figure 5.4 and Table 5.1). Fourteen of these were found to be non-
synonymous, and eight of which occurred in ORF1a, one in ORF1b and five in ORF2. Three
were synonymous, with one in each ORF, and a single base deletion was also present at
position 1 of the genome with respect to the reference sequence. Importantly, none of the
identified mutations introduced a premature stop codon that would lead to early
termination of translation. Additionally, no mutation within the T7 promotor/terminator or

HDR sequences was found.

The sequence variation observed here may be due to selection of mutants from within the
ANV quasispecies, or from genetic drift considering that the original published sequence
was submitted almost 20 years ago, therefore the identified nt differences in pANV were
not repaired. Genetic variation is to be expected as astroviruses are +ssRNA viruses, which
are known to contain error-prone RdRps, allowing mutations to accumulate over time**
331 This is consistent with the sequence diversity seen in Avastroviruses, even between

closely related subtypes332,

3 3+ 3 3 B 3 ¥ ¥ 3 3

L 2 L 3
{ ORFla ' ORF1b H ORF2 —

Figure 5.4: Location of mutations within the pANV construct. Schematic diagram of the
ANV genome and its encoded ORFs within the pANV construct. The locations of point
mutations identified by sequence comparison to the published ANV G-4260 strain
(GenBank ID: AB033998.1) are indicated by arrows. A majority of the identified base
variants were located within the ORFl1a non-structural gene. However, one was found in
the 5’ UTR (position 1) which had been removed during the pANV cloning process. The
remaining point mutations were located in ORF1b and ORF2, two in the polymerase and

six in the capsid gene, respectively.
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. L Amino acid change vs
Nucleotide substitution
reference genome

5’ UTR CiA -
G48A R11H
C729T P239L
T888C 12927
Al1127G T372A
ORFla A1185T Y391F
T1401C F463S
T1439C F476L
T1441C -
T1728C V572A
ORF1b C3209A L37
G4191A -
C4770T T67
C4972T7 -
ORE2 A5357C T263P
T5597C S343P
C6513T A648V
G6528C G653A

Table 5.1: Mutations present in pANV. Nucleotide substitutions and their effect on the
encoded amino acids in each ORF between the pANV reverse genetics construct and that of

the published wild type sequence (GenBank ID: AB033998.1) are shown.

5.3 Recovery of infectious virus from the ANV reverse genetics construct

5.3.1 Recovery of ANV in BSRT7 cells

With the presence of non-synonymous mutations in the pANV cDNA clone, the putative
ANV reverse genetics construct was tested for the ability to generate infectious virus.
When pANV was transfected into BSRT7 cells (Section 2.2.6.1) no cytopathic effect (CPE)
was observed up to 72 hours post-transfection, which may be expected as the cell line is
derived from tissue of a non-target host for ANV. In the absence of CPE, the production of
ANV genomic RNA from transfected pANV was tested by RT-PCR. Total RNA was prepared
from pANV-transfected and control BSRT7 cells and subject to RT-PCR (Sections 2.2.1.2,
2.2.1.3 and 2.2.1.5). Using this approach, RNA corresponding to ANV was detected in BSRT7
cells (Figure 5.5) validating the production of viral RNA from pANV by the T7 RNA

polymerase constitutively expressed in BSRT7 cells.
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Figure 5.5: ANV genomic RNA is produced following pANV transfection into BSRT7
cells. BSRT7 cells were mock-transfected (without plasmid) or transfected with pANV,
and cells were harvested 72 hours post-transfection for extraction of total cellular RNA.
Purified total RNA was subject to RT-PCR or PCR (without RT) in order to confirm the
specific presence of ANV genomic RNA. ANV ORF1b DNA (2.2 kb) was detected in the
pPANV plasmid control and no ORF1b RNA or DNA was detected in the mock-transfected
BSRT7 cells. By contrast, RNA corresponding to ANV was detected in pANV transfected
BSRT7 cells by RT-PCR, with no pANV plasmid DNA detected by PCR alone, confirming

that RNA is transcribed from the construct within transfected BSRT7 cells.

5.3.2 Passage of ANV in CK cells

As transcription of ANV genomic RNA was detected in BSRT7 cells despite the absence of
apparent CPE, the production of infectious ANV virions by BSRT7 cells was assessed. For
this, primary chicken kidney (CK) cells from 2-3 week-old Rhode Island Red birds, which are
derived from the normal target tissue of ANV, were infected with ANV recovered from
either the lysate of transfected BSRT7 cells (intracellular virions) or the extracellular media
from these cells (released virions). By 96 hpi CPE was observed in CK cells exposed to the
lysate of transfected BSRT7 cells, but not in those exposed to BSRT7 extracellular media or
in control uninfected CK cells (Figure 5.6 A-C). To confirm that the observed CPE was
caused by ANV, total RNA was prepared from infected CK cells showing CPE and used for
RT-PCR detection of ANV RNA as previously (Section 5.3.1). No ANV RNA was detected in
uninfected CK cells, indicating these cells were derived from birds that did not have a pre-

existing ANV infection (Figure 5.6 D). ANV RNA was readily detected in CK cells exposed to
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the lysate of BSRT7 cells transfected with pANV. By contrast, ANV RNA was not detected in
CK cells exposed to the extracellular media of pANV transfected BSRT7 cells, which may
contain released virions (Figure 5.6 D). The presence and absence of ANV RNA was
consistent with the presence or absence of CPE in cells exposed to the lysate or
extracellular media of pANV transfected BSRT7 cells, indicating that ANV was the causative

agent of cell death.

These data indicate that infectious ANV virions were produced from the pANV reverse
genetics system after transfection into BSRT7 cells (Figure 5.5), and that these virions were
capable of productively replicating in CK cells in line with previously reported systems?*’,
Furthermore, the ability to recover and propagate infectious ANV virions indicates that the
18 nt differences present in the pANV construct, compared to the reference sequence, are
not significantly deleterious to the viability of ANV G-4260. The absence of CPE and ANV
RNA in CK cells exposed to extracellular media from transfected BSRT7 cells suggests either
that very low titres of, or no, extracellular virions are produced by these cells, or that

virions are retained in the cytoplasm.

To assess if any of the mutations in pANV affected the ability to produce extracellular
virions, naive CK cells were infected with ANV recovered from the cell lysate and
extracellular media of infected CK cells. No signs of CPE were seen in control uninfected CK
cells (Figure 5.7 A). In naive CK cells exposed to either the lysate (Figure 5.7 B) or
extracellular media (Figure 5.7 C) of infected CK cells, CPE manifested as subtotal
destruction around 72-96 hpi and was observed as clusters of rounded CK cells loosely
associated with the monolayer. This is consistent with the previously observed CPE in CK
cells infected with BSRT7 lysate-derived ANV. RNA corresponding to ANV was also readily
detected in these cells in line with the observed CPE (Figure 5.7 D). Taken together, these
results indicate that the synonymous and non-synonymous mutations present in the pANV
construct do not prevent ANV replication in CK cells, and that extracellular progeny virions

are produced by infected CK cells.
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Figure 5.6: ANV recovered from BSRT7 cells is infectious to CK cells. (A) Uninfected CK
cells are healthy and evenly distributed across the flask after 96 hours. (B) CK cells
infected with pANV transfected BSRT7 cell lysate show signs of CPE at 96 hpi, with cells
rounding and detaching from the flask. (C) CK cells infected with extracellular media of
pANV transfected BSRT7 cells show little indication of CPE, similar to uninfected cells. (D)
Detection of ANV ORF1b DNA/RNA (2.2 kb) in the plasmid control, uninfected CK cells
and in CK cells inoculated with pANV-transfected BSRT7 cell lysate or extracellular media.
RNA corresponding to ANV is detected in CK cells infected with pANV-transfected BSRT7
cell lysate by RT-PCR, but not by PCR alone, confirming that viral RNA is present and that
the PCR signal is not due to residual contamination of the pANV plasmid DNA. No ANV
ORF1b RNA was detected in CK cells inoculated with pANV-transfected BSRT7

extracellular media.
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Figure 5.7: CK cells produce extracellular ANV virions. Naive CK cells were infected with
ANV from the lysate or extracellular media of infected CK cells. (A) In uninfected CK cells,
no CPE was seen. Whilst in naive CK cells inoculated with either (B) ANV infected CK cell
lysate or (C) extracellular media, CPE was seen between 72 and 96 hpi. (D) ANV ORF1b
DNA (2.2 kb) was detected in the positive pANV plasmid control, whilst no ORF1b RNA or
DNA was detected in control CK cells by RT-PCR. ANV ORF1b RNA was specifically
detected in CK cells infected using both cell lysate and extracellular media derived from

ANV infected CK cells.
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5.3.3 Characterisation of the reverse genetics system derived ANV

5.3.3.1 Yield of ANV from CK cells

To establish the yield of infectious ANV from infected CK cells, extracellular media stocks of
ANV derived from the reverse genetics system were titrated on naive CK cells (Section
2.2.7.1). Monolayers of naive CK cells were exposed to 10-fold serial dilutions of released
ANV for 1 hour before overlay with BES media containing 1% (w/v) agar. Infected cell
monolayers were fixed and stained at 96 hpi, by which time small indistinct plaques of ANV
were apparent on CK cells. Enumeration of plaques at the 107 dilution indicated an
infectious titre of 2.1 x 10° pfu/ml (Figure 5.8 A). However, the plaque assay protocol used
here for ANV appears unreliable as wide-spread CPE was commonly seen in infected CK
cells overlaid with agar. Defined plaques were only occasionally observed, suggesting the
concentration of agar used in the overlay was insufficient to prevent diffusion of ANV.
Thus, an alternate method of quantification was required to reliably calculate the infectious
titre. In order to quantitate the yield of infectious ANV in a manner that could be
consistently replicated, the 50% tissue culture infective dose (TCIDso) method of
guantitation was used (Section 2.2.7.2). Replicate wells of CK cells were inoculated with 10-
fold serial dilutions of extracellular media stocks of ANV and used to calculate the TCIDsgo
value of the stock. Individual wells of CK cells were observed for CPE at 24-hour intervals
and counted as positive if there were wide-spread signs of cell rounding and detachment
from the well. Titres were then calculated using the Spearman-Karber method®®’. Using this
method, ANV in an extracellular media stock was quantitated at a titre of 4 x 10° TCIDso/ml
at 96 hpi, with no increase in titre to 120 hpi (Figure 5.8 B). The TCIDso of ANV recovered
from pANV shows lower levels of infectious units compared to that achieved by Imada et
al., with a 10-fold difference in titre?!’. This may be due to the single freeze-thaw cycle that
the ANV stocks used here were subject to prior to inoculation, which could cause a loss in
infectious units due to particle disruption from ice crystal formation. The resulting titre of
ANV at 96 hpi calculated as TCIDso/ml is in broad agreement with the observed plaque
forming titre, indicating both methods are capable of measuring the yield of ANV to a

similar accuracy.
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Figure 5.8: Yield of ANV from infected CK cells. (A) CK cells were inoculated with 10-fold
serial dilutions of ANV and overlaid with BES containing 1% agar. At 96 hpi, agar plugs
were removed and cells fixed in paraformaldehyde before staining using 0.1% crystal
violet. Plaques formed by ANV are small and indistinct, giving titres of 2.1 x 10° pfu/ml
when calculated from the 1073 dilution. (B) Replicate wells of CK cells were inoculated
with 10-fold serial dilutions of ANV and occurrence of CPE was reported per well for each
dilution at 24 hour intervals. Infectious titre (TCIDso) was then calculated at each time

point using the Spearman-Karber method and plotted over the course of infection.
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5.3.3.2 Growth kinetics of reverse genetics system derived ANV

Having shown recovery of infectious ANV from the reverse genetics system, the replication
kinetics of this virus in CK cells was investigated. In order to measure the accumulation of
extracellular RNase-resistant viral RNA, as a proxy for production of infectious virions, an

RNase digestion protocol was first optimised.

RNase A was added to extracellular media of ANV infected CK cells 72 hpi and incubated for
different lengths of time. RNA from the remaining protected genomes was then purified
and quantified by RT-qPCR using a TagMan RT-gPCR assay targeting sequence within the
ANV ORF1la region (Section 2.2.7.3). After 30 minutes incubation, the titre of genome
copies detected was reduced by ~25% (or 4.1 x 108 genome copies/ml) when compared to
the RNase-absent control, with no further loss of genome signal even when the incubation
time with RNase was increased to 60 minutes (Figure 5.9). This data suggests that addition
of RNase A to infected cell lysate at a concentration of 10 pg/ml, with subsequent
incubation at 37 °C for as little as 30 minutes, is sufficient to degrade any unprotected ANV
genomic RNA, whilst leaving putatively encapsidated ANV genomes intact. Unexpectedly,
there was an increase in the number of detected genomes in infected media incubated
with RNase for 10 minutes compared to the untreated control. This may be due to the
degradation of viral particles and RNA upon extended incubation at 37 °C, as the untreated
control was incubated at 37 °C for 60 minutes in total compared to the 10 minute

incubation of the RNase treatment.
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Figure 5.9: RNase A degradation of unprotected ANV RNA. Extracellular media from
ANV infected CK cells was subject to RNase treatment for different lengths of time in
order to determine the length of digestion required to fully degrade unprotected ANV
RNA. Total RNA from each treatment was purified and genome copies of the RNase-
resistant ANV RNAs were quantified by RT-qPCR, representing putatively encapsidated
RNAs. The average absolute genome count from three technical replicates for each

treatment is shown with the standard deviation.

With a protocol for measuring the quantity of putatively packaged ANV genomes in the
extracellular media established, the release of ANV virions from infected cells over time
was investigated. CK cells were infected with ANV at an MOI of ~0.13 (calculated from
titres of RNase-resistant ANV RNA). Extracellular media was harvested from these cells at
24-hour intervals to assay the production of released virus. Harvested media was treated
with RNase for 30 minutes (as above) before RNA purification in order to remove any non-
encapsidated RNA present that could be derived from either disrupted cells or incorrectly

formed particles.

Quantification revealed that extracellular ANV RNA is produced at a rate of 4.83 x 10®
copies/24h during the linear phase of the growth curve (calculated from genome copy
increase between 0-48 hours), reaching maximal levels of viral RNA at 72 hpi, equating to
around 2 x 10° genome copies/ml (Figure 5.10). After 72 hpi, the titre of ANV RNA in the
extracellular media plateaus. The 4-log difference between RT-qPCR genome copy number
and previously calculated infectious titre (pfu/ml or TCIDso) could be explained by the fact
that RT-gPCR only measures the quantity of RNA present, some of which may be derived
from non-infectious defective particles, whereas pfu/TCIDsp measure the number of viable
replication competent virions. These defective particles can account for a sizable

percentage of the virion population in RNA viruses333-3%

and would not be detected by
plaque assay or TCIDso as these assays rely on the initiation of a productive infection to

measure virus titre.
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Figure 5.10: Kinetics of extracellular ANV virion production in CK cells. CK cells were
infected with ANV at MOI 0.13 and extracellular media was harvested at 24h intervals to
96 hpi. Extracellular RNase-resistant ANV RNA was purified and absolute genome
copies/ml quantified by RT-gPCR to determine the accumulation of extracellular ANV
over time, with Oh representing the input inoculum. The average titre and the standard

deviation of three technical replicates at each time point is shown.

5.3.3.3 Investigating cellular models for the cultivation of ANV

As primary CK cells are of limited availability, the ability of several other cell types to
support ANV infection was assessed to establish if readily available cell lines, rather than
primary cells, could support the propagation of ANV. Therefore, LMH and DF-1 cells and
primary CK and CEF cells were grown to confluency and then infected with ANV. Cells were
grown to similar confluency as to provide roughly equal starting numbers of cells so that
the effective MOI would be comparable. Intracellular RNA was then extracted from the
entirety of cells in each culture dish, harvested at 48 hpi, and viral RNA was quantitated

using a TagMan RT-qPCR assay targeting ANV ORF1la.

The highest quantity of ANV RNA was found in CK cells, followed by LMH and CEF cells
which produced levels of ANV RNA 2- and 3-logs lower than CK cells, respectively (Figure
5.11). These data indicate that primary chicken kidney, immortalised chicken liver and
primary chicken fibroblast cells can all support the replication of ANV, in line with in vivo
data®®. In contrast, an immortalised chicken fibroblast cell line (DF-1 cells), produced

almost 6-logs less ANV RNA than primary CK cells, and almost 3-logs lower than their
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primary CEF equivalent. BSRT7 cells infected with ANV were included as a control and

showed the lowest levels of ANV RNA production (2.23 x 10° total genome copies).

Of the cells tested only CK cells showed signs of CPE, with no apparent CPE seen in the LMH
cells in contrast to previous observations®!. This suggests that whilst LMH cells produce
comparable levels of ANV RNA, they may not be a suitable system in which to study the
complete replication cycle of ANV. This is likely due to failing support of virion egress, as a
previous report observed the majority of virus to be retained intracellularly in this cell
line®!. Overall, these data indicate that CK cells are the best available model for propagation
of ANV, supporting high level viral RNA production and release of infectious ANV virions,
consistent with in vivo data showing ANV to be highly prevalent in the kidneys of young

chicks33e.

H

1E+13

H

1E+11

1E+9

1E+7

Total Intracellular ANV genome copies

1E+5 I

BSRT7 CK CEF LMH DF-1
Cell type

Figure 5.11: Intracellular ANV viral RNA accumulation in different cell types. Primary
and immortal avian cell types were infected with ANV at similar effective MOls. The
entirety of cells in each culture dish were harvested at 48 hpi for RNA purification and
RT-gPCR determination of absolute intracellular ANV genome copy numbers. The
average intracellular ANV RNA titre in each cell type is shown with the standard

deviation over three technical replicates.
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5.3.3.4 Foci of ANV are detected in the cytoplasm of infected cells

To investigate the intracellular localisation of ANV and further confirm the identity of the
virus recovered from the reverse genetics system, infected CK and LMH cells were
subjected to immunofluorescence staining using a known antiserum from an ANV infected
chicken (a kind gift of V. Smyth, AFBI). CK and LMH cells were infected with ANV at a MOI of
~0.02 (calculated from TCIDsg) and fixed at 72 hpi before processing for
immunofluorescence staining (section 2.2.7.4) The chicken anti-ANV antiserum reacted
with both CK and LMH cells infected with reverse genetics system derived virus, indicating
that the recovered virus shares close if not identical antigenicity to that of field circulating
wild type ANV (Figure 5.12). Foci of ANV proteins are observed in the cytoplasm of infected
CK and LMH cells, consistent with previous observations?'*. These foci may correspond to
replication complexes within the cell, which are a characteristic of cytoplasmic replicating

RNA viruses3’.

Infection appears to be more widespread in LMH cells than CK cells, as detection of protein
corresponding to ANV is seen in a greater number of cells in the monolayer, whereas
detection is mainly seen in clusters of cells for ANV infected CK cells. This data may suggest
that LMH cells could be a more efficient system for ANV infection, as the effective ratio of
infected to uninfected cells is greater than that seen in the CK cells. However, the apparent
increase of ANV positive LMH cells could instead be due to intracellular retention of virus in
these cells. Further investigation is required to characterise the replication of ANV in LMH

cells, in order to validate if they are a suitable cellular model for the study of ANV.
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Figure 5.12: Foci of ANV are seen in the cytoplasm of infected CK and LMH cells. CK or

LMH cells were mock infected or infected with ANV at an MOI of ~0.02, then fixed and
processed for immunofluorescence at 72 hpi. Uninfected (A) CK cells and (B) LMH cells
appear healthy and show no foci of ANV proteins (green), which are seen in both ANV
infected (C) CK cells and (D) LMH cells when stained with an anti-ANV chicken serum.
The tubulin network (red) of cells was stained with an anti-tubulin antibody to highlight

the cytoplasm, and the nuclei of cells were stained with DAPI (Blue). Scale bars = 25 pum.
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5.3.3.5 Characterisation of the anti-ANV chicken serum

To identify the putative target antigen(s) of the anti-ANV chicken serum, western blotting
was used to investigate serum reactivity to denatured total protein from ANV infected cells
and to recombinant CP expressed in bacteria (Section 2.2.4.2). As the lysate of infected CK
cells will include products from all three of the ANV ORFs, recombinant ANV CP (core
region and partial spike region, residues 1-626) expressed in BL21 cells was used as a

known positive control for ANV CP.

The anti-ANV chicken serum did not detect any ANV proteins in uninfected CK cells or
extracellular culture medium (Figure 5.13). By contrast, in infected CK cells the chicken
antiserum detected a single protein species of approximately 37 kDa. A similarly sized band
was detected in the lysate of bacteria expressing the recombinant ANV capsid, but not in
control bacteria (Figure 5.13). These data suggest that an antibody within the chicken
antiserum can recognise the denatured ANV CP and possibly a processed form. Previous
observations indicate that astrovirus capsid protein is proteolytically processed and these

291,292 consistent with the band

processed forms typically range in size between 25-34 kDa
detected by the chicken antiserum. These findings are also consistent with data from an
earlier study, which identified several potential processed forms of ANV CP, including three
different products between 33-43 kDa, using a rabbit antiserum raised against ANV

virions338,

As western blotting tests the ability of antibodies to recognise denatured epitopes, it is
possible the chicken antiserum could contain other antibodies against alternate ANV
antigens, which target their native conformation, including the non-structural proteins
encoded within ORF1a or 1b. Therefore, further investigation is required to fully
characterise the repertoire of targets of the anti-ANV chicken serum, in order to draw any
further conclusions as to the identity of the cytoplasmic ANV foci revealed by

immunofluorescence.
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Figure 5.13: Anti-ANV chicken antiserum detects a processed form of capsid protein.
Total protein from uninfected and ANV infected CK cells and from BL21 cells expressing
recombinant ANV CP was prepared for SDS-PAGE and western blot analysis using the
anti-ANV chicken antiserum as a primary antibody for detection. A single protein species
of approximately 37 kDa was detected by the antiserum in ANV infected CK cells and
BL21 cells expressing recombinant capsid protein, indicating that a western blotting-

compatible antibody within the serum recognises epitopes of the ANV CP.

5.3.3.6 ANV associates with actin filaments

As cytoplasmic foci of ANV proteins had been detected by immunofluorescence of infected
CK and LMH cells, infected CK cells were subjected to TEM to further investigate the
intracellular localisation of ANV. CK cells were infected as previously in the
immunofluorescence studies (Section 5.3.3.4) and fixed 72 hpi for embedding, ultrathin

sectioning and TEM (Section 2.2.8.4).

In ultrathin sections of infected CK cells, virus-like structures of approximately 30 nm were
seen (Figure 5.14), which are consistent with the expected 28 nm size of ANV virions?°%211,
The characteristic 5/6 pointed star-like morphology of AstV particles was not observed
here. Previous reports suggest that typically only ~10% of the astroviral population present
this morphology, and it is thought that many of the AAstVs do not have prominent surface
structures at all'%® 192194 These virus-like structures were predominantly located on the

basal surface of the cells associated with actin filaments suggesting ANV may use actin and

its associated motor proteins for transport and egress from infected cells.
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Figure 5.14: Virion-like particles are associated with actin in ANV infected CK cells. CK

cells were infected with ANV at a MOI of ~0.02, fixed at 72 hpi, and then processed for
ultrathin sectioning and TEM analysis. (A) Actin filaments located at the periphery of the
cytoplasm in a CK cell are shown at low magnification. (B) Clusters of small spherical
particles associated with the actin filaments, indicated by white arrows, are shown at
medium magnification. (C) ~30 nm sized virion-like particles, indicated by white arrows,

are seen associated with actin filaments at high magnification. Scale bars = 100 nm.
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5.3.4 Preparation of infectious ANV for PS identification studies

5.3.4.1 Concentration of ANV virions by precipitation

ANV virions produced by cells infected with virus derived from the reverse genetics system
are ideal alternative substrates to purified CP for identification of putative PSs. These
virions can be used in NGS-based analysis to identify conserved sequences and structures
within packaged RNAs. For this, highly concentrated and purified intact virus particles are

required.

To concentrate ANV virions, increasing concentrations of polyethylene glycol 6000 (PEG) or
ammonium sulphate were added to samples of clarified and filtered extracellular media
from infected CK cells to precipitate virions. Precipitated ANV was collected by
centrifugation and the resulting pellets were re-suspended in TN buffer, RNase-treated,

and the number of packaged genomes then determined by RT-qPCR.

The yield of precipitated RNase-resistant viral RNA increases with rising PEG concentration,
with the exception of 6% PEG, plateauing between 8% and 10% (Figure 5.15). At a final
concentration of 8 or 10% PEG, around 4 times as many RNase-resistant ANV genome
copies/ml were present compared to the untreated infected CK cell extracellular media
(Figure 5.15). In contrast, precipitation with ammonium sulphate showed decreasing
recovery of ANV RNA with increasing salt concentration. A final concentration of 20%
ammonium sulphate was the most effective treatment with approximately 2.5 times as
many RNase-resistant ANV genome copies present compared to the untreated infected CK
cell extracellular media, lower than the maximum recovery with PEG (Figure 5.15). Thus,
PEG precipitation appears to be the optimal method for the concentration of ANV from

extracellular media.
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Figure 5.15: Concentration of ANV virions from extracellular media. To determine the
optimal concentration of polyethylene glycol 6000 or ammonium sulphate for the
precipitation of ANV particles, each was added to ANV infected CK extracellular media to
a range of final concentrations. After precipitation, pellets were resuspended in 100 pl of
TN buffer and RNase-treated to remove any unprotected ANV RNA. Absolute genome
copy number, relative to 100 ul of untreated ANV infected CK extracellular media, was
then determined by RT-qPCR for each treatment. The average recovery for three

technical replicates is shown with the standard deviation of these replicates.

5.3.4.2 Concentration of ANV virions by sucrose density centrifugation

To further concentrate and purify intact ANV particles away from cellular material and
improperly formed viral particles, ANV precipitated with PEG from clarified and filtered
extracellular media of infected CK cells was subject to ultracentrifugation through a range

of sucrose concentrations.

Resuspended ANV from PEG precipitation was layered on top of a sucrose cushion (20, 30,
40, 50, 60 or 70% in TN buffer) and subject to centrifugation at 130,000 x g for 2 hours at 4
°C. Pelleted material that passed through the sucrose cushion was re-suspended in TN
buffer, RNA was purified from the resuspended pellet and used for RT-qPCR quantification
of ANV genome copies. Quantitation of viral genomic RNA revealed that ANV pelleted
through the 20 and 30% sucrose cushions (Figure 5.16), with the numbers of viral genome
copies per ml increasing 73- and 33-fold, respectively, relative to the resuspended ANV
PEG-precipitate. In contrast, ANV genomic RNA was not detected in the pellets that formed
under cushions of 40% sucrose and above, suggesting that the buoyant density of ANV is

between that of 20 and 40% sucrose under the conditions tested.
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Figure 5.16: Concentration of ANV by sucrose cushion. PEG precipitated ANV from
infected CK cell extracellular media was centrifuged through sucrose cushions of the
indicated concentrations. Material that pelleted through the sucrose was resuspended,
and the ANV genome copy number quantitated by RT-qPCR. The fold increase in
absolute genome copy number is presented relative to the resuspended PEG
precipitated ANV infected extracellular media which formed the input. The average
genome copy number and the standard deviation of three technical replicates are shown

for each treatment.

5.3.4.3 Morphology of sucrose density purified ANV

To assess if purified ANV virions are intact and a suitable substrate for PS studies, the
morphology of purified ANV was analysed by TEM. Particles of ANV present in the
extracellular media of infected CK cells were first concentrated by centrifugation onto a
60% sucrose cushion. The interface layer above the 60% sucrose cushion was extracted by
pipette and diluted in PBS, so that the final concentration of sucrose was below 20%. This
was then loaded onto, and centrifuged through, a 20/40/60% sucrose step gradient
(Section 2.2.8.2). The resulting gradient was fractionated from the top, taking 1 ml volumes
with a pipette. Absolute genome copies in each fraction were then determined by RT-qPCR

guantification.

The highest quantities of ANV RNA were recovered from fractions 8 and 9, corresponding
roughly to the 20-40% sucrose steps (Figure 5.17 A), consistent with previous data (Figure
5.16). As fraction 9 contained the peak of ANV RNA detection, the presence and

morphology of ANV particles in this fraction was investigated by TEM. Particles of
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approximately 30 nm size lacking any star-like morphology were present in the purified
material, with some appearing hollow or partially complete (Figure 5.17 B). These particles
may be putative ANV virions as their size and morphology are consistent with that of
particles observed in ultrathin sections of ANV infected CK cells (Figure 5.14 C). The
putative ANV particles observed in this gradient fraction were present in low numbers and
aggregated clusters potentially due to the sample preparation or conditions used,
suggesting that although it may be possible to purify ANV using sucrose density
centrifugation, the resulting material may be unsuitable for use in SELEX or high resolution
cryo-electron microscopy to identify PS-CP interactions. However, PEG or sucrose
concentrated ANV particles would be suitable for identification of PSs using NGS
techniques, as this technique is not sensitive to virion aggregation, and packaged viral RNA
within virions has been separated from the total RNA population (including packaging

defective genomes) within cells.
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Figure 5.17: Ultrastructural analysis of sucrose purified ANV particles. ANV virions
within extracellular media of infected CK cells were concentrated onto a 60% sucrose
cushion by centrifugation, viral material was extracted and further purified by sucrose
density gradient centrifugation. (A) Fractions were taken from the top of the gradient
and the quantity of ANV RNA in each was determined by RT-gPCR. The average absolute
genome count is shown with the standard deviation of three technical replicates. (B) The
gradient fraction 9, containing the highest levels of ANV RNA, was imaged by TEM,

revealing the presense of aggregates of ~30 nm ANV virions. Scale bar = 30 nm.
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5.4 Summary

Collectively, the data presented here indicate the successful construction of a reverse
genetics system for ANV G-4260, from which infectious ANV was recovered after
transfection into BSRT7 cells (Figure 5.6). This system is similar to that reported by Imada et
al.,?™ but exploits the constitutive expression of T7 RNA polymerase in BSRT7 cells to drive
production of capped viral RNA for translation and virion assembly. This system has the
advantage of producing authentic ANV virions in an easily transfected immortalised cell line
that can then be used for infection studies in relevant primary cells (CK cells). Whilst
sequencing of the ANV cDNA clone constructed here revealed 14 non-synonymous
mutations with respect to the reference sequence (GenBank ID: AB033998.1), these
mutations did not have a noticeably detrimental effect on the ability to recover virus from
the reverse genetics system or on subsequent viral replication and pathogenesis in primary
CK cells (Figure 5.7, Figure 5.8 and Figure 5.10). This suggests that together, the mutations
identified in pANV represent a viable viral genotype and that the mutations relative to the
reference sequence do not catastrophically impair any essential viral processes, including
transcription and encapsidation. Interestingly, the majority of mutations were identified in
ORF1a which may suggest the functions encoded within this protein are not as essential in
cell culture in comparison to the ORF1b RdRp, in which just one non-synonymous mutation

was identified.

Replication of reverse genetics system derived ANV was established in several avian cell
types, including primary kidney and fibroblast cultures, as well as immortalised liver and
fibroblast cells (Figure 5.11). Consistent with clinical pathology>3, the highest yield of ANV
genomic RNA (as a proxy for replication) was seen in primary CK cells derived from 2-3
week old birds. Furthermore, out of the cell types assayed, CPE was seen exclusively in CK
cells, in line with in vivo pathology data regarding the presence of gross lesions limited to

336 Whilst immortalised LMH cells also produced high levels

the kidneys of infected chicks
of ANV genomic RNA, immunofluorescence staining highlighted the presence of more
numerous intracellular foci of ANV proteins compared to CK cells (Figure 5.12). This may be
consistent with a prior report proposing that a majority of ANV virions are retained within
the cytoplasm of LMH cells®!, meaning CK cells may be the best model in which to study the
complete infectious cycle of ANV, as these cells will most closely recapitulate events in the
primary target tissue of ANV. Recognition of the reverse genetics system derived ANV (in

immunofluorescence and western blot) by a chicken antiserum from a bird infected with a

circulating field strain of ANV suggests that the cloned ANV has a similar if not identical
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serology to circulating field strain wild-type ANV (Figure 5.12 and Figure 5.13). This
suggests that reverse genetics system derived ANV may be a suitable substrate for
identifying PSs and that data generated using this approach would be relevant to field

strains.

To perform PS identification by SELEX, ANV CP must be purified away from contaminants
and concentrated. Attempts to purify ANV by PEG precipitation and sucrose density
centrifugation resulted in aggregated clusters of viral particles that could not be re-
suspended (Figure 5.17). These purification products are therefore unsuitable for RNA
SELEX as monodispersed purified virions in solution would be required to generate
appropriate substrates for screening the RNA aptamer library*3, and for counter selection
to remove aptamers that recognise the exterior of the capsid. However, these aggregated
clusters of ANV particles represent a concentrated source of ANV, which can be used for
alternative techniques to SELEX. In particular, such purified particles would be suitable for
NGS studies to identify differences between packaged and unpackaged RNA populations,
that could identify RNA sequences and secondary structures important for capsid assembly

and virion formation, as recently described for FMDV®°,
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Chapter 6

6 Identification and validation of putative packaging signals in the
ANV genome

6.1 Packaging signal-mediated genome encapsidation

Packaging signals, which recruit capsid protein at defined positions across the viral RNA,
and act as a scaffold for the assembly of the viral capsid around the genome in an ordered
manner to achieve complete encapsidation, have been identified in a number of +ssRNA
viral genomes?*3: 3% 3% 58,39, 62:65 | dentification of these RNA structures has predominantly
been performed using an RNA SELEX technique® *>>% 78 (Section 1.2.6), however, a NGS
approach was also shown capable of identifying putative PSs®°. The SELEX technique of
identifying putative PSs by screening RNA aptamers against viral protein requires purified
assembly-competent CP derived from heterologous expression systems, either as
capsomers or as partially disassembled/reassembled VLPs, or disassembled/reassembled
virions. This method therefore relies on the ability to partially reassemble capsids from CP.
Since attempts to produce assembly competent ANV capsomers, VLPs, or purified ANV
virions were unsuccessful (Sections 4.5.2 and 5.3.4.3), an alternate approach in identifying

PSs within the ANV genome must be adopted.

One suitable approach was recently described for the identification of PSs in FMDV. Using
this method, subtle differences in preferred sequence at individual nt positions between
viral quasispecies of packaged and unpackaged viral RNA populations were found by NGS
and calculation of the entropy score for nts at each genome position®. Specific regions in
the genomic sequence of virion RNA were found to be conserved, and secondary structure
predictions revealed a common stem-loop motif within these regions that were shown to

be functional PSs by mutational studies®.

A similar NGS and entropy approach was used here for ANV to identify putative PSs within
the genome. This NGS approach, coupled with bioinformatics analysis, was applied to
intracellular ANV RNA and extracellular virion RNA populations produced from the reverse
genetics system to identify RNA sequences and structures that were selected for in the

encapsidated genomes, identifying putative ANV PSs for in vitro validation.
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6.2 Isolation of ANV cDNA for NGS

For NGS-based identification of PSs, ANV RNA was purified from infected cells
(representing both packaging competent and incompetent forms) and from PEG
precipitated extracellular virions (consisting exclusively of packaging competent forms)

(Section 2.2.9.1) as summarised schematically in Figure 6.1.
%&% **

%&« * ,
f’ﬁ?

Total Packaged

Figure 6.1: Differences in the RNA populations of ANV infected cells compared to ANV
virions. Schematic representation of the quasispecies to be compared. Within infected
cells, both packaging competent (green) and incompetent RNAs (red) are present,
whereas within virions only the packaging competent species (green) are represented.
The presence of multiple, functional PSs in the genome are presumed to determine
packaging competency. Therefore, comparison by NGS of the populations may reveal
differences in the sequences associated with putative PSs that promote their

encapsidation.

To achieve sufficient read depth in the NGS data, enabling identification of putative PSs by
conservation, a high concentration of nucleic acid input is required. Therefore, conversion
of ANV RNA to cDNA and PCR amplification of full-length genomes was undertaken to
maximise the number of ANV transcripts available to sequence. Purified RNA was used as a
template for reverse transcription to produce cDNAs corresponding to the entire 6.9 kb
genome of ANV. Initially, cDNA synthesis from total infected cellular RNA, and virion RNA
from ammonium sulphate and PEG precipitated extracellular media was performed using
random hexamer primers. The first-strand cDNA synthesised in this way was then amplified
by PCR using primers targeting sequences at the very 5’ and 3’ ends of the ANV genome

(Table 2.3). Using this approach, no DNA amplification was observed in RT-PCR reactions,
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where total infected cellular or ammonium sulphate precipitated virion RNA was used as
the template for reverse transcription (Figure 6.2 A). In contrast, a ~6.9 kb DNA,
corresponding to the expected size of the ANV genome, was amplified from the PEG
precipitated virion RNA sample (Figure 6.2 A). These data confirmed that full-length cDNA
synthesis of the ANV genome using virion-derived RNA is possible. The lack of DNA
amplification in reactions using total infected cellular RNA was unexpected and may be due
to competition between excess cellular RNAs and ANV genomic RNA for random hexamer
annealing, leading to the inefficient production of viral cDNA. The absence of DNA
amplification from ammonium sulphate precipitated virions is unsurprising as prior data

showed ammonium sulphate to poorly concentrate ANV virions (Section 5.3.4.1).

To optimise the production of genomic-length first-strand cDNA by reverse transcription,
reactions were performed using alternative primers, including oligo(dT),0 and a GSP
targeting the 3’ end of the ANV genome. The synthesis of genomic-length cDNA was
investigated, using primers targeting sequence in the 5’ and 3’ ends of the ANV genome for
PCR amplification. Whilst the GSP-primed reverse transcription did not produce a genomic-
length ANV cDNA, random hexamer- and oligo(dT)-primed reverse transcription produced
genomic-length ANV ¢cDNA amplicons (Figure 6.2 B). Of the successful primers, oligo(dT)zo-
primed reverse transcription appeared to be the most efficient. Smaller bands of cDNA
were also observed, likely representing non-specific amplification of host-cell nucleic acid

by the primer sets used.
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Figure 6.2: Optimisation of genome-length cDNA synthesis for ANV. (A) RNA was
extracted from the total intracellular RNA of ANV infected CK cells, and from ammonium
sulphate or PEG precipitated extracellular virions. Reverse transcription was then
performed using random hexamers, and cDNA was PCR amplified using primers targeting
the 5’ and 3’ ends of the ANV genome. A 6.9 kb DNA corresponding to genomic-length
ANV was amplified using RNA derived from PEG precipitated ANV virions. (B) Genome-
length reverse transcription efficiency of ANV RNA by either a GSP, random hexamers, or
oligo(dT).0 was assayed, using RNA extracted from PEG precipitated extracellular virions
as template RNA. Random hexamer and oligo(dT)o primed reactions produced genomic-

length ANV transcripts, which were not present in the absence of reverse transcriptase.

Using the optimised oligo(dT),o protocol for genome-length ANV cDNA synthesis (Section
2.2.9.2), the reactions to amplify ANV cDNA from the total intracellular RNA of ANV
infected cells and extracellular virion genomic RNA were repeated and PCR amplified using
primers targeting the 5’ and 3’ ends of the genome. Consistent with random hexamer-
primed reverse transcription, a ~6.9 kb DNA product, at the expected size of the intact ANV
genome, was only produced in the RT-PCR reaction containing RNA derived from PEG
precipitated ANV virions (packaged), but not from total infected cellular RNA (total) (Figure
6.3 A). Therefore, further optimisation was needed to improve synthesis of genomic-length
ANV DNAs from total intracellular RNA populations to enable the identification of putative
PSs by NGS. Up to this point, reverse transcription product equivalent to 10% (v/v) of the
PCR reaction was used as the template for amplification of genomic-length ANV DNA. As
excess nucleic acid can be inhibitory to PCR, reactions were altered such that the reverse

transcription products made up only 4% of the final PCR reaction volume, whilst the
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amplification protocol otherwise remained unchanged (Section 2.2.9.3). Additional PCR
primer pairs were also tested (Table 2.3). In one, the 3’ reverse GSP_R2 was replaced with
oligo(dT),o for genome-length amplification, whilst in others an internal reverse (Mid1_R)
was paired with GSP_F2, and an internal forward primer (Mid2_F) was paired with GSP_R2.
Internal primers were sited so as to produce overlapping DNAs (Figure 6.3 B). Under these
conditions, products corresponding to either the ~3.5 kb halves (produced using internal
oligos) or genomic-length ANV DNA (GSP oligos only) were amplified from both the total
and packaged RNA populations (Figure 6.3 C). However, amplification of genomic-length

ANV cDNA was unsuccessful in reactions primed with the forward sense GSP_F2 and

O”gO(dT)zo.
A o B GSP_F2 Mid2_F
(A) % (B)
E 6 — —
'9 &U Mid1_R GSP_R2
(kb) 5

10

Total Packaged

Figure 6.3: Optimisation of genome-length PCR for the ANV genome. (A) RNA was
extracted from ANV infected CK cells (total) and PEG precipitated extracellular virions
(packaged), reverse transcribed using oligo(dT)20, and cDNA amplified by PCR using
primers targeting the 5’ and 3’ ends of the ANV genome. Genomic-length ANV cDNA was
only amplified from PEG precipitated virion-derived RNA. (B) Location and orientation of
GSPs used for PCR amplification are shown, with the regions amplified by each pair
illustrated in red below. (C) Reduction of the amount of first-strand cDNA synthesis
products to 4% of the final PCR reaction volume resulted in the amplification of cDNAs of
the expected size for both the 3.5 kb 5’ (1) and 3’ (2) halves of the ANV genome, as well
as the 6.9 kb genomic-length transcript (3), in both the total and packaged RNA
populations, that were all amplified using the primer sets in (B). No 6.9 kb ANV cDNA
was amplified in the genome-length PCR reactions primed with forward sense GSP and

oligo(dT)20 (4).
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cDNAs from these reactions were gel purified and extracted using the Monarch® DNA Gel
Extraction Kit (Section 2.2.9.4). Recovered DNA quanity was then assessed using a Qubit

Fluorometer (Invitrogen) (Table 6.1).

Qubit quantification results (ng/ul)
Sample 1 2 3 4 Average | Dilute to 0.2 ng/ul

ANV Total 5’ 15.1 15.1 14.9 14.8 14.98 1in73.9
ANV Total 3’ 18.0 18.0 18.0 18.0 18.0 1in 89

ANV Total 7kb 111 111 11.0 11.0 11.05 1in52.25
ANV Packaged 5’ 13.9 13.8 13.8 13.8 13.8 1in 68
ANV Packaged 3’ 25.6 25.5 25.1 24.9 25.23 1lin 125

ANV Packaged 7kb 12.9 12.9 12.8 12.8 12.85 1in 63.25

Water control - - - - - N/A

Table 6.1: Quantification of purified ANV DNAs for NGS. The concentrations of purified
DNAs for the packaged and total ANV genome populations were quantified using a Qubit
Fluorometer (Invitrogen). The individual dilution factors of each DNA required for the

optimal NGS concentration were calculated.

6.3 NGS and bioinformatics analysis of the packaged and total ANV
genome populations

6.3.1 Genome coverage and read depth in the sequenced ANV populations
Purified ANV DNAs (Figure 6.3 C) were processed to create libraries of fragments for
sequencing using the lllumina MiSeq (Section 2.2.10.1). Sequence data generated by the
MiSeqg was then analysed and processed as described in Section 2.2.10.2. Briefly, reads with
a Phred quality score > q38 were selected, equating to a probability of 1:10,000 for an
incorrect base call, i.e. 99.99% accuracy. Next, the first 5 and last 15 nts for each read > 70
nt in size were trimmed using Sickle to remove lower quality sequence at either end. These
trimmed reads were then assembled into contigs using the pANV cDNA clone as the
reference sequence. An Rscript, eleano.r (R. Enriques-Gasca, TGAC, Norwich) was then run
in order to output the ensemble of nts identified at each position along the genome, in

each of the assembled sequence datasets.
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Analysis of the eleano.r output for the contigs of packaged and total ANV populations
revealed that coverage of the genome spanned nts 25-6884 out of a potential 6927 nts,
with an average read depth of 4510.42 and 4522.52 for the packaged and total assemblies,
respectively (Figure 6.4). The patterns of read depth for both populations were very similar,
indicating the two datasets could be reliably compared. Further analysis was carried out for
positions with a read depth of > 2000 in order to reduce potential bias from under-

represented regions, particularly at the terminal regions.
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Figure 6.4: Read depth across the ANV genome from packaged and total RNA
populations. High quality sequences were selected from the NGS reads, and these were
then assembled into contigs for each RNA population (packaged or total). The eleano.r
script was used to output the ensemble of nucleotides at each genome position in each
contig, from which read depth at each position was then calculated. Read depth was
plotted and compared between the packaged (red) and total (black) populations. The
dashed line represents the 2000 read depth cut-off point, data above which was used for

further analysis.

6.3.2 Identification of putative PSs by comparison of packaged and total ANV
RNA populations

To identify conserved sequences within packaged ANV genomes that may correpsond to
putative PSs, analysis of the difference in the ensemble of nts at each genome position
between the packaged and total populations was attempted using entropy scores as done
for FMDV®. Shannon’s entropy was calculated to measure levels of variation at each nt
position in the genome (Section 2.2.10.3). Values for the packaged population were then
subtracted from those of the total population and positive values were plotted on a graph

(Figure 6.5 A). Positive values represent nucelotides which are more conserved in the
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packaged population than in the total population, thus identifying regions which may be
involved in genome encapsidation, and therefore contain putative PSs. Using this approach,
several peaks were identified across the ANV genome. However, there was a large
background noise of smaller peaks, rendering identification of the significant positions hard
to achieve. The low levels of variation present at each nt position in the assembled contigs
may mean that many of the entropy values are over represented, and thus are not all
meaningful. With very few mutations present at each genome position (average of 1.69
and 1.77 base variants per position for packaged and total datasets, respectively) relative
to the read depth (Figure 6.4), it becomes unclear whether these variations are derived
from ANV mutation or from artefacts (i.e. introduced by the RT, PCR or NGS steps). This low
level variation may also be a result of the ANV genetic material used for NGS, which was
derived from virus recovered from the reverse genetics system, and consequently,
genomes of ANV will have started as a uniform population. This, alongside the limited
number of passages (~9) between recovery and sequencing, means that only a limited
amount of genetic variation will have been introduced by the error-prone viral RdRp over

this time.

Therefore, to reduce noise from low frequency variation, and to produce a dataset with
reliable peaks for conservation analysis, the mutation rate at each genome position was
instead calculated (Section 2.2.10.4). This identifies positions with significant variation, and
minimises background from potential artefacts. The mutation rate, as a percentage, for
each genome position with > 2000 read depth in the packaged population was subtracted
from that of the total population, and positive values were plotted, which represent nts
with higher conservation in the packaged population (Figure 6.5 B). This analysis identified
6 positions, where the reference sequence (deemed wild type, wt) nt is favoured in
packaged genomes. These peaks were mostly consistent with those observed in the
entropy score difference, however the noise from low frequency variation was greatly
reduced. Analysis of each peak, numbered in the order of occurrence, shows that putative
PS1is the most conserved, with selection for the wt nt 5% more frequently in packaged
genomes than those in the total population. Putative PSs 2 and 6 show > 1% more
conservation of the wt nt in virions, whilst PSs 3, 4 and 5 show just 0.33, 0.73 and 0.57%

greater conservation, respectively.

Upon closer inspection, all three of the positions with > 1% mutation rate difference (nts

909, 3092 and 5672) showed evidence of genetic drift or positive selection, where there
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has been emergence of a second dominant nt at that position. For example, at genome
position 909, 18.56% and 23.99% of sequence reads contain the new nt species in the
packaged and total populations, respectively. This suggests that the wt nt at this position is
enriched in the packaged population, potentially indicating a role in genome encapsidation.
The mutant might have some selective advantage other than packaging in the viral

lifecycle, such as adaption to cell culture.
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Figure 6.5: Comparison of variation at each genome position between packaged and
total ANV populations. NGS reads for the populations of packaged and total ANV
genomes were processed and assembled into contigs, the eleano.r script was then run
on each contig to output the ensemble of nucleotides at each position along the
genome. (A) Entropy at each position was calculated and the values for the packaged
population were subtracted from that of the total population, and positive values
representing nts more conserved in the packaged genomes were then plotted. Due to
the low levels of variation at some of these sites, not all peaks may be meaningful. (B)
The mutation rate at each position was calculated as a percentage, values for the
packaged population were subtracted from those of the total population to give the
difference in mutation rate. Positive values representing positions that are favoured in
packaged genomes are plotted. This approach greatly reduced background noise from
low frequency variation when compared to the entropy calculations. The putative PSs

identified are labelled 1-6 in order of occurrence from 5’ to 3.

6.3.3 RNA secondary structure analysis of putative ANV PSs

To investigate the significance of the peaks identified by analysis of the mutation rate

difference (Figure 6.5 B), the RNA secondary structures of the three most significant sites

(PSs 1, 2, and 6), with > 1% more nt conservation in packaged genomes, were predicted

using RNAstructure®*. The ensemble of folds with negative free energy, and thus able to

form energetically stable structures, were compared between the identified positions (+

60 nt). This revealed a similar SL motif containing a 3" GCAA sequence, as well as

/-

pyrimidine-rich (predominantly uracil) bulges in the stem located 3-5 base-pairs from the

loop (Figure 6.6). PS6 does not have a full GCAA loop motif, as the last adenine ntis

predicted to form part of the stem structure (denoted by brackets). However, it is still

possible that the full GCAA motif in PS6 could be presented, as hydrogen bonds between

base-pairs will naturally dissociate and form, particularly in the weaker A-U and G-U

pairings. This could also be promoted by CP binding to the recognition motif.
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Figure 6.6: RNA secondary structure analysis of putative PSs with > 1% more nucleotide
conservation in the packaged genomes. RNAstructure was used to predict the
secondary structures of RNA at regions corresponding to the peaks of > 1% more nt
conservation in packaged genomes (circled in green). A common SL motif was identified,
each containing a 3’ GCAA sequence, as well as pyrimidine-rich bulges in close proximity
to the loop. For PS1 and 2, the conserved nt is located in the GCAA motif, whereas in PS6
the conserved nt is predicted to base-pair in close proximity to the loop motif, stabilising

its structure.

As a common SL motif was found located at each of the nt peaks with a difference of > 1%
in mutation rate, the remaining 3 peaks (PSs 3, 4 and 5) with < 1% difference were then
investigated to see if they also contained similar features. RNA structure analysis indicated

that the nts corresponding to these peaks are not present in a loop containing the
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identified GCAA motif, nor are they present in a stem of a neighbouring loop that does

(Figure 6.7). However, PS3 presented a 3’ CAC motif, and could potentially represent a

variant of the putative PS. Overall, this data indicates that a 1% difference in mutation rate

at a given nt between packaged and total populations may be the cut-off point between

representing a putative PS, and noise from low frequency variation in this dataset.
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Figure 6.7: RNA secondary structure analysis of putative PSs with < 1% more nucleotide

conservation in packaged genomes. RNAstructure was used to predict the secondary

structure of RNA at the remaining 3 regions corresponding to the peaks with < 1% more

nt conservation in packaged genomes (circled in green). The previously identified 3’

GCAA sequence motif was absent in each structure of PS4 and 5, suggesting these peaks

may not represent putative PSs. However, folding of PS3 reveals a CAC motif, similar to

the CAA motifs observed in PS1, 2 and 6.
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Next, to investigate if there were any other SLs in close proximity to the identified putative
PSs with similar features, RNAstructure was used to predict the RNA secondary structures
within a sequence +/- 60 nt surrounding each peak position (Figure 6.8-Figure 6.11). This
analysis shows that there may be additional putative PSs neighbouring the SLs identified by
NGS and bioinformatics. In particular, adjacent to PS1 is a stem-loop containing a 3" CGA
motif and a uracil-rich bulge in the stem 5 nt from the loop. This structure appears to share
the key features of PS1, and therefore may represent an additional putative PS of ANV
(Figure 6.8). A second SL neighbouring PS2 folds to present a similar loop sequence and
pyrimidine-rich bulge as the putative PS. However, this SL contains a 3’ GAAA sequence
rather than the GCAA motif (Figure 6.9). RNA folding further indicates that there are two
additional SLs with GCAA motifs, neighbouring PS3, even though the identified peak does
not itself form a GCAA SL motif consistent with those derived from regions of > 1% greater
conservation (Figure 6.10). Structural prediction of the sequence adjacent to PS6 shows yet
again the presence of a second SL, containing a 3’ CC(A) motif in close proximity to the
putative PS, sharing at least two nts with the GCAA motif. However, as in PS6, the last
adenine ribonucleotide of the motif is predicted to be involved in Watson-Crick base
pairing, rather than exposed in the loop region (Figure 6.11 A). The folding of a third SL on
the opposite side of PS6 is also predicted. However, a CAA motif is located at the 5’ of the
loop sequence, differing from the 3’ consensus. Upon closer inspection of this SL, a
sequence homologous to the loop sequences of PS1 and 6 is revealed, though it is
predicted to be buried by base-pairing in the structure shown here. When examining the
ensemble of higher free energy structures that this particular region can form, an 11 nt SL
motif containing a 3' GCCA is identified (Figure 6.11 B). Furthermore, folding of the
sequence surrounding PS4 and 5 did not reveal any SL structures with the putative 3° GCAA
motif, or variants thereof, consistent with these sites being artefacts of low sequence

variation and thus insignificant for encapsidation.

Taken together, it appears that there is at least one additional putative PS in the SLs
surrounding the peaks of conservation identified by NGS, with a similar recognition motif
(Table 6.2). The peaks with > 1% more conservation in packaged genomes all formed SLs
with 3" GCA(A) motifs. These may represent a higher affinity version of the variants found
in adjacent SLs (Table 6.2). The PSs of other studied viruses are found to contain

degenerate SL motifs varying around a consensus sequence and structure>* > 5878

, some
with higher affinity CP binding than others. Therefore, it is unsurprising that the putative
PSs identified here for ANV follow the same pattern.
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Figure 6.8: Prediction of neighbouring RNA structures surrounding putative PS1. The
sequence surrounding PS1 (+/- 60 nt) was folded using RNAstructure to identify any
predicted neighbouring structures that share the putative PS motif. A second SL 5’ to PS1
was identified, containing a 3' CGA loop motif and a pyrimidine-rich bulge 5 nt from the

loop. The putative ‘GCAA’ motif and its CGA variant are circled in red, and the conserved
nt is shown individually circled in green.
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Figure 6.9: Prediction of neighbouring RNA structures surrounding putative PS2. The

sequence surrounding PS2 (+/- 60 nt) was folded using RNAstructure to identify any

predicted neighbouring structures that share the putative PS motif. A second SL 3’ to PS2

was identified, containing a 3’ GAAA motif and a pyrimidine-rich bulge 3 nt from the

loop. The putative ‘GCAA’ motif and its GAAA variant are circled in red, and the

conserved nt is shown individually circled in green.
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Figure 6.10: Prediction of neighbouring RNA structures surrounding putative PS3. The
sequence surrounding PS3 (+/- 60 nt) was folded using RNAstructure to identify any
predicted neighbouring structures that share the putative PS motif. Two SLs adjacent to
PS3 were identified, both of which contain 3’ (G)CAA loop motifs, however, pyrimidine-
rich bulges in the stems are absent. The putative ‘GCAA’ motifs are circled in red, and the

conserved nt is shown individually circled in green.
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Figure 6.11: Prediction of neighbouring RNA structures surrounding putative PS6. (A)
The sequence surrounding PS6 (+/- 60 nt) was folded using RNAstructure to identify any
predicted neighbouring structures that share the putative PS motif. A second SL 5’ to PS6
was identified, however, the last base of the 3" CC(A) loop motif was base-paired in the
stem structure, akin to PS6 itself. A third SL is predicted to form in 3’ to PS6, however,
this does not contain the putative ‘GCAA’ motif. (B) Upon refolding of this region, an
alternate SL is predicted to form, containing a 3’ GCCA motif that was previously buried
in the stem of the structure shown in (A). The putative ‘GCAA’ motifs are circled in red,

and the conserved nt is shown individually circled in green.
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Putative PS Location of neighbouring SL Motif
- CUUUGCAA
PS1 5 GAGUCGA
3 UUCGUGCU
- GGAACAACUGGCAA
PS2 5 UUCG
3 ACCUGAAA
- AUCAC
PS3 5 GCUAUGGCAA
3 (G)CAA
- UUUUGGCA(A)
PS6 5 UUAUCC(A)
3 CCAAUUUGCCA

Table 6.2: Sequence motifs of the putative PSs and neighbouring SLs.

6.4 In vitro validation of identified PSs

6.4.1 Design and construction of PS1 mutants

To assess the importance of the NGS-identified SLs in viral genome encapsidation,
functional knock-out of the RNA structure was performed. This has previously been
achieved by designing constructs with synonymous mutations to disrupt the sequence and
structure of putative PSs, whilst encoding the wt amino acids. As it was not possible to
synonymously disrupt the GCAA sequence motif of PS1, this wt PS was instead ablated by
engineering in more energetically favourable alternative RNA structures with a lower free
energy than that of the wt SL (Figure 6.12 and Figure 6.13). The identified neighbouring
stem-loop, containing a 3’ CGA motif (Figure 6.8), was also simultaneously mutated, thus
disrupting two potential putative PSs in this region of the genome. Disruption of multiple
PSs is more likely to produce an effect on packaging efficiency due to the cooperative
nature of multiple SL structures working synergistically. The designed structures
incorporate the putative PS-motif, wholly or in part, into a tightly base-paired conformation

to prevent the formation of the wt 36 nucleotide SL. The ensemble of alternative structures
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for each mutant, with minimum free energies of up to 100% suboptimality, were also

investigated to check that the putative PS loop motifs were not readily formed, confirming

that each mutant had indeed knocked-down the identified PS.

wt

M1

M2

M3

wt

M1

M2

M3

Figure 6.12: Alignment of designed PS1 mutant sequences against that of wt ANV.

GGTATGCTGCGTGATGTTTTTACAGTCGATGAGATTGTTACTGCTAC

GGgATGCTcCGgGATGTaTTc \TGAGATcGTTACgGCTAC

GGTATGCTGaGaGATGTcTTTciGecGTaGACGAGATCcGTTACTGCgAC

GGTATGCTaCGTGACGTTTTTcGCGTtGACGAGATTGTcACCGCgAC

* Kk kK kk kK * kk kk kK * kk kk kkkkk kk kk kk Kkx

AAGGACTGTTGTTCGCTTTGCAATGGACTTCAGTCTTGCATACCCA

ccGtACcGTTGTTCGtTTcGCAATGGALTTCAGCCTgGCgTALCCe

ccGCcACTGTTGTgCG GGACTTCtcTCTTGCATACCCA

tcGtACcGTTGTcaG GGACTTCAGTCTcGcgTACCCC

* kkx  kkkkx * kk kK kkkkx kkko. *x kK kK Kkx

47

47

47

47

93

93

93

93

Synthetic DNA sequences for three mutants were designed to synonymously disrupt the

sequence and structure of putative PS1 and a neighbouring SLin pANV. The alignment of

the mutant PS1 sequences (mutations in lower case) with the wt sequence are shown,

highlighting the locations of the PS1 loop motif (red border) and neighbouring SL loop

motif (blue border).
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PS1-M2 PS1-M3

Figure 6.13: Predicted structures of the wt and mutant PS1 RNAs. The minimum free
energy structures of the wt and three designed mutant PS1 sequences were predicted
using Mfold. These structures are shown with the loop sequences of the putative wt PS1
and neighbouring SL highlighted in blue. The free energies for each structure are -26.50, -

41.00, -43.13 and -29.54 kcal/mol for the wt, M1, M2 and M3 mutants, respectively.
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6.4.2 Cloning of ANV PS1 mutants

DNA corresponding to each of the mutant sequences (Figure 6.12) was synthesised
(GeneArt) and cloned into the pANV reverse genetics construct as a precursor to rescuing
PS1 mutant ANV (Figure 6.14 A). The wt PS1 sequence was removed from pANV by
restriction digestion of flanking unique EcoRIl and BstZ17I sites. Nhel was additionally
included in the digestion to split the pANV backbone into two sizes that could be
distinguished from intact or partially digested parental plasmid. Synthetic PS1 mutant
sequences were released from host plasmid backbones by EcoRl and BstZ17I digest,
producing DNA fragments of wt length with complimentary ends for ligation into the
digested pANV backbone. All digestion products were subjected to gel purification and size
selection to ensure the use of correctly digested fragments for ligation, to incorporate
mutant PS1 sequence into pANV (Figure 6.14 B). Using this approach, three ANV PS1
variant plasmid constructs (pANV-M1, pANV-M2 and pANV-M3) were constructed.

To verify the replacement of wt PS1 sequence in these constructs, the resulting plasmids
were subjected to PCR using primers that targeted sequence specifically to each mutant
variant (Table 2.4). These diagnostic PCRs produced products of the expected sizes from
pANV-M1, -M2 and -M3, indicating the replacement of the wt PS1 sequence with mutant
PS1 (Figure 6.15 A). In agreement with this, no PCR products were produced in reactions
containing primers specific to the wt PS1 sequence (Figure 6.15 B), confirming the absence
of both the wt PS1 sequence and of parental pANV. Correct assembly of the PS1 mutant
sequences into the pANV backbone was further validated by restriction digest using EcoRl,
BstZ171 and Nhel, which produced the expected pattern of DNA fragments (707, 4144 and
5039 nt), indicating the correct assembly of each PS1 mutant pANV construct (Figure 6.15
C). To verify the presence of the correct mutations in each PS1 mutant pANV (pANV-M1, -
M2 and -M3) and the absence of other mutations, the entire genome of ANV within these
constructs was sequenced. Each mutant PS1 region contained the expected sequence, with
the in-frame synonymous mutations as designed. No other mutations were identified in the

remainder of the genome for each construct (Appendix 1).
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(A)

EcoRI BstZ171

Synthetic PS1
Mutant DNAs

T4 ligation

(B)

Figure 6.14: Restriction digestion of pANV and synthetic PS1 mutant sequences to
isolate DNA fragments for cloning. (A) pANV and synthetic PS1 mutant DNAs were
subjected to restriction digestion with EcoRl and BstZ17I in order to remove wt PS1 from
the plasmid construct (represented by a SL) and to create complimentary overhangs for
T4 ligation reactions, respectively. pANV was additionally digested with Nhel to allow
size selection of desired DNA fragments via electrophoresis, thus separating any partially
digested or intact pANV DNA. Assembly of the DNAs containing mutant PS1 sequence
(green) into the fragmented pANV backbone was completed using T4 ligase (Section
2.2.1.10), to produce pANV-M1, pANV-M2 and pANV-M3. (B) pANV and plasmids
containing the synthetic mutant PS1 sequences were digested as outlined in (A), to
remove the wt PS1 sequence and to isolate mutant DNA for cloning into the pANV
construct (707 nt). This produced pANV DNA fragments distinguishable from the ~9.9 kb
parental plasmid (4144 and 5039 nt) so that extracted DNAs for cloning would not
contain wt PS1 sequence. DNAs for cloning of pANV-M1, pANV-M2 and pANV-M3 were

excised from the gel (circled).
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Figure 6.15: Validation of pANV PS1 mutant assemblies. Mutant PS1 DNAs were
assembled into pANV to replace the wt PS1 sequence. Recovered plasmids were
screened for both (A) the mutant insert and (B) wt PS1 DNA, using PCR primers
specifically targeting each sequence. DNA corresponding to the PS1 mutant sequences
were amplified for each mutant construct (93 nt), confirming presence of the correct
insert. In contrast, primers recognising the wt PS1 sequence only amplified DNA from the
parental pANV and not from the PS1 mutant constructs, confirming the region
encompassing wt PS1 had been replaced in these plasmids. (C) Restriction digestion
analysis of the pANV PS1 mutants with PCR-confirmed inserts. Digestion with EcoRl,
BstZ171 and Nhel resulted in the expected pattern of DNA fragments (707, 4144 and

5039 nt), consistent with correctly assembled constructs for each pANV PS1 variant.

6.4.3 Recovery of PS1 mutant ANV in BSRT7 cells

To recover PS1 mutant ANV, BSRT7 cells were transfected with one of the three PS1 variant
pANV clones or with wt pANV as a positive control. Cells and media were harvested at 72
hours post-transfection for RNA extraction. These purified RNAs were subject to RT-PCR as
described previously (Section 5.3.1), to confirm the transcription of PS1 mutant ANV RNA.
RT-PCR demonstrated the production of RNA from all three PS1 mutant ANV constructs and
the wt parental pANV. Products were specifically generated from RNA as no DNA was

detected in the PCR-only controls for any transfection (Figure 6.16).

151



pANV-wt pANV-M1 pANV-M2 pANV-M3

> > > >

o c o c o c o c

o o o o o o o o

a- o o o o o o o

— o — o — o — o

o a o a o a o a
(kb)
3
1

Figure 6.16: ANV genomic RNA is transcribed from PS1 mutant pANV constructs in
BSRT7 cells. BSRT7 cells were transfected with wt parental or PS1 mutant pANV
constructs. Cell pellets were harvested 72 hours post-transfection, from which total
cellular RNA was extracted. Purified RNA was subjected to RT-PCR or PCR (without RT) to
specifically confirm the presence of ANV RNA. ANV ORF1b RNA (2.2 kb) was detected in
PANV, pANV-M1, pANV-M2 and pANV-M3 transfected BSRT7 cells by RT-PCR, whilst no

DNA was detected by PCR alone, confirming transcription of RNA from all of the

constructs.

6.4.4 AQuantification of wt and PS1 mutant ANV titre

Following successful transcription of ANV RNA from each mutant PS1 construct, the
production of infectious ANV was assessed. As described for the recovery of wt ANV
(Section 5.3.2), naive CK cells were inoculated with the intracellular lysate of BSRT7 cells
transfected with either the wt or PS1 mutant pANV variants. At 72 hpi, comparable levels
of CPE were present in all CK cells inoculated with either pANV or the mutant PS1 variants,
indicating that ANV had been recovered, and that the synonymous mutations introduced to
disrupt the structure of PS1 had not abolished viral replication. Extracellular media from

these infected CK cells was harvested and stored to create stock inoculums for each of the

ANV PS1 variants for subsequent study.

To begin quantifying any effects of PS1 mutation on ANV, assays were performed to
determine the TCIDso of each PS1 variant to quantify the titre of the recovered viruses
(Section 2.2.7.2). Extracellular virus produced by infected CK cells reached titres of 4.2-7.5 x
10° TCIDso/ml by 96 hpi (Figure 6.17 A), indicating that production of infectious virus was
not abolished by the mutations introduced to PS1 in pANV-M1, -M2 and -M3. In addition,

copy numbers of RNase-resistant ANV genomes in the extracellular media stock inoculums
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were determined using qPCR, following the previously described method with the addition
of 0.5% IGEPAL CA-630 to RNase digestions to expose any unencapsidated ANV RNA in
membrane vesicles that may otherwise be shielded from RNase digestion (Section 2.2.1.1).
Using this approach, only encapsidated genomes released from infected cells as virus
particles will be measured. Quantification of ANV genome using this method showed that
comparable levels of RNase-resistant ANV RNA are present for the wt and each PS1
mutant, ranging from 9.16 x 10° — 1.16 x 10’ genome copies/ml (Figure 6.17 B). This data is
consistent with results of the TCIDsg assay, and taken together, suggest that mutation of

the putative PS1 structure in ANV has not had a significantly negative effect on replication

of the virus.
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Figure 6.17: Titres of recovered wt and PS1 mutant ANV. (A) CK cells were inoculated
with 10-fold serial dilutions of wt or mutant PS1 ANV in replicate, and occurrence of CPE
was reported per well for each dilution after 96 hpi. Infectious titre was then calculated
for each variant using the Spearman-Karber method. (B) Stock inoculums of wt ANV and
the PS1 variants, derived from extracellular media of infected CK cells, were RNase- and
IGEPAL CA-630-treated in order to remove any membrane-bound and unpackaged RNA.
RNA corresponding to the remaining putatively packaged genomes of ANV were purified
and the absolute genome copies/ml quantified by RT-gPCR. The average titre from four

biological replicates is shown with the standard deviation of technical replicates.

6.4.5 Effect of PS1 mutation on viral growth
As the titre of the recovered ANV PS1 mutants showed no significant difference to wt ANV,
the growth kinetics of each ANV PS1 variant were examined to assess if these mutations

had a more subtle effect on viral replication. CK cells were infected in duplicate at two
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different effective MOls of ~0.2 and ~0.02 genome copies/cell (1:5 and 1:50 cells infected,
respectively), calculated from the titres of RNase-resistant ANV RNA in each stock inoculum
(Figure 6.17 B). Different MOls were used so that the number of viral replication cycles
would vary between the growth assays, this could help magnify any subtle differences in
growth between the PS1 mutant and wt viruses. Aliquots of extracellular media from
infected CK cells were harvested at 24-hour intervals and IGEPAL CA-630- and RNase-
treated before extraction of RNA, then genome copies/ml were determined for each time
point by RT-qPCR. Data for ANV recovered from the pANV-M2 construct was excluded as
bacterial contamination of CK cells was seen after infection with ANV-M2 stock inoculums.
Growth curves were produced from the genome copy number data for each PS1 variant
ANV at different time points, with different input MOls, to assess how production of ANV

virions were affected by the mutations.

At both MOls tested, the PS1 mutant ANV-M1 grew at a rate and titre nearly identical to
the wt ANV in CK cells (Figure 6.18 A and B). In comparison, the ANV-M3 PS1 mutant
showed consistently lower virion production at 24 and 48 hpi, with up to a 2.8-fold
reduction in released genome copies/ml compared to wt ANV infection, suggesting that the
PS1 mutation in ANV-M3 may impair efficient genome packaging. Interestingly, by 72 hpi
ANV-M3 achieves similar levels of extracellular virus to that of wt ANV. (Figure 6.18 A and
B). The deficiency in ANV-M3 virion production was more pronounced at earlier stages of
infection at the lower MOI (0.02), and overall genome copy numbers produced at 48 and
72 hpi by all viruses were up to 10-fold greater when assayed at the lower MOI (0.02)
compared to the higher MOI (0.2) (Figure 6.18 A and B). Collectively, these observations
suggest that infection with lower viral loads are more effective in measuring the subtle
differences produced by mutation of a single PS, and that the ANV mutants assayed this
way indicate that the PS1 region encompasses a sequence/structural motif involved in

genome encapsidation.
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Figure 6.18: Delayed production of extracellular virions by PS1 mutant ANV infected CK
cells. CK cells were infected in duplicate with either wt ANV, or PS1 mutants ANV-M1 or
ANV-M3. Inoculum containing roughly equal levels of RNase-resistant ANV genome were
used for each PS1 variant in two separate dilutions, to give effective MOls of 0.2 and
0.02 genomes/cell. Aliquots of extracellular media were taken at 24-hour intervals and
treated with IGEPAL CA-630 and RNase A before purification of remaining protected
RNA, representing extracellular ANV virions. Genome copies/ml were determined by RT-
gPCR targeting sequence within the ANV ORF1a to estimate the production of
extracellular virions by each PS1 variant at each time point. Data from duplicate
experiments was combined for cells inoculated at MOI 0.2 (A) and 0.02 (B), showing the

average genome copies/ml and standard deviation between the six technical replicates.
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As the growth kinetics of ANV-M1 were indistinguishable from wt, and those of ANV-M3
were delayed with respect to wt, the PS1 region of each virus was sequenced to check for
reversion to wt sequence. Sequencing of RT-PCR products from viruses harvested at 48 hpi
revealed that the PS1 sequences were identical to the expected sequences for wt, ANV-M1

and -M3, respectively, with no mutations identified in this region (Appendix 2).

To explore alternate explanations for the observed growth differences, the presence of any
neighbouring putative PSs that may have been disrupted by the mutant sequences (Figure
6.12) were investigated. The sequence encompassing the mutated regions (Figure 6.12)
(+/- 30 nt) was folded using Mfold, with the maximum distance between base pairs
constrained to 35 so as to investigate stable local secondary structures. The minimum free
energy structures revealed no additional 3’ GCAA SL motifs, or variants thereof, in neither
the mutant nor wt sequences adjacent to the mutated region. However, folding of a SL
encompassing a 3’ CAG motif was predicted for the ANV-M1 mutant (Figure 6.19). The SL
was positioned at the location of the disrupted PS1 and exhibited motif sequence similarity
to the identified ANV PSs. Therefore, presentation of this SL could have been adequate to
replace any loss in packaging function by PS1 ablation, potentially explaining why the
growth kinetics of this mutant were indistinguishable from wt. ANV-M3 does not form any
subsidiary SLs with putative PS features, further supporting this hypothesis and providing

an explanation for the difference in growth to both wt ANV and ANV-ML1.
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Figure 6.19: Analysis of local RNA structures surrounding mutated PS1. The sequence
encompassing the mutant PS1 sequences (Figure 6.12) as well as the surrounding +/- 30
nts, were folded using Mfold. The maximum distance between base pairs was
constrained to 35 in order to examine stable local secondary structures. The minimum
free energy structures for (A) wt, (B) M1 and (C) M3 sequences reveal that a subsidiary SL
containing a 3’ CAG motif is present in the M1 sequence, located in the same position as
the disrupted PS1 SL. The location and sequence similarity to the putative GCAA motif
could indicate that this SL may act as a subsidiary PS, consistent with the growth kinetics
results (Figure 6.18). Mutations introduced into the PS1 sequence are represented in
lower case, and the peak nt identified by NGS is circled in green. Putative 3’ PS motifs are

indicated in red.

6.4.6 Genome-wide search for putative PSs with GCAA loop motif sequence
Mutagenesis experiments suggest that variations of the consensus GCAA motif could be
functional. Therefore, the genome of ANV was searched for alternate SLs with the putative
GCA(A)/CA(A) PS motif. A sliding-widow approach was used to fold 40 nt long frames of
sequence across the genome of ANV from 5’ to 3’, sliding by 1 nt each frame and sampling
1000 folds at each position. The ensemble of SLs with a 3' CA(A) sequence motif, and the
frequency in which they occurred was given (indicating relative stability in solution)
(Appendix 3). The SLs were ranked by frequency; those in the upper 25% quartile as strong,
those in the 50-75% quartile as medium, 25-50% as weak, and 0-25% as very weak (Figure
6.20). Results show the presence of 23 strongly folding SLs that exhibit a 3’ CAA motif, 7 of
these contained the GCAA sequence, and one of which corresponds to PS1 identified by
NGS. This indicates that multiple other putative PSs may be present across the genome in

ANV.
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The genomic sequences encoding CP residues involved in PS binding for both STNV and
HPeV1 are also found to contain PSs themselves’® 3%, This suggests that this tight genetic
embedding of PS assembly instructions and genetic code may be a characteristic of PS-
mediated assembly. Therefore, as previous work identified the residues of the ANV CP
predicted to interact with an RNA SL ligand (Figure 3.6), the genomic sequence at these
regions was examined to establish any overlaps with the CAA loops identified here (Figure
6.20). Residues N65, T67 and K69 were found to be encoded by sequence that can fold into
a SL with a 3" CAA motif sequence (genome position 4764). This demonstrates that ANV,
similarly to STNV and HPeV1, may maintain a dual function within the peptide-encoding

sequence involved in CP-PS binding.
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Figure 6.20: Distribution of SLs with a loop sequence containing the 3’ GCAA/CAA
motif. The genome of ANV was searched for SLs exhibiting a 3° GCAA/CAA loop motif
sequence using a sliding-widow approach. 40 nt regions of sequence were folded across
the genome, sliding by 1 nt each frame from 5’ to 3’ and sampling 1000 folds at each
position. The frequency of occurrence for each SL with a 3' CAA sequence was given
(indicating relative stability in solution). The SLs were then ranked by frequency; those in
the upper 25% quartile as strong (green), those in the 50-75% quartile as medium
(orange), 25-50% as weak (red), and 0-25% as very weak (blue). SLs with a GCAA loop
motif sequence are marked with an asterisk, and putative PSs identified by NGS (Figure
6.5) are indicated with boxes. Additionally, the 3’ CAA SL located at sequence encoding

CP residues predicted to bind RNA (Figure 3.6) is indicated by an arrow.
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6.5 Summary

6.5.1 Using a NGS approach to Identify putative PSs in ANV

The work described here reports the isolation of packaged and total genome populations of
ANV, and the successful development of an RT-PCR protocol to synthesise and amplify
genomic-length ANV transcripts (Figure 6.3 C). NGS of the two ANV populations resulted in
a high level of read depth, which allowed for differences in entropy and mutation rate to be
calculated at each genome position and compared between populations. However, the low
frequency of variation at each genome position in the assembled contigs prevented reliable
analysis using an entropy-based approach. Sites of nt variation could not be distinguished
between viral mutations or artefacts that may have been introduced during RT, PCR or NGS
steps, resulting in ‘peaks’ that may not all be meaningful (Figure 6.5 A), in contrast to the
previous analysis of NGS results for FMDV quasispecies®®. Therefore, positions showing
genetic drift, and thus significant variation, were instead analysed, resulting in
identification of 3 nts that were selected for > 1% more frequently in the genomes of ANV
virions compared to intracellular ANV. These indicate the locations of putative PSs (Figure
6.5 B). Investigation of RNA sequence and structure at these sites revealed a common 3’
GCAA motif (Figure 6.6). Further analysis of the sequences surrounding the putative PSs
revealed several additional SLs with a similar motif (Figure 6.8, Figure 6.9, and Figure 6.11),

supporting that this may be a putative PS motif of ANV.

6.5.2 Invitro validation of putative PS1 in ANV

To validate the function of the identified PSs, mutations were introduced into the pANV
reverse genetics construct (Figure 6.12 and Figure 6.14 A), and recovery of PS1 mutant ANV
was attempted (Figure 6.16). These mutations targeted the SL containing the most
conserved nt identified in the packaged genomes when compared to the total population
(selected for over 5% more frequently), corresponding to PS1 at genome position 904-911.
Synonymous mutations were introduced in order to disrupt the predicted SL structure,
whilst maintaining the encoded wt peptides. As it was not possible to completely abolish
the wt GCAA loop motif synonymously, mutations were designed to disrupt the SL and
create a more energetically stable RNA structure that would outcompete the wt SL (Figure
6.13), similarly to approaches used for HpeV1, HCV and FMDV previously®® 7%, Recovery
of mutant PS1 viruses indicated that this wt SL is not crucial for viral replication (Figure
6.17). However, upon closer inspection of viral growth, it appears that disruption of PS1 in

ANV appears to reduce the rate at which encapsidated viral genomes are released from
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infected CK cells (Figure 6.18). This reduction in growth is only observed for one of the two
mutant PS1 ANV variants (ANV-M3) during the earlier stages of infection (24 and 48 hpi), as
titres matching that of the wt are observed after 72 hpi. Knock-out, or significant reduction
of genome encapsidation in PS1 mutant ANV was not expected here, as PSs are thought to
act cooperatively, with multiple SLs (up to 60) across the genome acting together to direct
encapsidation of viral RNA>* %284 Therefore, mutation of one, or very few PSs in the
genome may have little to no observable effect on viral titre, as has been observed for

other viruses previously>® 78,

If sequence or structural changes introduced into the genome are detrimental to the
production of ANV virions, then mutations to recover or replace the necessary functional
elements would be selected over time. Although no reversions were identified upon
sequencing the mutated regions within mutant PS1 viruses (Appendix 2), the presence of
compensatory mutations at alternate sites in the genome to recover a wt-like function
cannot be ruled out. However, the number of replication cycles that the viruses underwent
following recovery of clonal genomic material from the cDNA constructs were limited (3
serial passages), and thus may not have given enough opportunity for substantial genetic

variation to occur (that non-NGS techniques could identify).

Alternatively, there is a possibility that the putative PS1 identified here (Figure 6.6) might
not be a PS of ANV. The cytosine nt in PS1 found to be > 5% more conserved in ANV virions
than total cellular viral RNA may in fact be involved in an alternate SL structure, such as the
stem of a neighbouring PS. This hypothesis would be consistent with the difference in viral
growth kinetics between the ANV-M1 and -M3 PS1 variants, as the sequences designed to
synonymously mutate the identified SL were different between them, thus these regions
will form different ensembles of RNA structures. As a result, one potential fold may include
that of an ‘actual’ wt PS in the case of ANV-M1, but not for ANV-M3, potentially explaining
the difference in virion production between them. However, a more likely explanation is

that the wt PS was not completely ablated in the ANV-M1 mutant.

Moreover, prediction of local secondary structures in the PS1 mutant sequences revealed
folding of an alternate SL motif in the ANV-M1 sequence that closely resembles that of the
putative wt PS, which was also located at the same position of the genome (Figure 6.19).
This structure may act as a substitute for the disrupted PS1 SL and thus regain packaging
function, which would explain why growth of ANV-M1 was indistinguishable from that of
wt ANV, and why ANV-M3 was reduced in comparison. Even if the folding of this SL would
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be energetically unfavourable in the context of the entire mutant sequence (Figure 6.13),
the difference may be offset by the PS-CP binding free energy, as seen for STNV and MS23%

>3 therefore allowing PS-CP binding to occur and virus assembly to continue as normal.

As multiple PSs act cooperatively to facilitate genome encapsidation, the genome of ANV
was folded to identify additional SLs with motif sequence similarity to the identified GCAA
PS motif sequence (Table 6.2). This revealed a number of additional sites across the
genome that could fold into stable SL structures, with either a 3° CAA or GCAA sequence,
and could represent additional putative PSs (Figure 6.20). Many of the stable SLs identified
in ANV are seen to cluster around the start, and middle, of the capsid gene (nts 4571-6622).
An apparent hallmark trait of viruses which use PS-mediated assembly is the location of PSs
at the region encoding the PS-binding site of the CP’® 3%, This appears to be an
evolutionarily conserved mechanism for maintaining PS-CP binding, and thus efficient virus
assembly, as mutation of the PS encoding the recognition site would result in CP unable to
recognise any of the PSs throughout the genome. Therefore, the sequence and structure at
this location needs to be maintained, and is likely to be conserved across strain variants’®.
This may hold true for the Astroviridae also, as indicated by data for ANV here (Figure 3.6
and Figure 6.20).

Together, these results indicate that a NGS and bioinformatics approach has identified
putative PSs encoded within the genome of ANV, which fold into SLs presenting a motif

varying around a 3’ GCAA sequence.
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Chapter 7

7 Discussion

7.1 Significance of astrovirus encapsidation research

The Avastroviruses are a largely unstudied viral genus, with most of what is known
regarding their lifecycle derived from studies on the classical human astrovirus strains*..
Avastroviruses infect a broad range of avian species worldwide and are found abundantly
in both domesticated and wild bird populations® 1’78 The emergence of Avastrovirus
strains linked to higher clinical pathology and increased mortality highlights the need for
additional research to inform prevention and control strategies'®® ¢ 1%’ One such area of
research is the mechanism of AstV genome encapsidation and virion assembly. Packaging
of viral genome into its cognate CP to form new infectious virions is a critical step in the
viral lifecycle. Recent advances in this field have shown that many distinct +ssRNA viruses
utilise a PS-mediated assembly mechanism, which appears to be conserved between strain
variants®> 8 59.62.65.80 This may therefore be an attractive target for antiviral therapy,
particularly in viruses with vast antigenic diversity between strains, like astroviruses, that
limits the efficacy of vaccination. In this work, the genome encapsidation strategy of ANV
was explored. As recombinant ANV CP could not be manipulated to form VLPs for SELEX
analysis (Section 4.4), a NGS approach using reverse genetics recovered ANV was used to
detect conservation within encapsidated RNAs relative to the total viral RNA, identifying 3
genome positions with preference for specific nts in the encapsidated RNA population. A
consensus 3’ GCAA loop motif was identified at these positions, characteristic of putative
PSs (Section 6.3). A further 18 SLs with the 3" GCAA motif were then identified in the ANV

genome by bioinformatics, with 7 of them forming stable structures, that could act as PSs.

7.2 PS-mediated encapsidation, risk vs reward

Use of a PS-mediated assembly mechanism places significant constraint on the viral
genome. Maintaining multiple® SLs with a particular structure and motif throughout the
RNA for packaging constrains the coding potential of the viral genome at specific sites,
which in turn may limit the ability of the virus to evolve in response to selective pressures.
Additionally, if PSs were mutated, compensatory mutations would be required to repair or
replace the disrupted PSs3#2. These mutations would also have to be synonymous,
depending on location, to maintain correct protein functionality. Therefore, the benefits of

PS-mediated genome encapsidation to a virus must outweigh the costs in order for this
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mechanism to be preserved over time. For example, the cooperative nature of multiple PSs
throughout the genome acting together to facilitate virion formation provides a means for
CP to select for the viral genome during virion assembly and prevent encapsidation of
cellular RNA, the viral antigenome, or sub-genomic or degraded RNAs. Exclusion of cellular
RNAs and incorrect viral RNAs may occur due to the lack of sufficient correctly positioned
PSs in these RNAs, which initiate assembly nucleation and recruit all of the CP required to
successfully complete the assembly pathway. Specific PS-CP interactions also help virion
formation, avoiding a Levinthal’s paradox effect (as seen in polypeptide-folding) (Section
1.2.3) by providing an ordered pathway for CP assembly around the genome, with the viral
RNA acting as the template*’. This programming of assembly helps prevent formation of
kinetically trapped intermediates that cannot complete assembly, which might be formed
by non-specific CP recruitment*. PS-mediated assembly also provides a solution to low CP
and RNA concentrations within cells, allowing efficient assembly of CP onto the genome in
a rapid and controlled manner®, rather than leaving interactions to chance and risking
detection of exposed viral RNA and improperly formed capsids by host defence

mechanisms3*3.

7.3 Conservation of PS-CP interactions in the Astroviridae

As reported previously, and observed during in silico modelling of AstV CP here (Section
3.2.2.3), the capsid core domains of the HAstVs share a high structural homology to one
another, and to HEV*®*, The predicted structure of the ANV core region appears to be no
exception, showing very high levels of similarity to the known HAstV crystal structures,
which could be expected as the HAstV CP was selected as a structural template for
modelling based on sequence homology to ANV. Interestingly, when these structures were
searched for putative ligand binding sites via homology-driven substructure and sequence
profile comparisons, a predicted CP-RNA interaction was identified (Section 3.2.4). The
basis for this interaction was derived from the crystal structure of PMV, a plant virus,
where ~17 nt RNA SLs from the viral genome were detected in close proximity to the 5-fold
vertices of the capsid within virions®*, consistent with these SLs being PSs3® %8 The RNA-
interacting interface of the PMV CP shares remarkable structural homology to the regions
of astrovirus and HEV capsid core domains present at the interior of their capsids (Figure
3.7 and Figure 3.3). Taken together, the structural homology, alongside the identification of
putative PSs within ANV (Chapter 6), suggest that both astroviruses and HEV may utilise a
PS-mediated mechanism for genome encapsidation, consistent with data showing that

specific RNA structures within the HEV genome have affinity for the viral CP3*,
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The identification of structural homology between the CPs of AstVs, HEV and PMV may
suggest that their CPs have diverged from a common ancestor???, or that they may have all
converged on a structure to achieve a common function®®, i.e. PS-mediated assembly, for
which only a limited number of CP structures may be suitable. Both of these evolutionary
routes present interesting hypotheses. If these structures have diverged then there is a
possibility that the PSs between these distinct viruses may share some degree of homology,
such as the SL structure, motif sequence, or spacing throughout the genome. However, if
convergent evolution has occurred then it would indicate that there are only a limited
number of CP structures capable of effectively facilitating PS-mediated assembly to form

icosahedrally symmetrical capsid shells.

Studies on PS-mediated encapsidation have repeatedly shown that residues involved in the
PS-CP interface, and the PS recognition motifs themselves, are broadly conserved across
strain variants within a viral family>>>% %78 Therefore, it is also likely that PS-CP
interactions across the Astroviridae could share similarity at a molecular level. Recent work
has indirectly demonstrated that PSs may be conserved between HAstVs, as a chimeric
HAstV-1 ORFla/b and HAstV-8 ORF2 virus could be packaged by the HAstV-8 CP to produce
infectious virions at comparable titres to the parental strains®*°. This data indicates that the
genome of one HAstV subtype can be encapsidated by the CP of another distinct serotype,
implying the mechanism and its determinants/characteristics of RNA-CP assembly are
shared between strains. Additional support for a genus-wide conserved packaging
mechanism comes from the identification of novel recombinant HAstV isolates derived
from clinical samples, where there are numerous examples of natural ORFla/b-ORF2
junction recombination events between strains®® 190.346.347 Recombination at the ORF2
junction is also prevalent in other MAstVs and in AAstVs, with additional evidence of inter-

96, 103-111

species recombination , suggesting that the mechanics of genome encapsidation

may be broadly conserved across the Astroviridae.

7.4 Co-transcriptional genome encapsidation

There is growing evidence in many viruses that packaging of viral RNA by PS-CP interactions
occurs alongside genome synthesis in a co-transcriptional manner. In this scenario, local
RNA secondary structures that are recognised by CP are only present in the nascent
transcripts as they are synthesised by the polymerase, and are absent in full-length RNAs®”
%9 This mechanism has been demonstrated for HPeV1, where addition of full-length viral

RNA to assembly-competent CP was insufficient to promote virus particle formation’®. Data
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generated here for ANV may also suggest that the Astroviridae encapsidate their genomes
in a co-transcriptional manner, as addition of full-length genomic RNA to recombinant CP
produced in E. coli did not promote virus particle formation (Section 4.4.4). Alternatively,
addition of viral RNA to fixed concentration of ANV CP might have induced assembly.
However, without a protein ramp similar to in vivo environments, CP may have bound to
PSs in a disordered way and produced high levels of kinetically trapped assembly

complexes instead of correctly formed ANV virions**.

The ensemble of RNA structures formed by a genome could explain why only nascent
genomes may be competent for packaging. For example, the structure of the viral RNA may
transition between several conformational states during the lifecycle to switch between
serving as a template for translation, replication, and for packaging. The mechanisms that
control these switches are not yet fully understood and will help to further elucidate the
molecular biology of a wide range of +ssRNA viruses. Global structures formed by non-
encapsidated viral RNA could be expected to present structures very different to those
enclosed within virions®” %9, such as those for promoting replication and translation, e.g.
ribosomal binding sites. This would mean that short-range stem-loops, such as PSs, may not
be presented as they would be energetically unfavourable in the context of the complete
genome. This is where co-transcriptional encapsidation may provide a solution to the
problem, as when nascent genome is produced from the polymerase, close-range local RNA
structures will be energetically favourable in the ensemble of folds formed by the short,
incomplete transcripts. These PSs may then be captured and preserved by CP as it
assembles onto the RNA. This would allow sequential formation of subsequent local RNA
structures, potentially more PSs, along the genome as it is transcribed and packaged. This
mechanism could also act as a regulatory switch between replication and virion assembly,
as when CP concentrations are low or absent, nascent genomes would be continually
produced and provide more template RNA for translation. Once sufficient quantities of
subgenomic and genomic RNA are present and CP is being translated, CP will then bind to
nascent genomes as they are synthesised and promote virus assembly, whilst

simultaneously preventing production of excess free RNA.

If viruses, such as ANV, were to exploit a co-transcriptional encapsidation mechanism, then
major PSs with high CP affinity might be expected towards the 5’ end of the genome, so as
to initiate nucleocomplex formation before the length of the transcript increases to the

point where long-range RNA structures become more energetically favourable, and
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overshadow the PS structures. This mechanism would also provide a way of preventing CP
nucleation at unwanted sites across the genome, from which only defective particles would

result.

7.5 Cooperative PS-CP assembly

An increasing number of studies on +ssRNA viral genome encapsidation support the
presence of multiple PSs of mixed affinity for the CP that act in a cooperative manner to
facilitate assembly of the CP around the viral genome®3 5> 586578 Therefore, if multiple PSs
within the genome of ANV work cooperatively, and perhaps even synergistically, to achieve
encapsidation, any individual PS will only have a small input towards the overall effect.
Thus, mutation of just one such PS may be insufficient to have a significant impact on
encapsidation efficiency, as seen in studies here (Section 6.4.4). Previous mutational
studies are consistent with this, showing that multiple PSs must be disrupted past a
threshold level, for example 8 in the case of HCV, before a change in packaging efficiency is
observed*®. However, mutation of particular PSs may have a more pronounced effect on
encapsidation than others, which can be explained by the heterogenous affinities of PSs to

CP based on the SL sequence motif, structure, and location in the assembly pathway?’.

Mutagenesis of identified putative PS1 of ANV showed only minimal effect on final viral
titre upon disruption of its structure (Section 6.4.5). Quantification of released virus over
time revealed that for PS1 mutant ANV-M3, accumulation of extracellular viral progeny was
delayed at earlier stages of infection (24-48 hpi). By contrast, genome titres reached equal
levels to those of wild type ANV after 72 hpi, indicating that the mutant virus was
attenuated but still packaging competent. The observed difference in titres could be due to
a slower spread of ANV-M3 through the cell monolayer, due to reduced assembly of
infectious progeny virions. Towards the later stages of infection all of the susceptible cells
are likely to contain virus. Therefore, the amount of potential ‘viral factories’ that can

produce ANV become equivalent between cells infected by PS variants.

These results provide the first data to indicate that ANV uses a PS-mediated mechanism of
genome encapsidation, using multiple SLs presenting a 3’ GCAA motif, or a submotif
thereof. Interestingly, analysis of the loop motifs present in the highly conserved RFS
elements of the Astroviridae reveals similar 3' CAA motifs (Figure 7.1), albeit either in the
context of a CCAA or RCAA motif (where R is either G or A). However, this motif is not
present in all strains, including ANV. Therefore, the RFS may represent a SL with dual-

function, akin to the TR of MS2, which acts as both a translational repressor and as a PS?2.
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Taken together, with the data from homology modelling, it could suggest that similar PSs

are widely used by the Astroviridae.
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Figure 7.1: Similarities between the loop motifs of the AstV ribosomal frameshift.
Sequence encoding the highly conserved ribosomal frameshift of several AstVs was
folded using Mfold. The SLs show a 3’ CAA loop motif, consistent with the putative PSs
identified here in ANV. Structures are shown for HAstV-1 and -8 (Z25771.1 and
AF260508.1, respectively), TAstV-1 (Y15936.2), TAstV-2 (AF206663.2), Canine astrovirus
(KP404149.1), Feline astrovirus (KF499111.1) and Murine astrovirus (JX544743.1).

7.6 PS-CP interactions as an anti-viral therapeutic target

Computational modelling has suggested that anti-viral drugs targeting the multiple PSs
present in a viral genome are less likely to generate resistance mutations compared to
current strategies, and that antigenic variation across a viral genus could be potentially
bypassed®*, a key limitation that conventional vaccines face'*®. Experimental data has also
demonstrated that targeting capsid assembly is a viable method for inhibiting viral
replication. For example, small molecular weight compounds were shown to disrupt HBV

virion formation by promoting over-rapid assembly of distorted nucleocapsids, or by
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kinetically trapping assembly intermediates®*® 3, Thus, a deeper understanding of the PS-
mediated assembly mechanism of ANV may yield novel strategies to control this virus,
through targeting PS-CP interactions, which may also be applicable to the control of other

members of Astroviridae with veterinary and medical importance.

7.7 Future direction

Collectively, the work presented in this thesis indicates that ANV utilises a PS-mediated
assembly mechanism for the encapsidation of its genomic RNA. However, to confirm this,
further in vitro validation of the NGS and bioinformatics-identified putative PSs are
required. With mutation of PS1 alone having a minimal effect on genome encapsidation,
systematic mutation of all 3 identified putative PSs, individually, and in combination, as
well as the other SLs with the identified consensus motif, could indicate whether the PSs of
ANV work in a cooperative manner. Alternatively, PS-induced CP assembly assays could be
developed to investigate the ability of short RNA aptamers encompassing each identified
PS to promote ANV CP assembly, which would provide an affinity ranking between the
PSs®!. Elucidation of the CP residues involved in PS recognition, as well as the mechanism of
PS-induced CP assembly are also important for understanding the genome encapsidation
strategy used by the Astroviridae. Investigating this may explain why VLPs could not be
formed from recombinant ANV CP in the absence of RNA. For example, as seen for STNV,
there may be electrostatic repulsion between the N-terminal basic arms of CP units that
prevent formation of assembly-competent higher-order structures, which only specific PS-

CP interactions can overcome>.

Finally, to validate any family- or genus-wide conservation of packaging, it would be
valuable to investigate the molecular basis of genome encapsidation in other AstVs, such as
the related CAstV or the more distantly related HAstV. VLP systems are already available
for some HAstVs, and the factors for reversible VLP assembly established?®®. Therefore, a
SELEX approach could potentially be used to identify putative PSs in these viruses. If similar
PS motifs, distributions across the genome, and CP binding sites were identified between
strains, then it could expose an ideal target for therapeutic intervention, that specifically
targets and disrupts genome encapsidation or virion assembly. Ultimately, this work would
indicate whether targeting encapsidation of the Astroviridae could be a viable method of
control for this viral family, where the vast antigenic diversity of these viruses impedes

effective control by vaccination.
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Appendices

Appendix 1

3
L e
Appendix 1: Sequence analysis of PS1 mutant pANV constructs. pANV-M1, -M2 and -M3
plasmids were sequenced after correct assembly was confirmed by PCR and restriction digest

analysis. Electropherogram traces indicate the expected sequences are as designed in Figure

6.12.

Appendix 2

Appendix 2: Sequence analysis of recovered PS1 mutant viruses. RNA was extracted from
recovered wt and PS1 mutant viruses during the growth curve after 48 hpi (Figure 6.18). DNA
fragments for sequencing were produced by RT-PCR, amplifying the mutant region and sequence
flanking it. Electropherogram traces indicate that all viruses encompass the expected sequence

as designed in Figure 6.12 and confirmed in Appendix 1.
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Appendix 3

Position | Loop motif Frequency Sum
90 (T)TGGTCA(A) 156 156
149 ACCCAA 116 116
* | 188 TTTGCAA 286 1644
* | 189 TTGCAA 129
| * | 189 (T)TTGCA(A) 733
* | 190 (T)TGCA(A) 175
* | 191 TGCAA 128
GCAA 193
259 CCAA 4407 4407
270 ACAA 343 343
319 (T)GACTGCAGTTCA(A) 629 629
382 (T)GAATAAAACCTGTGAACTCA(A) | 983 1926
393 (T)GTGAACTCA(A) 943
433 (T)GGGACA(A) 141 141
522 AACTTAAAGACCAA 3000 6692
531 ACCAA 3692
693 (T)TTAAACA(A) 373 3231
694 (T)TAAACA(A) 2297
695 (T)AAACA(A) 561
742 (T)TGACA(A) 602 1019
743 GACAA 224
(T)GACA(A) 193
795 GCAA 186 186
904 CTTTGCAA 6267 6267
1012 CAA 123 123
1226 ATGTTACCAA 656 757
1228 (T)GTTACCA(A) 101
1402 (T)TAATGCCA(A) 372 372
1411 GAGTGCAA 19166 19166
1482 (T)TCCCA(A) 4735 4735
1561 CAA 882 882
1628 TTAACATCTCAA 221 802
1629 (T)TAACATCTCA(A) 1115
1703 CCAA 132 132
1738 AGCAA 11545 11545
1783 CAA 420 420
1786 TCAA 7613 7613
1792 GCAA 964 964
2118 AACAAATGGTCAA 113 113
2326 CAA 155 155
2360 AACCAA 444 444
2394 ACGAACAA 164 164
2426 GATCAA 2288 2288
2435 GACCAA 636 973
(T)GACCA(A) 337
2500 (T)CAAGCA(A) 107 107
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2522 (T)TTCATTCA(A) 732 732
2535 GCCGGCAA 238 238
2602 CAA 400 400
2661 GCCTCCCCAA 197 197
2701 (T)AAACTTCA(A) 458 458
2756 (T)ACACA(A) 151 151
2799 CCAAAACAACAA 210 210
2836 (T)CATCCA(A) 752 752
2850 AACAA 23831 23831
2856 AACCTCAA 3934 4236
2859 CTCAA 302
2868 AGCAA 5670 10293

AGCAACAA 4623
3080 (T)GGAACA(A) 231 1529
3082 GGAACAACTGGCAA 1108

AACAA 190
3208 CTCAA 222 222
3404 CCATCCAA 1164 1539
3409 CCATCCAAGAAACCAGCAA 149

CAA 226
3447 TCCCAA 1676 6470
3448 (T)CCCA(A) 4604

CCCAA 190
3528 TGTGCAA 176 15767
3529 (T)GTGCA(A) 15591
3783 CCAA 12779 12779
3839 TCCAA 2593 5190
3840 (T)CCA(A) 2597
3877 (T)AGGCGTTCA(A) 103 103
3893 GCTATGGCAA 275 521
3896 (T)ATGGCA(A) 246
3970 (T)CATGTCA(A) 134 379
3971 ATGTCAA 245
3984 CAA 1132 1132
4016 ACAA 2389 2389
4110 GGCCAA 6874 6874
4230 CAA 3454 3454
4305 TGGGCAA 193 9887
4306 (T)GGGCA(A) 9694
4323 AGTTAATGTCAACAA 1433 5784
4326 (T)TAATGTCA(A) 2133
4327 (T)AATGTCAACA(A) 188
4331 TCAA 2030
4451 (T)CCTACCTTTCCA(A) 1271 1271
4603 TAAGCCCAA 134 6369
4604 (T)AAGCCCA(A) 1565
4608 CCAA 4670
4645 ACAGGCAA 1712 1712
4675 GAAGGCAA 743 743
4693 CAA 995 995
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4733 CTCAA 555 958
4734 TCAA 403
4745 ACAA 18034 18034
X | 4764 ATGACACAA 739 1447
4766 (T)GACACA(A) 562
4770 CAA 146
4804 TGGACAA 163 6766
4805 (T)GGACA(A) 6603
4907 (T)GCCTCA(A) 842 842
5037 ATTCAA 446 446
* | 5267 ACACTCTGGCAA 1657 3317
* | 5271 TCTGGCAA 243
* 15272 (T)CTGGCA(A) 960
* | 5274 (T)GGCA(A) 457
5413 (T)GACTACCA(A) 247 11166
5416 TACCAATAGCCAACAA 1292
5417 (T)ACCAATAGCCAACA(A) 6740
5418 CCAA 2422
5426 CAACAA 465
5600 TCTGCAA 2211 13429
5601 (T)CTGCA(A) 9345
5603 GCAA 1873
5710 (T)GCCA(A) 711 711
5756 (T)AACA(A) 12345 12345
5851 ACAA 22677 22677
5918 GGTTCAA 128 1258
5920 TTCAACAA 323
5921 (T)TCAACA(A) 136
(T)TCA(A) 671
5950 TCACAA 2779 7584
5951 (T)CACA(A) 4805
6132 CTGGCCAA 419 419
6200 GCAGGCTTTCCACAA 731 1496
6205 CTTTCCACAA 765
6248 GATGTCACAGATACAACAA 104 1769
6252 TCACAGATACAA 314
6253 (T)CACAGATACA(A) 1143
6258 ATACAACAA 208
6359 (T)CCAGCACCA(A) 123 3809
6365 CCAACATCAA 2990
6368 ACATCAA 176
6371 TCAA 520
6372 (T)CAATGCTTTGTCTCTACA(A) 451 839
6388 CAA 388
6407 GCTCCACAA 19439 19439
6437 TCAA 903 903
6443 CTCCAA 9047 9684
6445 CCAA 637
6454 (T)GAATCA(A) 208 208
6695 CAA 802 802
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6762 TCAA 4252 4252
6801 TAGGTCAA 160 17699
6802 (T)AGGTCA(A) 2970

AGGTCAATCAA 601
6805 TCAA 300
6806 CAATCAA 13668

Appendix 3: Table of SLs in the ANV genome containing a 3’ CAA motif sequence. The

genome of ANV was searched for SLs exhibiting a 3" CAA loop motif sequence using a

sliding-widow approach. 40 nt regions of sequence were folded across the genome, sliding

by 1 nt each frame from 5’ to 3’ and sampling 1000 folds at each position. The frequency of

occurrence for each SL with a 3’ CAA sequence is given (indicating relative stability in

solution). The SLs are ranked by frequency; those in the top 25% quartile as strong (green),

those in the 50-75% quartile as medium (orange), 25-50% as weak (red), and 0-25% as very

weak (blue). SLs with a GCAA loop motif sequence are marked with an asterisk.

Additionally, a 3" CAA SL located at sequence encoding CP residues predicted to bind RNA

(Figure 3.6) is marked with an X.
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Abbreviations

AAstV
ANV
AstV
ATF4
ATP
BAM
BES

BHK

BSA

Clq
CaCl,
CAstV
cDNA
CEF
CHOP
CK
cMv
cp

CPE
Cryo-EM
DAPI
DAstV
DDX23
DMEM

DNA

Adenine

Avian astrovirus

Avian Nephritis Virus

Astrovirus

Activating Transcription Factor 4
Adenosine Triphosphate
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