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Abstract

Insights into viral RNA synthesis by the influenza A virus

and SARS-CoV-2 RNA polymerases

Alexander P. Walker Doctor of Philosophy

Lincoln College Trinity Term, 2021

Influenza A virus and SARS-CoV-2 are RNA viruses which cause severe respiratory disease and
death in humans. Both encode RNA-dependent RNA polymerases (RdRps), which are
responsible for synthesising viral RNA as part of a larger complex of viral proteins; for influenza
A virus this complex is called a ribonucleoprotein (RNP), and for SARS-CoV-2 the replication-
transcription complex (RTC). In this work I elucidate mechanisms used by influenza A virus and

SARS-CoV-2 to synthesise viral RNA.

I first present evidence that the influenza A virus RdRp maintains the structural integrity of RNPs
during transcription by binding to the 3’ end of viral genomic RNA. I then go on to demonstrate
that in order to initiate viral RNA synthesis, the influenza A virus RdRp requires trans-activation
through dimerization. Furthermore, I show that the influenza A virus RdRp co-opts the host
protein ANP32A to help it form a second structurally-distinct dimer, which has the role of
encapsidating nascent viral RNA into progeny RNPs. Collectively, these findings allow me to
present a more detailed molecular model for how influenza viral RNA is synthesised and

assembled into new RNPs.

One role of the influenza A virus RNP is to hide highly immunogenic viral RNA from cellular
innate immune receptors such as RIG-I. The SARS-CoV-2 RTC instead synthesises 7-

methylguanosine (m’G)-capped viral RNA which does not activate RIG-I. In this work I also
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show that one of the domains in the SARS-CoV-2 RdRp is a guanylyltransferase enzyme, which
resolves a missing link in the mechanism of coronavirus m’G cap synthesis. Together, these
studies improve understanding of the diverse mechanisms used by RNA viruses to synthesise
viral RNA, and identify multiple functionally important sites on the influenza A virus and SARS-

CoV-2 RdRps which could be exploited for future antiviral strategies.
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CHAPTER 1

An introduction to influenza virus RNA synthesis

1.1 OVERVIEW OF INFLUENZA VIRUS

1.1.1 Background on influenza viruses

Influenza viruses are members of the Orthomyxoviridae family of negative-strand RNA viruses.
There are four known influenza virus species, named A, B, C and D, and influenza A viruses are
further divided into subtypes based on the identity of their surface proteins, haemagglutinin (HA)
and neuraminidase (NA). Influenza A and B viruses are responsible for seasonal epidemics, which
occur during winter in both the northern and southern hemispheres and cause up to 650000 deaths
per year. Most fatalities occur in 'high risk’ groups, which include children under 5 years, the
elderly, and people with chronic medical conditions (1). In addition, influenza A virus pandemics
have caused tens of millions of deaths in the past, with the 1918 HIN1 Spanish influenza

pandemic alone being estimated to have caused at least 50 million deaths (2).

Vaccines are normally used to control seasonal influenza epidemics. Vaccines induce production
of antibodies targeting the viral surface proteins, primarily HA, and must be updated each year as
HA acquires mutations through antigenic drift (3). Viruses can also undergo antigenic shift and
acquire a different HA protein type, which occurs through reassortment of the segmented viral
genome. Antigenic shifts can lead to the rapid emergence of novel influenza viruses for which
there is no natural immunity in the population and no effective vaccines available (4). In this
event, there are several antiviral drugs available to treat influenza virus infection. Zanamivir
(Relenza) and oseltamivir (Tamiflu) are the two most widely used drugs which target the NA
protein, and baloxavir and favipiravir target the viral RNA-dependent RNA polymerase (FluPol).

However, zanamivir and oseltamivir have limited clinical efficacy and baloxavir resistance is an
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emerging problem (5-8). Given the danger posed by influenza viruses there is an urgent need for
new therapeutic options, which requires a more in-depth understanding of the mechanisms

underlying the viral life cycle.

1.1.2 Influenza virion and genome structure

Influenza virions are enveloped particles that can adopt spherical, bacilliform, or filamentous
morphologies with a diameter of 100nm (Fig. 1.1A, B). Their surface proteins are embedded in
the outer membrane and include trimeric HA, used for host cell attachment, tetrameric NA, used
in budding from the host cell, and tetrameric matrix 2 (M2), a proton channel (9). The major
structural component of influenza virions is matrix 1 (M1) protein, which coats the inside of the
virion membrane (10). Influenza virions also contain non-structural protein 1 (NS1), nuclear

export protein (NEP), and a large number of host cellular proteins (11).

Inside the virion, single-stranded negative-sense viral RNA (VRNA) genome segments are
packaged into viral ribonucleoproteins (VRNPs). Influenza A and B viruses have 8 different
vRNA segments, and influenza C and D viruses have 7, but virions from all species contain on
average 8 VRNPs (12, 13). The influenza A virus genome totals 13.6 kilobases, with segments
ranging from 0.9 to 2.3 kilobases (Fig. 1.1C). vVRNA is 5’ triphosphorylated and non-
polyadenylated, and each segment contains one or two open reading frames (ORFs) for viral
proteins, flanked by 5" and 3" untranslated regions (UTRs) and short promoter elements. In each
vRNP heterotrimeric FluPol binds specifically to the 5" and 3’ promoters of each vRNA segment,

and nucleoprotein (NP) binds non-specifically along the entire length of the vRNA (13).
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virion showing the major structural components. B, Electron micrograph of budding influenza
A/WSN/33 (HIN1) virions. Adapted from Noda et al. 2006 (14). C, Influenza A virus genome
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1.1.3 Viral life cycle

HA attaches influenza virions to target cells by binding to sialic acid residues on plasma
membrane glycoproteins (Fig. 1.2A). HA from human-adapted influenza viruses bind to sialic
acids which have an a2-6 linkage to the neighbouring galactose residue, which are located in the
upper respiratory tract. Virions then enter cells through receptor-mediated endocytosis, and the
resulting early endosome becomes acidified (Fig. 1.2B). Low pH triggers a conformational
change in HA, which inserts a hydrophobic fusion peptide into the endosomal membrane.
Membrane fusion is dependent on immature HA (HAO) having been cleaved into the mature
proteins HA1 and HA2 by host proteases, which include TMPRSS2 (Fig. 1.2C) (15, 16).
Simultaneously, the M2 proton channel allows acidification of the virion interior which disrupts
the interaction between M1 and vRNPs (Fig. 1.2D). Further steps, such as M1 binding to
cytoplasmic transportin-1, also promote vVRNP release and debundling in the cytosol (17). After
vRNP release, importin-al or -a5 binds to the nuclear localisation signal (NLS) of NP and

mediates trafficking of the vRNPs to the cell nucleus (13).

Once in the cell nucleus, FluPol in a vRNP transcribes the negative-sense vVRNA to produce viral
mRNA (Fig. 1.2E). Viral genome transcription is dependent on cellular RNA polymerase II (Pol
1) activity, as FluPol uses a cap snatching mechanism to initiate transcription. FluPol synthesises
5' 7-methyl-guanosine (m’G)-capped, 3’ polyadenylated viral mRNAs which are exported from
the nucleus and translated using the same pathways as host mRNAs (Fig. 1.2F) (18). Viral
proteins accumulate, stimulating replication of the viral genome at 4-6 hours post infection (Fig.
1.2G, H) (19). vRNPs replicate by synthesising positive-sense 5’ triphosphorylated, non-
polyadenylated complementary RNA (cRNA) intermediates, which are packaged into
complementary ribonucleoproteins (cCRNPs). ¢cRNPs are structurally similar to vRNPs, and

synthesise VRNA which is packaged into progeny vRNPs (20).

vRNPs are exported from the nucleus by M1 and NEP, which recruits the nuclear export receptor

CRM1. vRNPs are thought to traffic to the plasma membrane on recycling endosomes, which
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Figure 1.2 Viral life cycle. A, Influenza virions attach to the target cell membrane by
binding to sialic acid residues on glycosylated proteins. B, Virions are endocytosed. C, Low pH
causes HA proteins to induce membrane fusion. D, Low pH inside the virion, facilitated by the
M2 ion channel, triggers vRNP release. vRNPs are then imported to the cell nucleus through the
nuclear pore complex. E, vRNPs transcribe the viral genome segments to produce viral mRNAs.
F, Viral mRNAs are exported from the nucleus and translated by host machinery. G, Viral proteins
accumulate, and FluPol and NP are imported to the cell nucleus. H, The availability of newly
synthesised FluPol and NP activates viral genome replication by vVRNPs. cRNA is synthesised
from VRNA, and progeny vRNA is synthesised from cRNA. With FluPol and NP, this process
assembles new vRNPs which are exported from the cell nucleus. I, Virions assemble from newly
synthesised viral proteins and vRNPs at the cell plasma membrane. Virion budding is aided by
NA, which cleaves sialic acid residues from cell surface glycoproteins to prevent reattachment to

the parent cell.
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they associate with through an interaction between FluPol in the vRNPs and cellular Rab11 (Fig.
1.2I) (13). vRNPs assemble into bundles of 8 at the plasma membrane, and are thought to use
RNA-RNA interactions to selectively package all of the different vVRNA segments (21). Newly-
synthesised HA and NA are present on lipid rafts at the plasma membrane where they associate
with M1, which in turn recruits M2. M1 polymerises into a helical structure which directs
formation of the budding virion (10). As the virion buds, NA cleaves the sialic acid residues of
surrounding plasma membrane glycoproteins to prevent re-attachment or aggregation with other

virions (9).

1.2 INFLUENZA VIRUS RIBONUCLEOPROTEINS

Influenza virus vRNPs consist of a vVRNA segment bound at both ends by FluPol, coated with NP
which binds non-specifically along the entire length of the VRNA. Several cryo-EM studies have
been able to resolve the structure of the NP double helix, however, relatively little is known about

the structure of the vVRNP ends (Fig. 1.3A) (22-25).

Structurally, vRNPs are rod-like and consist of a flexible double helix of NP molecules with 5-6
NP per turn (22). NP oligomerises by the tail-loop of one molecule binding in the basic docking
site of the neighbouring molecule, and this interaction drives the helical shape of the vRNP (25,
26). The putative RNA-binding groove of NP is on the outside face of the VRNP, so vRNA is
thought to wrap around the NP core (24). At one end of the vRNP is a loop of NP molecules
which connects the two antiparallel strands of the NP double helix, and the other end is a FluPol
molecule bound to the vRNA segment. Current studies have not identified any major structural
differences between cRNPs and vRNPs, however, there may be subtle distinctions that have not

yet been identified (27).

vRNPs contain all the necessary viral components to transcribe their VRNA segment. FluPol is a

multifunctional enzyme responsible for all the catalytic processes necessary to obtain a 5’ m’G
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1| VRNP

NP filament

Figure 1.3 Influenza ribonucleoprotein structure. A, Cartoon of a vRNP showing FluPol
bound to the vRNA termini, VRNA bound to a helical filament of NP, and a loop of NP at the
distal end (top). This cartoon is compared with a low-resolution VRNP model derived from cryo-
electron tomography of intact influenza A/WSN/33 virions (middle), adapted from (23). Cryo-
EM models are sufficient to unambiguously fit NP monomers into the vVRNP helical filament
structure (bottom), adapted from (23). The path of the vRNA (yellow) around the vRNP can be
predicted from this model. B, Cryo-EM image of a transcribing vRNP with a visible mRNA
product, adapted from (24). Density suggested to correspond to FluPol is highlighted with a blue

arrow, and mRNA product is indicated with green arrows.

cap, synthesise the mRNA transcript, and carry out polyadenylation (18). NP is thought to be
required as an elongation factor, based on the observation that FluPol only requires NP to
transcribe VRNA templates over a certain length (28). How NP performs this function is unclear,
though it may involve melting secondary RNA structures in the VRNA template. vVRNPs have
been shown to retain the NP double helix structure during transcription, which would allow them
to perform multiple rounds of RNA synthesis. These cryo-EM studies of transcribing vRNPs

suggest that FluPol can move along one strand of NP without disrupting the overall structure,
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which is facilitated by the flexibility of the vVRNP (Fig. 1.3B). The "processive helical track’ model
suggests that the VRNA loops into the FluPol active site with minimal disruption to the vVRNP

structure, although the molecular details of this mechanism have not yet been established (24).

1.3 THE INFLUENZA VIRUS RNA POLYMERASE
1.3.1 RNA polymerase structure

FluPol is the vRNP component responsible for all catalytic activities associated with RNA
synthesis. FluPol is a 255kDa heterotrimeric complex composed of the subunits polymerase basic
1 (PB1), polymerase basic 2 (PB2), and polymerase acidic (PA) (Fig. 1.4A). High resolution
structures of FluPol from all known influenza virus species are available, solved by
crystallography or cryo-EM, and these provide detailed insight into the mechanisms underlying

FluPol activity (29).

PBI1 is the core of the complex, and has a right-handed RNA-dependent RNA polymerase domain
(RdRp) with palm, thumb and fingers subdomains (Fig. 1.4B). This domain includes active site
motifs A-F which are required for polymerase activity; of these, residues D445 and D446 in motif
C coordinate the catalytic magnesium ions. A flexible priming loop located on the PB1 thumb
projects into the active site, and a long B-ribbon protrudes from the tip of the PB1 fingers which

contains the bipartite nuclear localisation signal (NLS).

In addition to the canonical RARp domain, PB1 has a C-terminal extension (C-ext) which forms
a 4-helix bundle with the N-terminus of PB2. This interaction keeps PB2 associated with the rigid
FluPol core composed of PB1, the PB2 N-terminus and the PA C-terminus. The PB2 lid domain
forms part of the core, and is important for separating the product RNA strand from template
RNA during polymerisation. The rest of PB2 is made up of a series of flexibly-linked globular

domains, including the cap-binding domain (amino acid residues 319-481) which binds to m’G
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Figure 1.4 Influenza virus RNA polymerase structure and RNA binding sites. A,
Schematic of FluPols subunit domain structures. B, Ribbon diagram of FluPols in the
transcriptionally inactive form (left; PDB: 6QNW). Binding to the 5’ VRNA promoter and S-5-P
Pol I CTD promotes a conformational change into the transcriptionally active form (right; PDB:
6RR7). S-5-P Pol II CTD overlayed from PDB: SM3H. In this conformation the PB2 627 and
cap-binding domains undergo a major rearrangement so that the cap binding site is accessible. C,
Schematic of the vRNA (left) and cRNA (right) promoter regions located at the 5" and 3’ termini
of viral genome segments. The 5" RNA promoters (red) have distinct sequences but adopt similar
hairpin structures and base pair with the 3’ RNA promoters. D, Semi-transparent FluPola structure
showing the binding sites for VRNA and cRNA promoters. 5' RNA promoters (red; PDB: 4WRT)
have one binding site, while the 3’ RNA promoters have two binding sites on the surface. Only
the 3’ vVRNA promoter has been found in the Mode A site (grey; PDB: 4WRT), but 3' vRNA
(blue; PDB: 6ABF) and 3’ cRNA (gold; PDB: 6QX3) promoters can both bind in the Mode B
site. E, Position of the 3’ VRNA promoter in the Mode A site relative to the FluPol active site
(PDB: 4WRT). F, Position of the 3' RNA promoter in the Mode B site relative to the FluPol active
site (PDB: 6ABF).

(20, 29). The cap-binding domain achieves specificity by using amino acid residues H357 and
F404 to create an aromatic sandwich that identifies the positively-charged N7 with cation-n
interactions, which is a similar mode of recognition to cellular m’G-binding proteins (30).
Downstream of the cap-binding domain is the PB2 627 domain (amino acid residues 538-680),
named because it contains the PB2 627 residue implicated in influenza virus host adaption (31,
32). Finally, the C-terminus of PB2 contains the NLS. The PA subunit is divided into N- and C-
terminal regions, joined by a linker which wraps around the FluPol core. The PA N-terminus is
an endonuclease domain used for cap snatching, and contains a number of conserved acidic
residues such as D108 which coordinate catalytic manganese ions (33). The larger PA C-terminal
domain (CTD) is part of the rigid FluPol core, and is intimately associated with the PB1 palm and
thumb subdomains. It has a major role in promoting transcription initiation by binding to the Pol

II CTD, and may have other functions which have not yet been characterised (18).
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The FluPol core is relatively static, however, PB2 and the PA endonuclease can undergo major
conformational rearrangements (Fig. 1.4B). The ‘transcriptionally active’ conformation was first
observed for vVRNA-bound influenza A virus FluPol (FluPols) and FluPolg, and is compatible
with cap snatching activity since the PB2 cap-binding domain is orientated towards the PA
endonuclease (34, 35). In this conformation the cap-binding domain can also be orientated
towards the PB1 product exit channel, which presumably allows transcription initiation after cap
snatching. Functional studies suggest that 5’ VRNA promoter and Pol II CTD binding promotes
the transcriptionally active conformation, and therefore enhances transcription initiation activity
(36). A 'transcriptionally inactive’ conformation has also been identified for apo FluPola, apo
FluPolc and cRNA-bound FluPolg, with the PB2 627 and cap-binding domains inverted and the
PB2 NLS interacting with the PA endonuclease. Cap snatching is not possible in this
conformation since the m’G binding site is occluded, so it may be relevant for other FluPol

functions such as viral genome replication (37-39).

FluPol in an RNP binds to the vRNA or cRNA 5’ and 3’ promoters, and this interaction is also
essential for RNA polymerase activity (40—43). The 5’ and 3’ RNA promoters interact with each
other through 4 or 5 Watson-Crick base pairs for cRNA or vVRNA respectively, which are
disrupted when RNA synthesis initiates (Fig. 1.4C) (44, 45). The 5' vRNA promoter is 15
nucleotides in length and varies from the 14-nucleotide 5' cRNA promoter at several positions.
However, both 5’ promoters form an extremely similar hook-like structure by Watson-Crick base
pairing, which was predicted by early functional studies and confirmed by structural studies (46—
48). The 5’ vRNA and cRNA promoters both bind in a pocket formed primarily by the PBI
subunit, with the PA CTD ’arch’ wrapped around (Fig. 1.4D) (34, 38). The 3’ vRNA and cRNA
promoters are more dynamic and bind with lower affinity than the 5" RNA promoters (49).
Structural studies have observed the 14-nucleotide 3’ VRNA promoter bound to FluPol in three
distinct conformations, and current evidence suggests that the 15-nucleotide 3’ cRNA promoter

can adopt similar conformations. The first conformation is in the RdRp active site, where the 3’
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vRNA or cRNA promoters are templates for RNA polymerase activity. Only the 3" vVRNA
promoter has been structurally resolved in the active site, bound to capped RNA or to nascent
RNA product, but Forster resonance energy transfer (FRET) studies indicate that the 3’ cRNA
promoter can also enter the active site (37, 44, 49, 50). The second conformation is called the
'Mode A site’, and is located on the FluPol surface near the entrance to the RdRp active site (Fig.
1.4E). The Mode A site has only been observed for 3’ VRNA promoter bound to FluPolg, and in
this structure the 3’ vVRNA promoter adopts a U-shape and interacts with basic residues in the PB1
subunit (51). Several FRET-based studies suggest that the 3' cRNA promoter can also occupy the
Mode A site, although this has not been observed structurally. These studies further show that the
3’ vRNA promoter can move between the RdRp active site and the Mode A site, and therefore
this site may be important for initiating RNA synthesis (49, 50). The final conformation is called
the 'Mode B site’, which is a groove formed primarily by the PB1 thumb and PA CTD, with some
interactions made by the PB2 N-terminus (Fig. 1.4F). The 3' vRNA and cRNA promoters have
both been observed in this site by cryo-EM. Further structural studies have identified the Mode B
site in FluPola, FluPolg, and FluPolp, and a similar 3" vRNA promoter binding site in structures
of the RdRps from La Crosse orthobuynavirus and Machupo mammarenavirus (37, 52-54). This
suggests a conserved function for the Mode B site, and a recent cryo-EM study supports a model
where this site is important for binding to 3’ VRNA promoter after it emerges from the RdRp

active site during transcription (44).

1.3.2 Viral genome transcription

vRNP-associated FluPol is responsible for transcribing vVRNA to produce 5’ m’G-capped, 3’
polyadenylated viral mRNA. The recent availability of high-resolution FluPol structures means
that the molecular mechanisms underlying transcription are becoming increasingly well

understood (18, 29).
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Figure 1.5 Model for viral genome transcription. A, FluPol binds to nascent m’G-capped
RNA (grey) and cleaves it using the PA endonuclease to generate a primer for viral transcription
(bottom). This reaction has not been visualised by current transcription pre-initiation structures
(top; PDB: 6TON). B, m’G-capped RNA translocates to the FluPol active site, where it makes
base pairing interactions with the 3’ vVRNA promoter (blue; PDB: 6TOV). C, FluPol extends the
m’G-capped RNA along the VRNA template, generating a product-template duplex in the FluPol
active site which is separated by the PB2 lid domain. After the 3' VRNA promoter emerges from
the FluPol active site it binds in the Mode B site on the FluPol surface (PDB: 6SZU). D, FluPol
polyadenylates viral mRNA by stuttering on a polyU tract close to the 5’ end of the VRNA
template. Stuttering is thought to occur because the strong interaction of the 5" VRNA promoter
(red) with FluPol restricts elongation (PDB: 6T0S). E, The polyadenylated viral mRNA
dissociates from FluPol, leaving the single-stranded vVRNA template threaded through the active
site (PDB: 6TOU). The FluPol PB1 C-ext and PB2 N-terminus are thought to fold outwards to
allow the vRNA template to loop out of the active site.

Before initiating transcription, FluPol binds to the serine-5-phosphorylated (S-5-P) CTD of Pol
II. S-5-P CTD modification is associated with initiating Pol II, so this selectivity ensures that
FluPol has access to nascent host mRNAs (55, 56). Structures of FluPola, FluPolg and FluPolc
bound to Pol II CTD-mimetic peptides show that the location of the CTD binding sites on FluPol
varies between influenza virus species. However, a common feature is that Pol II CTD binding
stabilises FluPol in a transcriptionally active conformation, which allows FluPol to bind to nascent

mRNAs as they emerge from Pol II (Fig. 1.4B) (36, 57).

The PB2 cap-binding domain binds to the nascent mRNA, and the PA endonuclease cleaves 10-
13 nucleotides downstream of the m’G cap (Fig. 1.5A) (58, 59). The capped RNA fragment is
then translocated into the RdRp active site by a 70° rotation of the PB2 cap-binding domain. The
length of the capped RNA fragment produced is controlled by the distance between the PB2 m’G
binding site and the PA endonuclease active site, and allows the capped RNA fragment to form
1-2 base pairs with the 3’ VRNA promoter in the RdRp active site (Fig. 1.5B) (35, 45, 60). Weak

base-pairing in the RdRp active site can cause the capped RNA fragment to realign on the 3’



CHAPTER 1: An introduction to influenza virus RNA synthesis 31

vRNA promoter multiple times during initiation (58, 61). After FluPol initiates transcription by
extending the capped RNA fragment along the 3’ vRNA promoter, the nascent viral mRNA leaves
the RdRp active site through the product exit channel. A recent cryo-EM study demonstrated that
the 3’ VRNA promoter undergoes a sharp turn and extrudes the PB1 priming loop from the RdRp
active site, which creates a template exit channel close to the template entry channel (Fig. 1.5C).
Then, after exiting the active site, the 3’ VRNA promoter binds in the Mode B site on the FluPol
surface (44). FluPol synthesises a 3’ poly(A) tail on viral mRNAs by polymerase stuttering, in
which it continuously backtracks over a poly(U) stretch located close to the 5’ end of the vVRNA
template (Fig. 1.5D) (62—64). This mechanism was demonstrated by showing that replacement of
poly(U) with poly(A) leads to synthesis of viral mRNAs with a poly(U) tail, and recent cryo-EM
structures confirm that stuttering occurs because FluPol cannot dislodge the tightly-bound 5’
vRNA promoter (44, 65). After polyadenylation the viral mRNA dissociates from FluPol and the
vRNA template exits the RdRp active site, which may require rearrangement of the PB1 C-

terminus-PB2 N-terminus bundle (Fig. 1.5E) (44).

Following transcription, 5" m’G-capped and 3’ polyadenylated viral mRNAs are then exported
from the nucleus by the NXF1/p15 pathway. The level of NXF1 dependence differs between
transcripts, with HA, M1 and M2 mRNAs being the most reliant on NXF1 for their nuclear export
(66, 67). M1 and NS1 viral mRNAs can also be spliced by the cellular spliceosome prior to export,
which may alter the mechanism of NXF1 recruitment compared with intronless viral mRNA (68,

69).

1.3.3 cRNA synthesis

At 4-6 hours post-infection the rate of viral genome transcription decreases and FluPol begins

replicating the viral genome, possibly induced by the accumulation of FluPol and NP or
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promoter (blue) interacts with the FluPol priming loop (purple) in the active site (PDB: 6RR7).

B, cRNA synthesis initiates through de novo synthesis of a pppApG dinucleotide (gold) from

ATP and GTP, which is supported by the FluPol priming loop. C, vRNA synthesis requires an

additional prime-and realign step, to move pppApG from positions 4 and 5 of the 3' cRNA

template to positions 1 and 2. D, FluPol elongates the pppApG along the VRNA template to

synthesise the nascent cRNA product, and the 5' vVRNA promoter (red) is released from its binding

pocket and copied. E, An additional FluPol molecule binds to the cRNA product and assembles

it into a cRNP, which then performs vRNA synthesis using a similar mechanism.
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production of small viral RNAs (svRNAs) (19, 70). Viral genome replication is a two-step process
consisting of cRNA synthesis followed by VRNA synthesis, and both steps are initiated by FluPol
de novo to produce 5' triphosphorylated RNAs without a 3’ poly(A) tail. However, cRNA

synthesis and vRNA synthesis have some fundamental mechanistic differences (29).

cRNA synthesis is carried out by FluPol in the context of a vVRNP, using vRNA as a template
(71). FluPol initiates cRNA synthesis by producing a pppApG dinucleotide de novo from ATP
and GTP, which occurs in the FluPol active site opposite residues 1 and 2 of the 3' VRNA promoter
(Fig. 1.6A, B) (72). The PB1 priming loop is important for this process, in particular amino acid
residue P651 is thought to be responsible for stabilising initiating ATP in the active site (73).
FluPol uses pppApG as a primer to synthesise the full-length cRNA product, however, few
mechanistic details are known about how eclongation of the RNA product occurs in cRNA
synthesis (Fig. 1.6D). The termination mechanism for viral genome replication is different from
transcription as, instead of stuttering, FluPol releases the 5' vVRNA promoter from its binding
pocket and copies the 5’ end of the vRNA template with no polyadenylation. The mechanism for
5" vRNA promoter release is unclear, but could be related to changes in the base pairing between
the 5" and 3’ VRNA promoters (20). Nascent cRNA is thought to be encapsidated co-replicatively
by newly-synthesised FluPol and NP through an unknown mechanism, generating a cRNP which

is structurally similar to the parent vVRNP (Fig. 1.6E) (27).

1.3.4 vRNA synthesis

In the second step of viral genome replication, FluPol in a cRNP replicates cRNA to generate
progeny VRNA. vRNA synthesis has a more complex initiation process than cRNA synthesis,
which may be a regulatory mechanism to control the rate of viral genome replication or prevent

aberrant transcription by cRNPs (72). Since FluPol and NP in vRNPs and cRNPs is the same,
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differences between the 5’ and 3’ VRNA and cRNA promoters are thought to be responsible for

the different initiation mechanisms (74, 75).

To initiate VRNA synthesis, FluPol synthesises a pppApG dinucleotide de novo from ATP and
GTP. The 3' cRNA promoter is inserted more deeply into the RdRp active site than the 3' vVRNA
promoter, so pppApG synthesis occurs opposite residues 4 and 5 of the 3’ cRNA promoter instead
of residues 1 and 2 (72). This process is called internal initiation, and is not dependent on the PB1
priming loop because interactions with the 3’ cRNA promoter alone are sufficient to stabilise the
initiating ATP (73). Once pppApG is synthesised it is translocated to positions 1 and 2 of the 3’
cRNA promoter, which is necessary to synthesise a full-length vVRNA product (Fig. 1.6C). This
'realignment’ mechanism is dependent on the PB1 priming loop, which is thought to push the 3’
cRNA promoter out of the RdRp active site while protein-RNA interactions hold the pppApG in
the same place (72, 76). Realignment results in pppApG being annealed to positions 1 and 2 of

the 3’ cRNA promoter, and it is then extended to form a full-length vVRNA product.

Termination of VRNA synthesis occurs with no polymerase stuttering, producing an exact copy
of the original vVRNA template. As with cRNA synthesis, the nascent vRNA product is co-
replicatively encapsidated by newly-synthesised FluPol and NP through an unknown mechanism

to generate a progeny VRNP (20).

1.3.5 RNA polymerase oligomerisation

In order to encapsidate nascent VRNA or cRNA into a VRNP or cRNP, newly-synthesised FluPol
must be recruited to bind to the nascent product. For this reason, viral genome replication is
hypothesised to involve interactions between newly-synthesised FluPol molecules and FluPol

molecules in RNPs (20).

FluPol dimerization has been observed in cells and in vitro, however, the role of these interactions

in viral genome replication is unknown (77, 78). One model suggests that newly-synthesised
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FluPol molecules activate viral genome replication in trans, and do not perform RNA synthesis
directly (trans-activation). This is supported by the observation that cRNPs only produce vRNA
in vitro when provided with exogenous FluPol, independently of whether the exogenous FluPol
is catalytically active (27). A second model suggests that newly-synthesised FluPol molecules
perform RNA synthesis themselves using VRNA or cRNA from the RNP, acting in trans (trans-

acting); however, there is less convincing evidence to support this model (79).

1.4 ROLE OF THE INFLUENZA VIRUS RNA POLYMERASE IN HOST ADAPTION

1.4.1 Avian-human host adaption

Influenza A viruses can infect aquatic birds and swine in addition to humans. Avian-origin
influenza A viruses are not naturally well-adapted to humans, so infections are rare and often do
not result in human-human transmission. When zoonotic influenza A viruses infect the human
population and successfully adapt for human to human transmission, this can lead to pandemics
as there is no pre-existing immunity to the novel strain. From the over 800 cases of human
infection, HSN1 highly pathogenic avian influenza (HPAI) has a mortality rate of over 50% (80).
The danger posed by zoonotic influenza A viruses means a more detailed understanding of the

mechanisms underlying host adaptation is essential.

Transmitting efficiently in a new species requires the virus to undergo several adaptations which
affect different points of its life cycle. For an avian-origin influenza A virus to efficiently infect
humans it must acquire mutations in HA which alter its receptor binding preference from a-2,3-
linked sialic acids (present in the avian gut) to a-2,6-linked sialic acids (present in the human
upper respiratory tract). Furthermore, avian-origin FluPola does not work efficiently in human
cells, a limitation which must be overcome by acquiring host-adaptive mutations (81). A key host-
adaptive amino acid residue is position PB2 627, where avian-origin viruses encode glutamic acid

and human-origin viruses often encode lysine. Human-origin PB2ks>7 forms part of a patch of
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basic amino acid residues on the PB2 627 domain, which is interrupted in the avian-origin PB2ge27
(31, 32). Avian-origin influenza A viruses often undergo a PB2gs7x substitution when adapting
to human hosts, which enables avian-origin FluPolx to function efficiently in human cells. PB2x¢27
is the most common residue found in human influenza A virus isolates, however, other non-acidic
substitutions such as PB2ge,7v can occur at this position (82, 83). Alternative adaptive mutations
in avian-origin FluPola can compensate for PB2ge»7, such as PB2p7oiv (84). Many of these other
adaptive mutations still cluster around the PB2 627 domain, such as PB2gs90s and PB2qs9ir, which

occurred together in the 2009 pandemic HINT1 virus (85, 86).

1.4.2 Role of the cellular protein ANP32 in host adaption

Understanding the restriction of avian-origin FluPols in human cells is important for preventing
influenza A virus pandemic emergence. Previous studies have shown that PB2gs>7 FluPola is
defective in viral genome replication but not transcription in human cells (87). This was found to
be because avian-origin FluPols is not compatible with human ANP32 (Acidic Nuclear

Phosphoprotein 32kDa), a host protein which is essential for viral genome replication (88).

There are three ANP32 proteins in humans: ANP32A, ANP32B and ANP32E. ANP32 proteins
interact with histones and have many endogenous functions, including transcriptional control by
chromatin remodelling. They have an N-terminal Leucine-Rich Repeat (LRR) domain, the
structure of which has been solved, and a disordered C-terminal Low-Complexity Acidic Region
(LCAR) (89). ANP32A and ANP32B can both support FluPol activity and are functionally
redundant, but ANP32E cannot support activity. FluPol from influenza A and B viruses requires
ANP32, and many studies have aimed to identify a molecular mechanism for this effect (90-92).
ANP32 is known to interact directly with the FluPol PB2 627 domain, and this interaction occurs
in the nucleus (93). There are conflicting reports on whether ANP32 prefers to interact with apo

FluPol or with RNPs, but recent data favour the latter, with inactive RNPs showing the strongest
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interaction (94, 95). Multiple studies show that ANP32 is required by FluPol for viral genome
replication but not transcription, and some suggest that it is specifically required for vRNA

synthesis (92, 94).

Compared to chicken ANP32A (chANP32A), human ANP32A (huANP32A) lacks a 33 amino
acid residue insertion in the LCAR resulting from an exon duplication event. This insertion is
required for ANP32A to support avian-origin FluPola activity, but not human-origin FluPol4 (88).
chANP32A interacts with FluPols more strongly than huANP32A, however, multiple studies
have found that interaction strength does not depend on whether FluPola has PB2gs27 or PB2x¢27
(95, 96). A SUMO-Interaction Motif (SIM) sequence was identified in the chANP32A LCAR
insertion, and was initially suggested to be involved in supporting PB2ge,7 FluPola activity, but
subsequent reports contradicted this by showing that a splice variant of chANP32A lacking the
SIM motif was also able to support activity (93, 96). Unlike huANP32B, chANP32B cannot
support PB2gs27 or PB2ke27 FluPola activity because two amino acid residues in the LRR domain,
1129 and N130, disrupt the interaction with FluPola (90, 97). Swine can be infected by both
human- and avian-origin influenza A viruses, so are thought to be 'mixing vessels’ for
reassortment between influenza A viruses from different species. Interestingly, swine ANP32A
(swANP32A) can support avian-origin FluPola activity due to its unique V106 and S156 amino
acid residues which, in combination with their expressing both o-2,3-linked and a-2,6-linked
sialic acids, provides a molecular explanation for why swine can be efficiently infected by human-

and avian-origin influenza A viruses (98, 99).

These studies highlight that ANP32 proteins are important not just for supporting FluPol activity,
but also for determining the host range of influenza A viruses. Despite this, a molecular

mechanism for ANP32 supporting FluPol activity remains elusive (81).
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1.5 OBJECTIVES

Influenza A virus is an important human pathogen; however, its mechanism of viral genome
replication remains poorly understood. The general aim of my DPhil work was to better

understand how FluPolx replicates the viral genome and the involvement of key host proteins.

I began by determining how the interactions between FluPola and its RNA promoters are
important for RNA synthesis activity, taking advantage of new high-resolution structural
information to guide functional studies (Chapter 2). Next, I investigated the role of FluPola
dimerization in replication of the viral genome, addressing this important question with cell-based
and biochemical assays to gain detailed mechanistic insight (Chapter 3). Finally, I studied the
function of the host protein ANP32A in supporting FluPola activity in a cellular context. These
studies also led to me investigating how species-specific differences in ANP32A drive particular

FluPola host adaptive mutations (Chapter 4).
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CHAPTER 2

The functions of influenza virus RNA polymerase

3' RNA promoter binding sites

Data from this chapter were published in:

Walker AP, Sharps J, Fodor E. 2020. Mutation of an Influenza Virus Polymerase 3' RNA

Promoter Binding Site Inhibits Transcription Elongation. J Virol 94:e00498-20.

2.1 INTRODUCTION

Influenza virus encodes an RNA-dependent RNA polymerase (FluPol), which forms a
ribonucleoprotein (RNP) complex with viral RNA and nucleoprotein (NP). FluPol in an RNP is
bound to promoter sequences at the 5’ and 3' ends of the viral RNA segment, effectively
circularising viral RNA which is coated with NP (29). RNPs containing negative-sense viral RNA
(VRNA) are referred to as vRNPs, while those containing positive-sense complementary RNA
(cRNA) are referred to as cRNPs (27). FluPol always performs RNA synthesis in the context of

RNPs, though it is unclear how this occurs without disrupting the RNP structure.

FluPol binds to the 5" and 3’ RNA promoters using different binding pockets. 5' VRNA and cRNA
promoters form similar hook-like structures, which bind tightly in a pocket formed by the FluPol
PB1 and PA subunits (Fig. 2.1A) (34, 38). The 3’ vVRNA and cRNA promoters are more dynamic,
and can bind in the FluPol active site as well as in two distinct sites on the external surface. By
binding in the FluPol active site the 3' RNA promoters can act as templates for viral RNA
synthesis, however, the function of 3' RNA promoter binding in the external sites is not as clear
(37, 44). The first of these external sites is called the Mode A site, and is formed entirely by the

PB1 subunit. Only the 3' vVRNA promoter has been observed in this site structurally, and initial
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observations suggested that this is a 'pre-initiation’ site for vRNA transcription (35). The second
external site is called the Mode B site, which binds to both 3’ RNA promoters and is formed
primarily by the PB1 and PA subunits (37, 44, 53). Several related viral RNA polymerases have
3’ RNA promoter binding sites similar to the Mode B site, suggesting that it has a conserved role
in viral RNA synthesis; however, when these studies were performed this function remained
unknown (52, 54). Here I aimed to understand the function of 3' RNA promoter binding in the

Mode A and Mode B sites using structure-guided functional analyses.

2.2 RESULTS

2.2.1 The Mode A site is involved in viral genome replication

First, [ aimed to gain insight into the function of 3" RNA promoter binding in the FluPolx Mode
A site. To achieve this, I mutated basic amino acids in the site to alanine, avoiding amino acid
residues located close to the FluPola active site or the PB1 nuclear localisation signal (NLS) on
the PB1 B-ribbon (Fig. 2.1B) (35). I created PBlri3sa, PBlrssoa and PBlgraoa mutations in
FluPola, and performed minigenome assays by transfecting plasmids encoding mutant FluPola,
nucleoprotein (NP), and a VRNA segment into HEK 293T cells. 24 hours post-transfection, I
quantified viral RNA levels by primer extension (Fig. 2.1C). In minigenome assays the PB1ri3sa
mutation strongly inhibited FluPols activity as measured by mRNA, cRNA and vRNA
accumulation. The PBlrssoa mutation had no significant effect on FluPols activity, while
PB1r2oa reduced the levels of all viral RNA species to approximately 50%. To further disrupt 3’
RNA promoter binding in the Mode A site I created glutamic acid substitutions at PB1r220 and
PB1g3s0 residues, which repel the negatively charged 3' RNA promoter. The PB1r220r mutation
reduced FluPola activity slightly more than the PBlraoa mutant, and the PBlr3sor mutant

abolished FluPola activity.
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Figure 2.1 Effect of Mode A site mutations in minigenome assays. A, Overall structure
of FluPol, with 5" VRNA promoter (red) and 3' vVRNA promoter (grey) bound in the Mode A site
(PDB: 4WRT). 3' vVRNA promoter (blue; PDB: 6ABF) and 3' cRNA promoter (gold; PDB: 6QX3)
are modelled in the Mode B site. B, Close-up view of 3’ VRNA promoter (grey) in the Mode A
site (PDB: 4WRT), with several key basic amino acid residues shown (purple). C, FluPola
minigenome assay with Mode A site mutations. HEK 293T cells were transfected with plasmids
encoding wild type or mutant FluPola subunits, NP and an NA segment VRNA template. Viral
RNA levels were analysed 24 hours post-transfection by primer extension (top). PB1 protein
expression was analysed by western blot, with actin as a loading control (bottom). D,
Complementation with transcription-deficient PB1kssoars70a FluPola was used to determine the
transcription activity of Mode A site FluPolx mutants. Quantification is from n=3 independent

transfections, data are mean + s.e.m., analysed by one-way ANOVA. *P<0.05, **P<0.01,
***%p<(0.001. Individual mRNA signals were compared by two-tailed unpaired t-test; **P<0.01.
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Next, I wanted to determine if these mutations inhibit the ability of FluPola to carry out viral
genome replication, transcription, or both. Normally, FluPola synthesises mRNA using vRNA as
a template, so if VRNA accumulation is inhibited by a mutation then mRNA synthesis is always
decreased, independently of whether the mutation directly affects the transcription activity of
FluPola. In other words, mRNA synthesis is always dependent on VRNA synthesis in this assay.
To overcome this limitation I used a previously described complementation assay with a
transcription-deficient FluPola mutant (PBlkesoaresr0a) (87). I expressed PBlkssoamre70a mutant
FluPola, which is able to support vVRNA accumulation, then co-expressed each FluPols mutant
(Fig. 2.1D). PBlkesoareroa FluPola is unable to efficiently synthesise mRNA, so mRNA signal
observed when other FluPola mutants are co-expressed is the result of mRNA synthesis by those
mutants using the VRNA template generated by PBlkesoars7oa FluPola (100). When I co-
expressed each of the Mode A site FluPols mutants I observed a robust mRNA signal, indicating
that the PB1ri3sa, PB1rssor and PB1r2or FluPola mutants are all able to efficiently produce viral
mRNA by transcription. These data show that the Mode A site mutations disrupt viral genome

replication by FluPola but not transcription.

To confirm that the Mode A site mutants interfere with 3' RNA promoter binding, I overexpressed
FluPola with PB1Rri3sa, PBlrazoe or PBlrssor mutations in HEK 293T cells and purified the
recombinant FluPola using a protein A tag on the PB2 C-terminus (Fig. 2.2A). I then incubated
the purified FluPola with radiolabelled 3’ VRNA or cRNA promoter in the presence of the
corresponding 5’ RNA promoter, cross-linked the RNAs to FluPola, and determined the relative
quantities of radiolabelled 3’ RNA promoter bound by SDS PAGE and phosphorimaging (Fig.
2.2B). I observed a small decrease in 3' VRNA promoter binding for the PB1ri3sa and PB1r22oe
mutations, while PB1r3soe had no significant effect. Binding to the 3’ cRNA promoter appeared
to be reduced by a similar level to the 3’ vRNA promoter, although this was only statistically
significant for the PB1r220e mutant. These results suggest that the Mode A site mutations affect 3’

RNA promoter binding, however, most of the 3' VRNA or cRNA promoter remains bound.
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Figure 2.2 In vitro assays with Mode A site FluPol, mutants. A, Protein A-tagged Mode
A site FluPola mutants were expressed in HEK 293T cells and purified, then analysed by SDS
PAGE. After protein A cleavage a Calmodulin Binding Domain (CBD) remains on the PB2
subunit. B, Binding of radiolabelled 3" vVRNA and cRNA promoters to purified FluPols was
assayed by cross-linking and SDS PAGE, followed by phosphorimaging. 3' vVRNA and cRNA
promoters cross-link to multiple FluPola subunits, resulting in multiple bands on the SDS gel. C,
De novo cRNA synthesis initiation (pppApG synthesis) assays were performed on a model vVRNA
template using purified FluPola, a schematic of the initiation mechanism on this template is shown
(top). Dinucleotide products were resolved by alkaline phosphatase treatment then denaturing
PAGE (bottom). D, De novo vRNA synthesis initiation assays were performed on a model c(RNA
template using purified FluPola, a schematic of the initiation mechanism on this template is shown
(top). Dinucleotide products were resolved by alkaline phosphatase treatment then denaturing
PAGE (bottom). Quantification is from n=3 independent protein preparations, data are mean +

s.e.m., analysed by one-way ANOVA. *P<0.05, **P<(.01, ***P<0.001.
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This is most likely because the 3’ RNA promoter can still bind to other sites on FluPola, such as
the Mode B site, despite the Mode A site mutations. Collectively, these data show that FluPola
requires the Mode A site for viral genome replication, but mutations in this site do not affect viral

genome transcription.

To examine the function of the Mode A site in more detail, I tested the ability of the Mode A site
FluPola mutants to initiate viral genome replication. FluPolx initiates viral genome replication in
a primer-independent manner by de novo synthesis of a pppApG dinucleotide from ATP and GTP.
During cRNA synthesis this occurs opposite positions 1 and 2 of the 3' VRNA promoter, while
for vRNA synthesis the pppApG is synthesised opposite positions 4 and 5 of the 3" cRNA
promoter (72). By supplying purified FluPols with model 5’ and 3’ VRNA or cRNA promoters,
ATP and radiolabelled GTP, I examined the efficiency of dinucleotide synthesis by the Mode A
site FluPola mutants in vitro (Fig. 2.2C, D). All Mode A site mutations strongly reduced cRNA
dinucleotide synthesis by FluPola, with PB1ri3sa and PB1rssoe showing the greatest reduction.
Interestingly, all of the Mode A site mutants had little to no effect on VRNA dinucleotide
synthesis. These data suggest that while the Mode A site is important for cRNA synthesis

initiation by FluPola, it is not involved in initiating VRNA synthesis.

2.2.2 The Mode B site is involved in viral genome transcription and replication

Next, I aimed to determine the function of 3' RNA promoter binding in the Mode B site. I targeted
key amino acid residues highlighted in a cryo-EM structure of FluPols bound to the 3' cRNA
promoter, mutating these to alanine (Fig. 2.3A, B) (37). I focused on the PB1 and PA subunits,
as these interact most extensively with the 3' RNA promoter in the Mode B site, and confirmed
expression of these FluPols mutants before testing their activity in minigenome assays. None of
the single amino acid substitutions significantly reduced FluPola activity as measured by mRNA,

vRNA and cRNA accumulation; however since the Mode B site is an extended groove and there



CHAPTER 2: The functions of influenza virus RNA polymerase 3' RNA promoter binding sites 45

PB1R571

B1 R560

|,
PB1Y557

C D .. B
g s T 2 3z g & &
i o= g & PE 08 3 3 3
° BOg 2 gg_:g_:z}__s_sgg
PPN A PR O EsEsEEEES s
= 2 F .8 6 5 8 % 3 g g 2 R g PBlgsommeron - - - - - + - + - -
Sserreeppsffsrees PAogn - - - - - - - oo
mRNA —— : mRNA [, o
CRNA - -, RNA| = st 2R <
VRNA O 0 o i i i s s s i~ VRNA | s i s i i i
55 RNA w s e —————————
c 23 P F O Bt o} oY Rai
< 25
Z 820 ns
S=1s5 =mRNA < § 20
g3l =cRNA & &

S E10 = VRNA v =15 = mRNA
5 505 £210 = S cNA
O V.. © ‘ - V|

“ ®oo 2 go.s
0.0
S, e aa————
PA
Actin
Figure 2.3 Effect of Mode B site mutations in minigenome assays. A, Close-up view of

3’ vRNA promoter (blue) in the Mode B site (PDB: 6ABF), with key amino acids shown. B,
Close-up view of 3’ cRNA promoter (gold) in the Mode B site (PDB: 6QX3), with key amino
acids shown. C, FluPolx minigenome assays were performed using plasmids encoding wild type
or Mode B site mutant FluPola subunits. Viral RNA levels were assayed by primer extension 24
hours post-transfection (top), and PB1 or PA protein expression was analysed by western blot
with actin as a loading control (bottom). D, Complementation with transcription-deficient
PB1xesoars70a or PApiosa FluPola was used to determine the transcription activity of Mode B site
FluPols mutants. Quantification is from n=3 independent transfections, data are mean + s.e.m.,

analysed by one-way ANOVA. *P<0.05, **P<0.01, ***P<0.001. Individual mRNA signals were

compared by two-tailed unpaired t-test; ¥*P<0.05, **P<0.01.
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are many protein-RNA interactions, I reasoned that single amino acid substitutions may not
sufficiently disrupt 3' RNA promoter binding (Fig. 2.3C). Therefore, I made FluPola constructs
with multiple Mode B site amino acid substitutions and tested their activity in minigenome assays.
PB1xss3arvsszarseoa and PAvyasaakassarasoarasea mutations abolished mRNA, vRNA and cRNA
synthesis, while the PB1gse7a/0s60ars714 mutation significantly reduced mRNA synthesis but

caused an increase in VRNA and cRNA accumulation.

Next, I tested the transcription activity of FluPols with Mode B site mutations using the same
complementation assay as I used for the Mode A site mutations. I used PB1kessoars70a FluPola as
the transcription-deficient mutant for complementing PB1 mutations, or PApiosa FluPola as the
transcription-deficient mutant for complementing PA mutations (Fig. 2.3D) (100, 101). When I
co-expressed PB1xkss3avssiamseoa or PB1lase7a/ossoars7ia FluPola with PB1xesoare7oa FluPola I did
not observe a robust mRNA signal, indicating that these mutations inhibit FluPola transcription
activity. However, when I co-expressed PAvassaxassaraooamrassa FluPolsy with PApiosa FluPola 1
observed a strong mRNA signal, indicating that the PAyussa/k4ssarasoaraosa mutation interferes

with viral genome replication by FluPola but not transcription.

To confirm that these mutations disrupt 3' RNA promoter binding, I purified the overexpressed
FluPola mutants from HEK 293T cells, then tested then ability of the FluPola mutants to bind to
radiolabelled 3’ vVRNA and cRNA promoter by cross-linking and SDS PAGE (Fig. 2.4A, B). All
of the Mode B site mutations significantly reduced 3 vRNA and cRNA promoter binding, with
PAvassakassarasoamassa having the strongest effect. Collectively, these data show that 3’ RNA
promoter binding in the Mode B site is involved in both viral genome replication and

transcription.
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Figure 2.4 Purification and RNA binding affinity of Mode B site FluPol, mutants. A,
Protein A-tagged Mode B site FluPols mutants were purified from HEK 293T cells and analysed
by SDS PAGE. B, Radiolabelled 3' vVRNA and cRNA promoter binding to purified FluPols was
assayed by cross-linking and SDS PAGE, followed by phosphorimaging. Quantification is from
n=3 independent protein preparations, data are mean + s.e.m., analysed by one-way ANOVA.

*P<0.05, **P<0.01, ***P<0.001.

2.2.3 The Mode B site is required for elongation during transcription

To gain further insight into the role of the 3’ RNA promoter binding in the Mode B site, I took
advantage of the transcription-specific phenotype of the PB1gse7a/0s60ars714 FluPols mutant. This
mutation interferes with mRNA synthesis but not c(RNA or vVRNA synthesis, meaning that
transcriptionally-inactive PB1gse7a/0s60ars71a mutant VRNPs can still accumulate in cells and
could be purified. Therefore, I overexpressed PBlose7a/gssoars7ia mutant FluPols, NP and a
vRNA template in HEK 293T cells and purified the mutant vRNPs using a protein A tag on the
PB2 subunit (Fig. 2.5A). I then performed in vitro transcription assays by incubating the purified
vRNPs with a capped RNA primer in the presence or absence of NTPs. When I analysed the
reaction products by primer extension, using a radiolabelled primer targeting the 5’ end of mRNA
products (NA 160%*), I observed a similar mRNA signal for wild type and PB1qse7a/0s60ars714

mutant vRNPs (Fig. 2.5B, C). I also performed reverse-transcription using the same primer
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Figure 2.5 Purification and transcription activity of Mode B site mutant vRNPs. A,

Protein A-tagged wild type or Mode B site mutant FluPola was expressed in HEK 293T cells with
NP and a vVRNA template, then purified and analysed by SDS PAGE. B, Schematic of the viral
mRNA product denoting annealing sites of the NA 160 (top and middle) and NA 1394 primers
(bottom). A red asterisk indicates the **P radiolabel used in the primer extension assay (top), and
positions of the reverse qPCR primers are also shown (middle and bottom). C, Capped RNA-
primed in vitro transcription assays were carried out using wild type and Mode B site mutant
vRNPs, and mRNA products were visualised by primer extension using the NA 160* primer. D,
In vitro transcription products were analysed by reverse transcription and qPCR using either the
NA 160 or NA 1394 primers. Quantification is from n=3-4 independent reactions using 2 different
VvRNP preparations; data are mean + s.e.m., analysed by one-way ANOVA. **P<0.01,
*#*¥P<0.001. Individual mRNA signals were compared by two-tailed unpaired t-test; *P<0.05.

without a radiolabel (NA 160), followed by qPCR, and obtained similar results (Fig. 2.5B, D).
However, when I performed reverse transcription using a primer directed against the 3’ end of
mRNA products (NA 1394) followed by qPCR, I observed a significant decrease in mRNA signal

from the PB1gse7a/0560aR5714 mutant VRNPs compared to wild type vRNPs (Fig. 2.5B, D). This
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indicates that while the PB1gse7a/0s69ars714 mutant VRNPs can initiate transcription as well as
wild type, they are less able to synthesise full length mRNA products. Collectively, these data

suggest that the Mode B site is required for elongation during viral genome transcription.

2.3 DISCUSSION

With this study, I aimed to determine the function of 3’ RNA promoter binding in the Mode A
and Mode B sites on the external surface of FluPola. I found that mutating the Mode A site
interferes with viral genome replication, specifically preventing the de novo initiation of cRNA
synthesis. On the other hand, I found that the Mode B site is important for both viral genome
transcription and replication. Furthermore, using in vitro biochemical analyses I found that the
Mode B site is dispensable for initiating viral genome transcription but is essential for the

production of full-length viral mRNA.

My minigenome assay results suggest that the Mode A site is not important for transcription of
the viral genome, contradicting previous hypotheses that 3' VRNA promoter binds in the Mode A
site to initiate viral genome transcription (Fig. 2.1) (35). My follow-up analyses found that all
Mode A site mutations tested caused a defect in de novo initiation; specifically, the initiation of
cRNA synthesis by vVRNA-bound FluPols (Fig. 2.2C, D). This finding is consistent with a
previous biophysical study which found that the 3' vRNA promoter can access the FluPol active
site from the Mode A site, but the 3’ cRNA promoter cannot (49). Despite the striking difference
in utilisation of the Mode A site by 3’ vRNA and 3’ cRNA promoters, I observed that Mode A
site mutations do not differentially affect 3' vVRNA and cRNA promoter binding (Fig. 2.2B). These
results suggest that the 3’ cRNA promoter can bind in the Mode A site under the in vitro conditions

used, but this binding may not be functionally important.

My data also show that the Mode B site is not required for initiating viral mRNA synthesis, but

is required to synthesise full-length viral mRNA transcripts. These data support a model in which
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Figure 2.6 Model for the function of the Mode B site. A, Model for the function of the
Mode B site during viral genome transcription. FluPol extends the capped mRNA primer using
vRNA in the vVRNP as a template, and the 3’ end of the vVRNA template leaves the FluPol active
site after it has been copied (top). Once it has exited the FluPol active site the 3' VRNA promoter
binds in the Mode B site, where it remains bound throughout transcription elongation (bottom).
B, Structure of the FluPola frans-activating dimer with one FluPol heterotrimer shown as ribbon
cartoon and the other as a surface (PDB: 6QNW). 3’ vRNA promoter (blue; PDB: 6ABF) and 3’
cRNA promoter (gold; PDB: 6QX3) are modelled in the Mode B site. 5' VRNA promoter and 3’
VvRNA promoter in the Mode A site are also shown (red and grey; PDB: 4WRT).

the 3’ end of the vVRNA template binds in the Mode B site after it has passed through the FluPol
active site during transcription elongation, as suggested previously (Fig. 2.6A) (37). This binding
would maintain the structure of the vVRNP throughout transcription, which is necessary for two
reasons: firstly, VRNA associated with a VRNP cannot be detected by innate immune sensors such
as RIG-I, and major disruptions to VRNP integrity would risk releasing immunogenic vRNA into
the cellular environment (102). Secondly, the interaction between FluPol and NP is important for
processivity during transcription, therefore a VRNP must maintain its structure to be capable of
multiple sequential rounds of transcription (28). This was clearly demonstrated by a recent cryo-

EM study which found that transcribing vRNPs maintain the ordered double-helical arrangement
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of NP (24). My model for the function of the Mode B site is also strongly supported by a recent
independent study, which showed that when FluPola transcribes an artificial vVRNA template the
3’ vRNA promoter binds in the Mode B site after passing through the active site. This study also
found that the Mode B site remains occupied until transcription is completed, and proposed a
recycling step in which the 3' vVRNA promoter moves from the Mode B site back into the FluPol

active site (44).

It is likely that the Mode B site has a similar function in viral genome transcription and replication,
and indeed my minigenome assay data show that some Mode B site amino acid residues are
important for viral genome replication. Interestingly, I observed different effects by mutating
different regions of the Mode B site; for example, the PB1qgss7a/0560ar5714 mutation only affected
transcription while the PAvyassa/kassarasoaraosa mutation only affected viral genome replication
(Fig. 2.3C, D). These data suggest that the transcription and replication processes have differences
in how they utilise the Mode B site, or require different affinities for the 3' RNA promoter, which
results in a dependence on different amino acid residues. Intriguingly, the Mode B site is located
at a FluPol4 trans-activating dimer interface which is important for vVRNA synthesis (see Chapter
3), raising the possibility that interplay between 3’ RNA promoter binding and FluPol

dimerization occurs during viral genome replication (Fig. 2.6B) (37).

These results provide the first insights into the functional relevance of FluPol 3' RNA promoter
binding sites. I find that 3" vRNA promoter binding in the Mode A site is important for de novo
initiation of cRNA synthesis, which challenges existing hypotheses. I also find that 3" RNA
promoter binding in the Mode B site is required for viral genome transcription and replication,
and using more detailed analyses I show that this is important for the elongation of mRNA
products by transcribing vRNPs. From these data I present a model for the function of the Mode
B site, which is now well supported by an independent study (44). My findings not only improve
understanding of influenza A virus RNA synthesis, but may also be applicable to other negative-

strand RNA viruses with similar RNA polymerases.
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CHAPTER 3

The role of influenza virus RNA polymerase dimerization

in viral genome replication

Data from this chapter were published in:

Fan H* Walker AP*, Carrigue L*, Keown JR* Serna Martin I, Karia D, Sharps J, Hengrung
N, Pardon E, Steyaert J, Grimes JM, Fodor E. 2019. Structures of influenza A virus RNA

polymerase offer insight into viral genome replication. Nature 573:287-290.

* Joint authorship

3.1 INTRODUCTION

The influenza virus RNA-dependent RNA polymerase (FluPol) is responsible for replicating and
transcribing the viral RNA genome. Recent structural data have provided detailed insights into
the mechanisms underlying viral genome transcription, however, the process of viral genome

replication remains poorly understood (29).

Viral genome replication is a two-step process involving synthesis of a positive-sense
complementary RNA (cRNA) intermediate, then viral RNA (VRNA) synthesis using the cRNA
as a template. FluPol initiates both steps of viral genome replication without a primer, by de novo
synthesis and extension of a pppApG dinucleotide (29). However, there are some differences
between the two steps, such as a 'prime-and-realign’ mechanism which is used to initiate VRNA
synthesis but not cRNA synthesis. In this mechanism the initiating pppApG dinucleotide relocates

from positions 4 and 5 on the 3’ cRNA promoter, where it is synthesised, to positions 1 and 2
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(72). The molecular mechanism of prime-and-realign is not fully understood, although the PB1

priming loop is thought to be involved (76).

Viral genome replication occurs later in the course of an infection, after newly synthesised viral
proteins have accumulated (19). FluPol and nucleoprotein (NP) are required to assemble nascent
cRNA and vRNA into ribonucleoproteins (RNPs), which has led to the suggestion that FluPol
oligomerisation is a requirement for viral genome replication. Several studies support this,
although they provide little insight into the exact function of FluPol oligomerisation and present
some conflicting results (27, 79). Here I aimed to identify the precise role, if any, of FluPol

oligomerisation in viral genome replication.

3.2 RESULTS

3.2.1 Detection of influenza virus RNA polymerase dimerization in cells

Previous work from our group showed that purified FluPol from influenza A virus (FluPola)
forms dimers of heterotrimers in solution (Fig. 3.1A) (37). This symmetrical dimer interface is
primarily formed by the PA subunit, with PB2 and PB1 also contributing some interactions. A
key feature of the dimer interface is a series of charged amino acid residues from PA 352-356,

which interact with the same region on the opposing PA subunit (Fig. 3.1B).

To examine the functional relevance of FluPols dimerization I first determined whether the
FluPols dimer observed in solution could form in cells. Since dimerization is likely to be
dependent on FluPola concentration I used a bimolecular fluorescence complementation (BiFC)
approach, which detects protein-protein interactions using a split fluorescent reporter and does
not require cell lysis (103). To detect FluPola dimerization I fused N-terminal (1-155; VN) and
C-terminal (156-229; VC) fragments of Venus, a yellow fluorescent protein (YFP) variant
optimised for BiFC, to the N-terminus of PB1 (Fig. 3.1C) (104). This design places the Venus

fragments close enough to interact upon FluPols dimerization and ensures that no signal is
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Figure 3.1 Analysis of FluPolx dimerization wusing Bimolecular Fluorescence

Complementation. A, Structure of a FluPols dimer of heterotrimers observed in solution (PDB:
6QNW). One heterotrimer is shown as a surface and the other as ribbons. Reconstituted split
Venus protein is modelled across the dimer interface, with flexible linker peptides represented as
solid yellow lines (PDB: 1YFP). B, Close-up view of the PA 352-356 loop and PB2 71-73 loop
interactions at the dimer interface. PA 352-356 and PB2 71-73 amino acid residues for the cartoon
FluPola molecule are shown in dark blue and dark green respectively. C, Schematic of PBI
constructs with Venus N- and C- terminal fragments fused. D, Cells were transfected with
plasmids encoding split Venus tagged FluPola and stained with DAPI, then visualised using
fluorescence microscopy. As a negative control the plasmids encoding PB2 and PA were omitted.
E, Dimer interface mutations were introduced to split Venus tagged FluPola, and signal was
quantified using flow cytometry. Gating was used to remove clumped cells (left) and quantify
Venus signal (right). F, Venus signal was quantified from n=3-9 independent transfections, data

are mean + s.e.m., analysed by one-way ANOVA. *P<0.05, **P<0.01, ***P<0.001.
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observed from interactions between FluPols subunits in a single heterotrimer (Fig. 3.1A). I
transfected plasmids encoding FluPol, fused to VN and VC into HEK 293T cells and examined
Venus signal 24 hours later by confocal fluorescence microscopy (Fig. 3.1D). As a positive
control for BiFC I used constructs with VN and VC at the PB1 C-terminus and PB2 N-terminus
respectively, regions which interact closely within a single FluPola heterotrimer. As expected, the
positive control constructs produced strong Venus signal in cell nuclei. For wild type FluPola
with Venus fragments at the PB1 N-termini, faint Venus signals were also visible in cell nuclei.
To confirm that this Venus signal resulted from interactions between FluPola heterotrimers and
not from intrinsic affinity between VN and VC fragments, I also overexpressed VN- and VC-
tagged PB1 in the absence of PB2 or PA subunits. In this instance I did not observe any Venus
signal, confirming that the BiFC system is suitable for detecting interactions between FluPola

heterotrimers.

To investigate whether the FluPola interactions detected by BiFC correspond to the dimer
observed in solution, I created a series of mutations at the dimer interface focusing on the key PA
352-356 loop interaction. Jane Sharps confirmed equal expression of the mutant FluPola subunits
and I expressed wild type or dimer interface mutant FluPola with the VN-PB1 and VC-PB1 BiFC
tags in HEK 293T cells, then used flow cytometry to quantify Venus signal for each sample
relative to the wild type (Fig. 3.1E, F). The PA3s2.356a and PAsse353a mutations reduced Venus
signal, while the PB27;.73a and PA3s;.353a mutations had no significant effect. Collectively, these
data suggest that FluPols forms dimers of heterotrimers in cells and the PA 352-356 loop is

important for this interaction.
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3.2.2 Influenza virus RNA polymerase dimerization is required for initiating vVRNA

synthesis

I next aimed to determine the effect of mutating the dimer interface on FluPola function. I
therefore transfected HEK 293T cells with plasmids encoding wild type or PAssy3s6a mutant
FluPola, NP, and a vRNA segment, then quantified viral RNA levels 24 hours post-transfection
by primer extension. In this minigenome assay the PAjss»3s6a mutation caused a significant
reduction in mRNA, vRNA and cRNA synthesis levels compared to wild type (Fig. 3.2A). PB27,.
73a, PAssiszsa, and PAssesssa mutations all caused similar reductions in FluPols activity,

indicating that the FluPola dimer interface is functionally important (Fig. 3.2B).

One of the functions of FluPola is to perform viral genome transcription, synthesising viral
mRNA using vVRNA as a template. If a mutation interferes with the ability of FluPola to synthesise
vRNA in a minigenome assay, mRNA synthesis is always reduced because less VRNA template
is available. Therefore, reduced mRNA signal in a minigenome assay does not necessarily mean
that a mutation interferes with FluPola transcription activity. To overcome this limitation and
determine whether the PAss»- 3564 mutation directly affects FluPola transcription activity, I used a
previously described complementation approach (Fig. 3.2A) (87). FluPola with a PApiosa
mutation cannot synthesise viral mRNA but can synthesise VRNA, which can then be used as a
template for mRNA synthesis by co-expressed FluPola (101). When I co-expressed PApiosa
FluPola and PAs3s;.356a FluPola in a minigenome assay I observed a robust mRNA signal. This
result indicates that when provided with sufficient VRNA template, PAss».356a mutant FluPoly is
able to efficiently perform viral genome transcription. Therefore, these data show that the FluPola

dimer interface is important for viral genome replication, but not for transcription.

To gain a more detailed insight into the role of the FluPola dimer interface in viral genome
replication, I used in vitro activity assays to individually examine each reaction performed by
FluPola (Fig. 3.2C). First, I tested the transcription activity of purified FluPola by incubating with

amodel 5’ and 3’ vVRNA promoter and radiolabelled capped RNA in the presence of NTPs
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Figure 3.2 Effect of dimer interface mutations on FluPol4 activity. A, Minigenome assay
with the PAssz356a FluPola mutant. HEK 293T cells were transfected with plasmids encoding
wild type or mutant FluPola subunits, NP and a vVRNA template. Viral RNA levels were analysed
24 hours post-transfection by primer extension. Complementation with transcription-deficient
PApiosa FluPola was used to determine the transcription activity of PAjsszssea FluPola. B,
Minigenome assays were performed with further FluPols dimer interface mutants. C, Schematic
of FluPol viral genome transcription and replication. D, Schematic of capped RNA primer binding
to model VRNA promoter (top). In vitro transcription assays were performed with PAj3sz3s6a
mutant FluPola (bottom). E, Schematic of de novo initiation on a model vRNA promoter (top). /n
vitro cRNA synthesis assays were performed with PAssy3sea mutant FluPola (bottom). F,
Schematic of de novo initiation and prime-and-realign on a model cRNA promoter (top). In vitro
vRNA synthesis assays were performed with PAss;.3564 mutant FluPola (bottom). Quantification
is from n=3 independent transfections or reactions, data are mean + s.e.m., analysed by one-way
ANOVA. *P<0.05, **P<0.01, ***P<(0.001. Individual mRNA signals were compared by two-
tailed unpaired t-test; *P<0.05, **P<0.01, ***P<0.001.

(Fig. 3.2D). The PAjs:356a mutation did not reduce FluPola transcription activity, which is
consistent with the minigenome assay result. Next, I tested cRNA synthesis activity by incubating
FluPola with the model vRNA promoters and NTPs in the absence of a primer, to allow de novo
initiation (Fig. 3.2E). Under these conditions, the PAss»3s6a mutation did not reduce cRNA
synthesis activity. Finally, I tested vRNA synthesis activity by incubating FluPols with model 5’
and 3’ cRNA promoters and NTPs in the absence of a primer (Fig. 3.2F). In this assay, the PAss,-
3564 mutation caused a significant decrease in FluPols VRNA synthesis activity by approximately
50%. Collectively, these data indicate that the FluPola dimer interface is important for the vVRNA

synthesis step of viral genome replication, but is dispensable for mRNA or cRNA synthesis.

The mechanism for initiating vRNA synthesis is distinct from cRNA synthesis as it requires a
prime-and-realign step (72). I hypothesised that since the FluPola dimer interface is only
important for VRNA synthesis, it could be involved in prime-and-realign. To test this hypothesis,

I performed in vitro assays with an ApG dinucleotide primer which imitates the pppApG
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Figure 3.3 Prime-and-realign activity with dimer interface mutant FluPols. A
9

Schematic of ApG-primed initiation on a model VRNA template (left). ApG-primed cRNA
synthesis assays were performed with PAss;.3564 mutant FluPola (right). B, Schematic of terminal
and internal ApG-primed initiation on a model cRNA template (left). ApG-primed vRNA
synthesis assays were performed with PAss;.3564 mutant FluPola (right). C, Schematic of terminal
and internal ApG-primed initiation on a model cRNA template with no UTP (left). ApG-primed
vRNA synthesis assays were performed in the presence or absence of UTP (right). D, Schematic
of terminal and internal ApG-primed initiation on a model cRNA template (left). ApG-primed
vRNA synthesis assays were performed with added catalytically inactive FluPola (right).
Quantification is from n=3 independent reactions, data are mean + s.e.m., analysed by one-way

or two-way ANOVA. **P<0.01
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dinucleotide formed during de novo initiation. The PA3s2.356a mutation had no effect on ApG-
primed cRNA synthesis, which consistent with the primer-independent assay (Fig. 3.3A). In
ApG-primed vRNA synthesis assays I observed two major products, which I assigned as full-
length (15nt), or resulting from the failure of FluPol4 to realign the initiating ApG from template
positions 4 and 5 to positions 1 and 2 (12nt) (Fig. 3.3B). Additional products at 13nt and 14nt
could either result from non-templated extension of the 12nt product, or from aberrant
realignment of ApG to other positions on the template. In these assays the PAj3s2.3564 mutation did
not reduce the overall level of product synthesised; however, on comparison of the 12nt and 15nt
products, I found that the PAss;.3564 mutation significantly reduced the amount of 15nt product
synthesised compared to the 12nt product. This effect was dependent on the concentration of
FluPola, which is consistent with involvement of an intermolecular interaction. To confirm that
the 12nt product results from failed prime-and-realign I performed assays in the absence of UTP,
which prevented full-length product synthesis but allowed 12nt product synthesis since the only
adenosine in the 3’ cRNA promoter is at position 3 (Fig. 3.3C). These data show that the 12nt
product results from FluPol, extending the ApG from positions 4 and 5 upon failure to realign to

positions 1 and 2.

Finally, to confirm the conclusion that an intermolecular interaction between FluPola molecules
promotes prime-and-realign, I added increasing concentrations of catalytically inactive (PBla)
FluPola to a constant concentration of wild type FluPolx (Fig. 3.3D). As expected, the quantity of
15nt vVRNA product synthesised compared to the 12nt product increased significantly in a
concentration-dependent manner. Collectively, these data show that FluPols dimerization through

the PA 352-356 loop is important for vVRNA synthesis by promoting prime-and-realign.
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Figure 3.4 The effect of Nb 8205 on FluPol, activity. A, Model of the FluPola dimer with
Nb 8205 (magenta; PDB: 6QX3) and Nb 8210 (dark magenta; unpublished data courtesy of
Jeremy Keown) binding sites shown. B, FluPols minigenome assays were performed in the
presence or absence of Nb 8205 and Nb 8210. C, Schematic of capped RNA primer binding to
model VRNA promoter (top). In vitro transcription assays were performed in the presence or
absence of Nb 8205 (bottom). D, Schematic of de novo initiation on a model vVRNA promoter
(top). In vitro cRNA synthesis assays were performed in the presence or absence of Nb 8205
(bottom). E, Schematic of de novo initiation and prime-and-realign on a model cRNA promoter
(top). In vitro vRNA synthesis assays were performed in the presence or absence of Nb 8205
(bottom). Quantification is from n=3 independent transfections or reactions, data are mean +

s.e.m., analysed by one-way ANOVA. ***pP<(.001.
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Figure 3.5 FluPols prime-and-realign activity in the presence of Nb 8205. A, Schematic
of ApG-primed initiation on a model VRNA template (left). ApG-primed cRNA synthesis assays
were performed in the presence or absence of Nb 8205 (right). B, Schematic of terminal and
internal ApG-primed initiation on a model cRNA template (left). ApG-primed vVRNA synthesis
assays were performed in the presence or absence of Nb 8205 (right). Quantification is from n=3
independent reactions, data are mean + s.e.m., analysed by two-way ANOVA. *P<0.05. C,
Schematic of terminal and internal ApG-primed initiation on a model cRNA template with no
UTP (left). ApG-primed vRNA synthesis assays were performed in the presence or absence of
UTP and Nb 8205 (right).

3.2.3 Disruption of influenza virus RNA polymerase dimerization using a nanobody

Next, I aimed to study the effect on FluPola function of disrupting dimerization using a nanobody.
Nanobodies are single-domain antibodies derived from camelids, and their epitope recognition
loops are all located on a single 12-15kDa immunoglobulin domain (105). Nb 8205 binds to the
FluPola PA subunit close to the dimer interface, and has been shown to disrupt FluPola
dimerization in solution and in cells (Fig. 3.4A) (37). To study the functional consequences of

this, I first performed FluPols minigenome assays in the presence of co-expressed Nb 8205 (Fig.
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3.4B). Nb 8205 abolished FluPols activity as measured by mRNA, vRNA and cRNA
accumulation, whereas a control nanobody (Nb 8210) which binds to the PA linker had no effect
on FluPols activity (Fig. 3.4A). To provide further evidence for the function of FluPola
dimerization, I performed in vitro FluPola activity assays in the presence of Nb 8205. Similar to
the PA3s2.3564 mutation, Nb 8205 did not reduce mRNA synthesis or primer-independent cRNA
synthesis (Fig. 3.4C, D). However, addition of Nb 8205 abolished the vRNA synthesis activity

of purified FluPola (Fig. 3.4E).

Next, I determined the effect of Nb 8205 on prime-and-realign during vVRNA synthesis. Nb 8205
had no effect on ApG-primed cRNA synthesis, which is consistent with the primer-independent
cRNA synthesis assay (Fig. 3.5A). However, in ApG-primed vRNA synthesis assays, Nb 8205
strongly reduced synthesis of the full length 15nt product when compared to the truncated 12nt
product, with a more potent effect than the PAj3s,-3564 mutation (Fig. 3.5B). To once again confirm
that the 12nt product observed resulted from failed prime-and-realign, I performed assays in the
absence of UTP, which prevented ApG extension from positions 1 and 2 on the template. With
no UTP present very little 15nt product was synthesised, confirming that the 12nt product resulted
from failed prime-and-realign (Fig. 3.5C). Collectively, these data show that disrupting FluPola
dimerization using a nanobody causes a defect in prime-and-realign during vRNA synthesis
initiation.

Finally, to determine the effect of blocking FluPola dimerization on influenza A virus growth, I
transfected HEK 293T cells with plasmids encoding Nb 8205 or Nb 8210, or an empty plasmid.
24 hours post-transfection, I infected the cells with influenza A/WSN/33 virus and assayed viral
growth for 48 hours post-infection (Fig. 3.6A). Nb 8205 significantly reduced virus titre at 24 and
32 hours post-infection, while Nb 8210 had no significant effect at any time point. To confirm
that the reduced virus titre in the presence of Nb 8205 resulted from decreased viral RNA
synthesis, | extracted total cellular RNA at the time points indicated and examined viral RNA

accumulation by primer extension (Fig. 3.6B). mRNA, cRNA and vRNA accumulation was
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Figure 3.6 Influenza A virus growth in the presence of Nb 8205 or Nb 8210, and a model
for the role of FluPols dimerization in viral genome replication. A, HEK 293T cells were
transfected with plasmids encoding Nb 8205 or Nb 8210, then infected with influenza A virus.
Virus titres in cell culture media were determined by plaque assay up to 48 hours post-infection.
B, Viral RNA accumulation in total cellular RNA was determined by primer extension.
Quantification is from n=3 independent transfections, data are mean =+ s.e.m., analysed by one-
way or two-way ANOVA. *P<0.05, **P<0.01, ***P<(0.001. C, Schematic of viral genome

transcription and replication, including the role of FluPola dimerization in modulating vVRNA

synthesis.

significantly reduced by Nb 8205 at 16, 24 and 32 hours post-infection, while Nb 8210 had only
a minor effect on viral RNA accumulation at 32 hours post-transfection. As with virus titres, at
48 hours post-infection viral RNA accumulation in the presence of Nb 8205 was the same as the
mock transfected sample. Collectively, these data demonstrate that blocking the FluPola dimer

interface reduces viral RNA accumulation and therefore influenza A virus growth.
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3.3 DISCUSSION

With this study, I aimed to identify the role of FluPola oligomerisation in viral genome replication.
I first demonstrated that FluPola forms dimers of heterotrimers in cells, and identified a critical
region of the PA subunit for this interaction. Using both mutagenesis and a nanobody, I then
showed that FluPols dimerization is required for viral genome replication, specifically for
initiating vRNA synthesis. Finally, I found that blocking the FluPols dimer interface with a

nanobody inhibits VRNA accumulation and influenza A virus growth.

Collectively, these data support a model in which newly synthesised FluPol activates vVRNA
synthesis by forming a dimer with cRNA-associated FluPol (Fig. 3.6C). This model is further
supported by a more recent study, which demonstrated that recombinant influenza A viruses with
aberrant FluPol dimerization have a defect in VRNA synthesis (106). The proposed model could
allow FluPol dimerization to function as regulatory mechanism to modulate the level of vVRNA
synthesis based on the availability of free FluPol in the cell. In other words, FluPol dimerization
would act as a molecular clock, ensuring that vVRNA synthesis only takes place later in the course
of an infection once sufficient FluPol is available to encapsidate nascent vVRNA into vVRNPs. This
would help to avoid the production of naked vRNAs that would otherwise trigger an antiviral

response due to their 5’ triphosphate activating innate immune receptors (102).

I find that FluPola dimerization promotes vRNA synthesis by facilitating prime-and-realign, a
key step during the initiation of VRNA synthesis (72). Cryo-EM structures of FluPols from our
group suggest a possible molecular mechanism for how dimerization is linked to prime-and-
realign; briefly, intermolecular interactions which occur upon dimerization cause rearrangement
of a helical bundle consisting of the PB1 thumb and the N-terminus of PB2. The PB1 priming
loop, previously implicated in prime-and-realign, is attached to this helical bundle and pulls away
from the FluPola active site by approximately 7A (76). The priming loop interacts with the 3’
cRNA promoter, so this movement could translocate the 3’ cRNA promoter such that the initiating

pppApG dinucleotide relocates from positions 4 and 5 to positions 1 and 2. Intriguingly, several
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other polymerases from negative-strand RNA viruses also utilise prime-and-realign mechanisms,
such as Tacaribe arenavirus and Hantaan bunyavirus, raising the possibility that this is a shared

mechanism for regulating vVRNA synthesis (107-109).

Previous studies have presented several possible models for the function of FluPol oligomers
(described in detail in section 1.3.5) (27, 79). My findings are consistent with FluPola
dimerization playing a trans-activating role in vRNA synthesis, since the prime-and-realign
mechanism promoted by dimerization would not require the newly-synthesised FluPol molecule
to be catalytically active. However, it is unlikely that this interaction is responsible for assembling
new RNPs during viral genome replication, as dimerization is only required for vVRNA synthesis
and RNP assembly is a fundamental requirement for both cRNA and vRNA synthesis (29).
Therefore, the primary function of FluPols dimerization appears to be regulatory, and RNP
assembly may occur by a different mechanism. Such a mechanism could involve further
interactions between FluPol molecules, either indirectly or through the formation of other

structurally distinct dimers of heterotrimers.

In summary, I have identified that the role of FluPols dimerization in viral genome replication is
promoting prime-and-realign during VRNA synthesis, which could be a key regulatory
mechanism to control the rate of viral genome replication and avoid aberrant VRNA synthesis. I
also showed that blocking the FluPols dimer interface is detrimental to influenza A virus growth,

implicating FluPola dimerization as a possible target for antiviral drugs against influenza A virus.
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CHAPTER 4

The role of host protein ANP32A in supporting

influenza viral genome replication

Data from this chapter were published in:

Carrique L*, Fan H*, Walker AP*, Keown JR*, Sharps J, Staller E, Barclay WS, Fodor E,
Grimes JM. 2020. Host ANP32A mediates the assembly of the influenza virus replicase. Nature

587:638-643.

* Joint authorship

4.1 INTRODUCTION

Influenza A viruses have the ability to infect many different hosts, including humans and aquatic
birds. Adaption of avian influenza A viruses to human hosts can result in novel viruses such as
HS5N1 highly pathogenic avian influenza virus. These viruses are particularly dangerous because

the human population has no pre-existing immunity, so they have pandemic potential (110).

In order for avian influenza A viruses to replicate efficiently in human cells, their RNA-dependent
RNA polymerases (FluPols) must undergo one of several point mutations, with the most-studied
example being PB2gs27x (81). Previous studies found that the purpose of this mutation is to make
avian-origin FluPola functionally compatible with ANP32A (Acidic Nuclear Phosphoprotein
32kDa A) and ANP32B in human cells. Most avian ANP32A proteins, including chicken
ANP32A (chANP32A), have a 33 amino acid residue insertion compared to human ANP32A
(huANP32A) and huANP32B, which enables them to support avian-origin (PB2gs27) FluPola

activity. Since huANP32A and huANP32B lack this insertion they cannot normally support



CHAPTER 4: The role of host protein ANP32A in supporting influenza viral genome replication 68

avian-origin FluPola activity. On the other hand, human-origin (PB2x¢27) FluPol4 activity can be

supported by huANP32A, huANP32B or chANP32A (88).

The huANP32A and huANP32B host cellular proteins are functionally redundant but essential
for FluPola activity, to the point where huANP32A/huANP32B double knockout cells are
completely unable to support influenza A virus growth (92). Past studies have implicated ANP32
proteins in supporting viral genome replication, however, the precise molecular role of this
interaction remains elusive (90-92). Recently, our group were able to solve cryo-EM structures
of the FluPolc-huANP32A and FluPolc-chANP32A complexes (111). Here I study the function
of these complexes to gain insights into the role of ANP32 proteins in host adaption and viral

genome replication.

4.2 RESULTS
4.2.1 Characterisation of the influenza virus RNA polymerase-ANP32A interface

I first aimed to gain insight into the functional relevance of the FluPol-ANP32A interface
identified in the FluPolc-huANP32A complex cryo-EM structure (Fig. 4.1A) (111). The
huANP32A N-terminal leucine-rich repeat (LRR) domain is well resolved and binds in a cavity
formed by an asymmetric dimer of two FluPolc heterotrimers, henceforth referred to individually
as the replicating FluPol (FluPol®) and encapsidating FluPol (FluPol®). I identified several key
interactions between the huANP32A LRR domain and FluPolc, and made substitutions at
equivalent amino acid residues in FluPola as identified by sequence and structural alignments.
Amino acid residues P3gsi3, P3k391 and PB2p631 in FluPolc were found to be equivalent to PAps»o,
PAkai3 and PB2re09 respectively in FluPola, which I used for functional assays as it is a better-
characterised polymerase and a more relevant background for studies on avian-human host
adaption by influenza A viruses (Fig. 4.1B, C, D, E). An early version of the cryo-EM structure

suggested that amino acid residues P3ns1s and P3g317, equivalent to FluPola residues PArssi and
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Figure 4.1 Functional analysis of FluPol-huANP32A interface mutations. A, Structure

of the FluPolc-huANP32A complex (PDB: 6XZQ) bound to VRNA (red). FluPoI® (replicating
FluPol) and FluPol® (encapsidating FluPol) are shown as ribbon and surface representations
respectively. Boxes indicate key interactions between FluPolc and huANP32A. B, C, D, Close-
up views of key interactions between huANP32A (orange) and FluPolc PB2 (green) or PA (blue)
subunits. E, Equivalent amino acid residues in FluPolc and FluPola, with key interacting residues
in bold. F, HEK 293T cells were transfected with plasmids encoding wild type or mutant FluPola
subunits, NP and a vVRNA template. Viral RNA levels were analysed 24 hours post-transfection
by primer extension (top), and PB2 or PA protein expression was analysed by western blot with
actin as a loading control (bottom). Quantification is from n=3 independent transfections, data are
mean + s.e.m., analysed by one-way ANOVA. **¥P<0.01, ***P<0.001. G, HEK 293T cells were
transfected with plasmids encoding wild type or mutant FluPola subunits and huANP32A-strep.
huANP32A-strep was purified 48 hours post-transfection, and co-purified FluPols was detected

by western blot for PB1 protein.
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PAgss3, could also be important for huANP32 LRR binding. These amino acid residues were
therefore mutated along with PApsyo, although the final cryo-EM structure indicates that they do

not interact directly with the LRR.

I began by studying the effect of FluPol-huANP32A interface mutations on FluPola activity. I
transfected HEK 293T cells with plasmids encoding wild type or mutant FluPola, nucleoprotein
(NP) and a viral RNA (vVRNA) template, and analysed viral RNA levels by primer extension (Fig.
4.1F). In these minigenome assays all huANP32A interface mutations significantly disrupted
FluPola activity, as measured by mRNA, cRNA and vRNA accumulation. To confirm that the
mutations successfully disrupted the FluPola-huANP32A interaction, I transfected HEK 293T
cells with plasmids encoding strep-tagged huANP32A and wild type or mutant FluPola, then
analysed co-purification of FluPols with strep-tagged huANP32A (Fig. 4.1G). None of the
mutant FluPola proteins co-purified with strep-tagged huANP32A, confirming that the FluPol-
huANP32A interface identified in the FluPolc-huANP32A cryo-EM structure is functionally

relevant for FluPola activity.

chANP32A can support PB2ge27 FluPola activity because it contains a 33 amino acid residue
insertion in the low-complexity acidic region (LCAR) domain compared to huANP32A (88).
Analysis of the FluPolc-chANP32A cryo-EM structure suggested that chANP32A residues 176-
183, located in the LCAR insertion, are positioned close to FluPol® residue PB2kes9 (equivalent
to PB2xk¢27 in FluPola) (Fig. 4.2A). Therefore, I hypothesised that chANP32A residues 176-183
are necessary to form a productive interaction with PB2gsy7 FluPola. To test this hypothesis |
replaced amino acid residues 176-183 of huANP32A with the corresponding residues of
chANP32A, resulting in the huANP32A,7.133 chimeric construct (Fig. 4.2B). When I co-
transfected the huANP32A 76.133 construct with PB2g¢7 FluPols in minigenome assays, I found
that it was fully able to support FluPola activity with comparable efficiency to wild type
chANP32A (Fig. 4.2C). Collectively, these data show that huANP32A residues 176-183 are

responsible for the low activity of PB2g¢7 FluPola in human cells.
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Figure 4.2 Effect of ANP32A LCAR interactions on FluPols activity. A, Cryo-EM
density of the chANP32A LCAR (grey) interacting with FluPol® and FluPol® PB2 627 domains.
PB2 627 domains are coloured according to surface charge, with positive charges in blue and
negative charges in red. The approximate location of chANP32A amino acid residues 176-183
are highlighted (red box) next to PB2kes residues, which are equivalent to PB2ke»7 in FluPola.
Adapted from Carrique et al. 2020 (111). B, Protein domain schematics of chANP32A,
huANP32A and the huANP32A7.183 construct, not to scale. The avian-ANP32 specific 33a.a.
insertion (red) is highlighted in the LCAR (blue). C, PB2kes27 or PB2gs27 FluPola minigenome
assays were performed in HEK 293T cells with or without co-expressed ANP32A. Viral RNA
levels were assayed by primer extension 24 hours post-transfection (top), and ANP32A protein
expression was analysed by western blot with actin as a loading control (bottom). Quantification
is from n=3 independent transfections, data are mean =+ s.e.m., analysed by one-way ANOVA.

*P<0.05, **P<0.01, ***P<0.001.
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4.2.2 The asymmetric influenza virus RNA polymerase dimer bridged by ANP32A

encapsidates nascent cRNA

The FluPolc-huANP32A cryo-EM structure contains an asymmetric dimer of FluPolc molecules,
which is structurally distinct from the symmetrical trans-activating FluPola dimer discussed in
Chapter 3 (111). Based on this observation I hypothesised that FluPols can undergo multiple

functionally important dimerization interactions during viral genome replication.

To examine this possibility I first performed a cRNA encapsidation assay, which has been
described previously (19, 71). Briefly, I transfected HEK 293T cells with plasmids encoding
catalytically inactive FluPols and NP, then infected the cells with influenza A/WSN/33 virus in
the presence of actinomycin D, which prevents cellular mRNA synthesis. In this assay the
infecting virions release VRNPs into the cell which begin synthesising viral mRNA and cRNA. If
pre-expressed FluPola is present, it encapsidates the nascent cRNA and causes it to accumulate;
otherwise, the cRNA is degraded (Fig. 4.3A). When I performed this assay with pre-expressed
wild type FluPols, cRNA accumulated as expected. Inclusion of the PAj3sz.3564 trans-activating
dimer interface mutation did not prevent cRNA accumulation, however, deletion of the PB2 627
domain (PB2s3s.6674) in the pre-expressed FluPola abolished ¢cRNA accumulation which is
consistent with previous observations (112). Next, I examined the effect of pre-expressed FluPola
on primary transcription, which is the synthesis of viral mRNA by incoming vRNPs, using a
similar experimental setup (Fig. 4.3B). Interestingly, I found that that pre-expression of wild type
or PAssy.3s6a FluPola significantly reduced primary transcription, while inclusion of the PB2s3s.
6674 mutation in pre-expressed FluPola alleviated this effect. Taken together, these data raise the
possibility that an interaction between pre-expressed FluPola and vRNPs, distinct from the trans-

activating FluPola dimer, promotes cRNA encapsidation and reduces transcription.

I hypothesised that the FluPol®-FluPol® asymmetric dimer interface observed in the FluPolc-
huANP32A structure could be responsible for cRNA encapsidation, as the product exit channel

of FluPolI® is located close to the 5’ RNA promoter binding site of FluPol®, meaning that the
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Figure 4.3 The effect of FluPols expression on vVRNP RNA synthesis activity. A, cRNA
encapsidation assays were performed by transfecting HEK 293T cells with plasmids encoding
wild type or mutant catalytically inactive FluPola and NP, then infecting 48 hours later with
influenza A/WSN/33 virus in the presence of actinomycin D. Mock samples were transfected
with empty pcDNA3A vector. Viral RNA levels were analysed 6 hours post-transfection by
primer extension. B, Primary transcription assays were performed by transfecting HEK 293T cells
with plasmids encoding wild type or mutant catalytically inactive FluPola, then infecting 48 hours
later with influenza A/WSN/33 virus in the presence of cycloheximide. Viral RNA levels were
analysed 4 hours post-transfection by primer extension. Quantification is from n=4-5 independent

transfections, data are mean + s.e.m., analysed by one-way ANOVA. ***P<(.001.

complex is ideally arranged to pass nascent RNA products from vRNP-associated FluPoI® to a
free polymerase, FluPol® (Fig. 4.4A). In addition, this hypothesis is consistent with my
observation that the PB2 627 domain is important for cRNA encapsidation, as the FluPol*-FluPol*
dimer interface involves interactions between the PB2 627 domains of both FluPol molecules. To
directly implicate the FluPol®-FluPol® dimer in cRNA encapsidation, I created a series of alanine
mutations in FluPol4 at key sites across the dimer interface (Fig. 4.4B, C, D, E). These included
FluPolc amino acid residues P3r29, P3n318/P30319 and PB2gi39, equivalent to PAxsos,
PAks39/PAqsa0 and PB2p13; respectively in FluPola. Early cryo-EM structures indicated that P3x23;

and P3p23,, equivalent to PAnszs and PAgsy; in FluPola, could also be important amino acid
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residues for the FluPol®-FluPol® dimer interface. Substitutions were therefore made at these
residues along with PAks.4, although the final structures indicate that they do not form any key

interactions.

I began by testing the activity of these FluPolx mutants in minigenome assays, and found that all
FluPol®-FluPol® dimer interface mutations caused a significant loss of activity as measured by
mRNA, cRNA and vVRNA accumulation (Fig. 4.4F). Next, I carried out cRNA encapsidation
assays as described above. Both FluPol®-FluPol® dimer interface mutations tested caused a
significant decrease in the level of cRNA encapsidated, suggesting that the FluPol®-FluPol®
interface is important for nascent cCRNA encapsidation (Fig. 4.4G). Note that the PB2pi3a
mutation could not be tested in this assay, as this mutation is located on the FluPolI® side of the
dimer interface and pre-expressed FluPol, in the assay is equivalent to FluPol®. Next, I wanted to
confirm that these mutations disrupt the FluPol®-FluPol* interaction. Attempts to develop an assay
to directly measure the FluPol®-FluPol® interaction were unsuccessful; therefore, I took advantage
of the fact that the ANP32A LRR domain binding site is formed by the FluPol*-FluPol®
interaction, so ANP32A binding could be used as an indirect readout for the FluPol®-FluPol*
interaction. I performed co-purification assays using strep-tagged chANP32A and wild type or
mutant FluPol,, and found that all FluPol®-FluPol® dimer interface mutations reduced chANP32A

binding, with the PAks39a/q340a mutation having the strongest effect (Fig. 4.4H).

To provide further evidence for the involvement of the FluPol®-FluPol® dimer in cRNA
encapsidation I used a nanobody, Nb 8192, which blocks the FluPol®-FluPol® dimer interface
(Fig. 4.4A). I performed cRNA encapsidation assays using pre-expressed FluPols and Nb 8192,
or a control nanobody (Nb 8210) which does not block the FluPol*-FluPol® dimer interface, and
found that co-expression of Nb 8192 strongly reduced cRNA encapsidation while Nb 8210 had
no significant effect (Fig. 4.4I). Collectively, these data strongly suggest that the FluPol®-FluPol®

asymmetric dimer is required for cRNA encapsidation.
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Figure 4.4 The FluPol®-FluPol* dimer is responsible for cRNA encapsidation. A,
Structure of the FluPolc-huANP32A complex (PDB: 6XZQ) with Nb 8192 and Nb 8210 (magenta
and dark magenta respectively; unpublished data courtesy of Jeremy Keown) binding sites shown
on FluPol®. FluPol® and FluPol® are shown as surface and ribbon representations respectively. 5’
vRNA promoter (PDB: 4WSB) is modelled into the binding site on FluPol®, and the nearby
product exit channel of FluPol® is indicated. Boxes indicate key interactions between FluPol® and
FluPol®. B, C, D, Close-up views of key interactions between FluPol® PB2 (green) and FluPol®
PA (blue) in the FluPolc-huANP32A cryo-EM structure. E, Equivalent amino acid residues in
FluPolc and FluPola, with key interacting residues in bold. F, Minigenome assays were performed
in HEK 293T cells using plasmids encoding wild type or mutant FluPola, NP and vRNA. Viral
RNA levels were assayed by primer extension 24 hours post-transfection (top), and PB2 or PA
protein expression was analysed by western blot with actin as a loading control (bottom). G,
cRNA encapsidation assays were performed using wild type or mutant catalytically inactive
FluPola. Viral RNA levels were analysed 6 hours post-transfection by primer extension. H, Wild
type or mutant FluPola and chANP32A-strep were co-expressed in HEK 293 T cells. chANP32A-
strep was purified 48 hours post-transfection, and co-purified FluPola was assayed by western
blotting for PB1 protein. I, cRNA encapsidation assays were performed using wild type
catalytically inactive FluPola with co-expressed Nb 8192 or Nb 8210. Quantification is from n=2-
3 independent transfections, data are mean + s.e.m., analysed by one-way ANOVA. *P<0.05,

**P<0.01, ***P<0.001.

4.2.3 Interactions between influenza virus RNA polymerase molecules promote viral

genome replication

These data demonstrate that the FluPol®-FluPol® dimer interface is important for nascent cRNA
encapsidation, however, I also wanted to determine whether this interaction directly promotes the
cRNA synthesis activity of vVRNPs. Therefore, 1 purified vRNPs from influenza A/WSN/33
virions and performed in vitro activity assays. vVRNPs supplied with -globin mRNA readily
synthesised both mRNA and cRNA in vitro in the presence of NTPs, however, I found that
addition of exogenously purified wild type FluPola promoted cRNA accumulation in a

concentration-dependent manner (Fig. 4.5A). Addition of FluPola with the frans-activating dimer
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Figure 4.5 Exogenous FluPol, enhances RNP viral genome replication activity. A, In

vitro activity assays were performed using vVRNPs purified from influenza A virions in the
presence of B-globin mRNA, with 5-100ng/ul wild type or mutant FluPola added where indicated.
Reaction products were analysed by primer extension, the asterisk denotes an artefactual product
band arising from primers cross-reacting with E. coli tRNA. B, In vitro cRNP activity assays were
performed in the presence of ApG dinucleotide, with 100ng/pl wild type or mutant FluPols added
where indicted. Reaction products were analysed by primer extension, the asterisk denotes an

unknown artefactual band.

interface mutation PAss»356a caused a stronger enhancement in cRNA accumulation than the wild
type, while addition of FluPols with a PB2s35.667a/PAs2-73a double mutation, which would disrupt

the FluPoI®-FluPol® dimer interface, had no effect.

To investigate whether the same interaction could be important for promoting VRNA synthesis
by cRNPs, I performed in vitro activity assays using cRNPs purified with a PP7 bacteriophage
RNA affinity tag. Purified cRNPs were only able to synthesise VRNA upon the addition of
exogenous FluPol,, which is consistent with previous reports (Fig. 4.5B) (27). PAssz-356a mutant
FluPola was also able to activate VRNA synthesis by cRNPs, whereas PB2s3s.6674/PAsz-731 mutant
FluPola was not. Collectively, these data suggest that an interaction between FluPola and RNPs
promotes viral genome replication, and are consistent with the FluPol*-FluPol® dimer interface

being responsible for this effect.
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4.3 DISCUSSION

With this study, I aimed to use new FluPolc-ANP32A cryo-EM structures to investigate the role
of ANP32 proteins in FluPola host adaption and viral genome replication. I found that amino acid
residues 176-183 of huANP32A are responsible for its incompatibility with PB2ge7 FluPola, and
therefore drive the PB2gs27x host adaptive mutation. Furthermore, I found that the asymmetric
FluPol®-FluPol® dimer bridged by ANP32A is important for FluPola viral genome replication,

specifically for the encapsidation of nascent cRNA products.

By targeting specific interactions I demonstrate that the FluPol-huANP32A interface identified
by cryo-EM is important for FluPola activity. I mutated PAkais, which is equivalent to P3ks30; and
interacts with huANP32A residues N129 and D130 in the LRR domain (Fig. 4.1C). Previous
studies have shown that the corresponding residues in chANP32A are essential for supporting
FluPola activity, which is consistent with my data (90, 97). In addition, I found that huANP32A
residues 176-183 in the LCAR play an important role; specifically, these residues in huANP32A
are responsible for the incompatibility with PB2gs27 FluPola (Fig. 4.2C). This is a highly acidic
sequence of residues in huANP32A and huANP32B, 176-EEEYDEDA-183 and 176-
DEEDEDDE-183 respectively, while the corresponding sequence in chANP32A contains a more
diverse mixture of residues (176-VLSLVKDR-183). Therefore, these data could be explained by
the negatively charged PB2g¢7 residue failing to form a productive interaction with the huANP32
LCAR due to like-charge repulsion, whereas the more neutral chANP32A LCAR interacts with
either a PB2gs27 or PB2ke27 residue. This hypothesis is consistent with a previous study indicating
that avian-origin FluPols can function in human cells by acquiring one of many non-acidic
residues at position PB2¢27, such as PB2gs7v (83). As avian influenza A viruses adapt to human
hosts, compensatory mutations can occur at other positions; for example, the 2009 pandemic
HINI1 virus underwent a PB2qso1x host adaptive mutation, which is equivalent to FluPolc residue
PB2ve14 (85). This is located close to ANP32A residues 176-183 so could function through a

similar mechanism as PB2gs;; mutations. However, the PB2p7ixn host adaptive mutation
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(equivalent to FluPolc residue PB2p719) does not interact with any structurally resolved region of
ANP32A, suggesting that there are also indirect mechanisms for overcoming a non-productive

interaction between PB2gs27 and the huANP32 LCAR (113).

As well as being important for host tropism, ANP32 proteins are fundamentally required for
FluPola viral genome replication. My data strongly suggest that the FluPol®-FluPol® dimer
bridged by ANP32A functions as an 'encapsidating’ dimer to assemble nascent cRNA products
into RNPs. Most previous studies have implicated ANP32 proteins in vRNA synthesis, however,
there is also evidence for a role in cRNA synthesis; specifically, avian-origin FluPols has been
shown to generate replication-incompetent cRNA in human cells, which is fully consistent with
my finding that the FluPol®-FluPol® dimer is important for cRNA encapsidation (87, 92, 94).
While my assays specifically address cRNA encapsidation, it is likely that a similar mechanism
applies for VRNA encapsidation due to intrinsic similarities between cRNA and vRNA synthesis.
In particular, both processes require nascent RNA encapsidation and result in structurally similar
RNPs (27, 29). My data also suggest that encapsidating dimer interaction could have a secondary
role in directly promoting viral RNA synthesis, which would mean that nascent RNA products
are more likely to be made when a FluPol® molecule is ready to encapsidate them (Fig. 4.5A, B).
The current data are insufficient to speculate on a molecular mechanism for how the FluPol®-
FluPol® interaction could promote viral RNA synthesis, however, it is clear that formation of the
encapsidating dimer requires FluPol® to be in a transcription-incompetent conformation, which
potentially explains why exogenous FluPola reduces transcription activity by vRNPs in cells and

in vitro.

My data provide insights into FluPola host adaption by offering a molecular explanation for the
PB2gs27x host adaptive mutation, which has implications for understanding the emergence of
pandemic influenza A viruses. Furthermore, the finding that ANP32A bridges an encapsidating
FluPol dimer reveals a key step in the molecular mechanism of influenza A virus RNA synthesis,

and could be exploited by novel antiviral strategies targeting host or viral proteins.
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4.4 A MODEL FOR INFLUENZA VIRAL GENOME REPLICATION

Taken together, the studies described in Chapters 2, 3 and 4 allow me to present a more complete

model for the molecular mechanism of viral genome replication by influenza A virus.

vRNPs from incoming virions carry out transcription to produce viral mRNA early in the course
of infection, and the accumulation of new viral proteins in the cell, including FluPols and NP,
allow viral genome replication to take place (Fig. 4.6A, B) (19). Viral genome replication begins
when heterotrimeric FluPols forms an asymmetric encapsidating dimer with the RNP-associated
FluPola, mediated by huANP32 proteins (Fig. 4.6C). The RNP-associated FluPoI® then initiates
RNA synthesis, which may be promoted by formation of the encapsidating dimer (Chapter 4)
(Fig. 4.6D). If vRNA synthesis by a cRNP is taking place, then another free FluPols molecule
associates to form a trans-activating dimer interaction with FluPoI® (Fig. 4.6E). This interaction
is structurally compatible with the encapsidating dimer and promotes prime-and-realign, an
essential step in VRNA synthesis (Chapter 3) (72). Following prime-and-realign (if relevant), the
RNA product is elongated and emerges from the FluPol® active site (Fig. 4.6F). The FluPol®
product exit channel is linked to the FluPol® 5" RNA promoter binding site by a SOA cavity lined
with basic amino acids, meaning that the nascent RNA product can be encapsidated by FluPol®
with minimal exposure to the cellular environment (Chapter 4). Simultaneously, the 3" end of the
RNA template emerges from the FluPol® template exit channel, where the 3' RNA promoter binds
in the Mode B site located at the frans-activating dimer interface (Chapter 2) (Fig. 4.6G). It is
unclear how or when the frans-activating dimer interaction is broken, although 3’ RNA promoter
binding in the Mode B site could be responsible. The 3' RNA promoter most likely remains bound
in the Mode B site until RNA synthesis is completed. As elongation of the nascent RNA
continues, NP is recruited to form a new RNP containing the nascent RNA and FluPol®, which
eventually dissociates from the parent RNP (Fig. 4.6H, I). Once RNA synthesis is completed, the

new RNP can perform RNA synthesis using the same mechanism.
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Figure 4.6 An updated model for influenza viral genome replication. A, vRNPs from
virions synthesise mRNA early in an infection, then begin viral genome replication. B, vVRNPs or
cRNPs contain the replicating polymerase, FluPol® (blue), along with NP (grey) and RNA
(purple). C, Free FluPol molecules translated from viral mRNA act as encapsidating polymerases,
FluPol® (green), forming an encapsidating dimer with FluPol® mediated by cellular huANP32A
(orange). D, FluPol® in the RNP initiates RNA synthesis. E, Free FluPol (beige) forms a trans-
activating dimer with FluPol® during VRNA synthesis, which promotes cRNA template
realignment. This step is not required for cRNA synthesis. F, As the nascent RNA product (red)
is elongated, it becomes encapsidated by FluPol®. G, Simultaneously, the RNA template exits the
FluPol® active site and binds in the Mode B site. H, NP is recruited to the elongating RNA product
by an unknown mechanism. I, Once RNA synthesis is completed, the newly assembled vRNP or

cRNP is released. Adapted from Carrique et al. 2020 (111).
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Central to this model is the formation of two structurally distinct FluPols dimers. The trans-
activating FluPola dimer allows influenza A virus to control the rate of viral genome replication,
by ensuring that vVRNA synthesis cannot initiate without free FluPola available. In addition, the
encapsidating FluPol dimer prevents nascent RNA products being released into the cellular
environment during viral genome replication, where they could otherwise be detected by the
innate immune sensor RIG-I (102). Exploiting FluPols dimerization allows influenza A virus to
have these control measures without encoding any additional viral proteins, which would increase

the size of the viral genome.

There are several key questions left unanswered by this model which could be addressed by future
work. First, how NP is recruited to nascent RNA products? It is tempting to speculate that the
encapsidating dimer itself forms a platform for NP assembly. The acidic LCAR of huANP32A
could also aid NP recruitment by interacting with the basic RNA binding groove and acting as a
molecular whip, in a mechanism analogous to the P phosphoproteins of non-segmented negative-
strand RNA viruses (29). However, current data are insufficient to support or reject this
hypothesis. Second, how are the encapsidating and trans-activating dimers regulated? Previous
studies showed that excessive stabilisation of the frans-activating FluPols dimer is detrimental
for influenza A virus growth, suggesting that the trams-activating dimer should not remain
associated throughout viral RNA synthesis (106). The fact that the Mode B 3’ RNA promoter
binding site overlaps with the trans-activating dimer interface hints that RNA binding could
regulate its formation, and elucidating the details of such mechanisms could provide further

insights into influenza A virus RNA synthesis.
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CHAPTER 5

An introduction to coronavirus RNA synthesis

5.1 OVERVIEW OF CORONAVIRUSES

5.1.1 Background on coronaviruses

Coronaviruses are a family of positive-strand RNA viruses in the order Nidovirales. Within the
subfamily Coronavirinae are four genera: Alpha-, Beta-, Gamma- and Deltacoronavirus. HCoV-
229E is a species of Alphacoronavirus which causes mild respiratory illness associated with the
common cold. The genus Betacoronavirus includes low-pathogenic viruses such as HCoV-
HKUI1, as well as several notable highly pathogenic species. The highly pathogenic
Betacoronaviruses are severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East
respiratory syndrome coronavirus (MERS-CoV) and SARS-CoV-2 (114, 115). SARS-CoV
emerged in the human population in 2003, and had an average mortality rate of 10% across a total
of 8000 infections (116). MERS-CoV emerged in 2012 and small numbers of cases are still
reported as of December 2020; in this time, 2500 cases have been reported with an average
mortality rate of 35% (117). SARS-CoV-2 emerged in 2019 and went on to cause the coronavirus
disease 2019 (COVID-19) pandemic. The mortality rate of SARS-CoV-2 is substantially lower
than SARS-CoV and MERS-CoV, however, millions have been infected partly due to the ability

of the virus to transmit asymptomatically (115).

Like influenza viruses, coronaviruses have high zoonotic potential. Alpha- and Betacoronaviruses
infect various mammalian species, and Gamma- and Deltacoronaviruses have a wide host range
that includes avian species. SARS-CoV, MERS-CoV and SARS-CoV-2 are all derived from
zoonotic coronaviruses which adapted to infect humans, with transmission to humans occurring

from civet cats and camels for SARS-CoV and MERS-CoV respectively (114). The emergence
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of novel coronaviruses poses an ongoing threat to public health, and therapeutic options for
treating coronavirus infections are limited. This means that a more in-depth understanding of

coronavirus replication is required to identify new targets for antiviral drugs.

5.1.2 Coronavirus virion and genome structure

Coronavirus virions are enveloped, spherical particles with an average diameter of around 90nm
(85nm for SARS-CoV, 90nm for SARS-CoV-2) (118, 119). 50 to 100 spike (S) protein
homotrimers, used for target cell attachment and entry, are embedded in the outer membrane of
each virion along with envelope (E) and membrane (M) proteins, which are primarily required
for virion assembly (Fig. 5.1A, B). The viral RNA genome is located inside the virion, assembled
into ribonucleoproteins (RNPs) with many copies of nucleoprotein (N). SARS-CoV-2 virions
contain an average of 38 RNPs, which all have a parallel pillar-like structure and are thought to
be formed using one copy of the viral RNA genome, arranged along it like beads on a string (120).
Viral RNA is modified with a 5’ 7-methylguanosine (m’G) cap and 3’ poly(A) tail, which mimics

host mRNA and therefore allows viral RNA to be translated by host machinery upon infection.

Coronaviruses have unusually large genomes for RNA viruses; 29.7 kilobases for SARS-CoV,
30.1 kilobases for MERS-CoV, and 29.8 kilobases for SARS-CoV-2. Two-thirds of the genome
consists of two large open reading frames (ORFs) encoding two polyproteins, ppla and pplb,
which autolyse to release the viral non-structural proteins (nsps) 1-16 (Fig. 5.1C). Further
downstream in the viral genome are ORFs encoding the structural proteins S, E, M and N, and
interspersed with these are a series of small ORFs encoding accessory proteins; in SARS-CoV
these are 3a, 3b, 6, 7a, 7b, 8a, 8b and 9b (121, 122). The number of accessory proteins expressed
can vary not only between coronavirus species but also between different strains of the same virus

(123, 124).
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Figure 5.1 Virion structure and viral genome architecture. A, Diagram of a coronavirus

virion showing the major structural components. B, Electron micrograph of purified SARS-CoV-

2, showing heterogeneity in the numbers and conformations of S proteins. Adapted from Ze et al.

2020 (118). C, Schematic of the full length m’G-capped and polyadenylated SARS-CoV-2

genome (top). The 5’ end consists of a leader sequence followed by two large ORFs encoding

polyproteins. The products of polyprotein cleavage are shown with a brief description of their

functions (bottom). The 3’ end of the SARS-CoV-2 genome includes ORFs encoding structural

and accessory proteins, which are expressed from sgRNAs.
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5.1.3 Viral life cycle

Attachment of a coronavirus virion to the target cell is mediated by the homotrimeric S protein,
which has two functionally distinct parts, S1 and S2 (Fig. 5.2A). S1 contains the receptor-binding
domain (RBD), which binds to the target receptor on the host cell plasma membrane. SARS-CoV
and SARS-CoV-2 use angiotensin-converting enzyme 2 (ACE2) as an entry receptor, while
MERS-CoV uses dipeptidyl-peptidase 4 (DPP4) (125-127). Following attachment the S protein
is cleaved into S1 and S2, then further cleavage of S2 exposes the fusion peptide. This allows the
membrane-proximal S2 to undergo conformational rearrangements and cause membrane fusion
in a mechanism similar to HA2 of influenza virus (Fig. 5.2B). SARS-CoV and MERS-CoV S
proteins can either be cleaved at the cell surface by the serine protease TMPRSS2, or post-
endocytosis by the endosomal cysteine proteases cathepsin B or cathepsin L (128-131). SARS-
CoV-2 is distinct in that it is primarily dependent on TMPRSS2, suggesting it does not use
endocytosis as a major entry pathway (126, 132). SARS-CoV-2 also has a polybasic cleavage site
at the S1-S2 boundary, which allows efficient cleavage by additional proteases and expands the
zoonotic potential of the virus. The acquisition of a polybasic cleavage site also allows SARS-
CoV-2 to use neuropilin-1 as a cofactor for attachment, which has been suggested to contribute

to increased infectivity over SARS-CoV (133, 134).

S2-mediated membrane fusion releases the positive-sense viral RNA genome into the cell
cytoplasm. Following release the m’G-capped viral RNA is translated, generating ppla and pp1b
polyproteins from ORF1a and ORF1b respectively (Fig. 5.2C). Translation of ORF1b requires a
-1 ribosomal frameshift at the end of ORF1a, which is stimulated by an RNA pseudoknot structure
(135, 136). ppla is cleaved into nspsl-11, and pplb is cleaved into nspsl-10 and 12-16 by
proteases encoded in nsp3 (PLP™) and nspS5 (MP™). Nsps1-16 have three major functions: firstly,
nspl and nsp3 are involved in innate immune evasion by interfering with host functions such as
mRNA translation (121, 137). Secondly, nsp3, nsp4 and nsp6 are involved in establishing

cytoplasmic double-membrane vesicle (DMV) compartments which are used as sites of viral
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Figure 5.2 Viral life cycle. A, Coronavirus virions attach to their cell surface receptor and
the S protein is cleaved by a host protease. In SARS-CoV-2 ACE2 and TMPRSS?2 are the receptor
and protease, respectively. B, S protein cleavage triggers membrane fusion, releasing the viral
genome into the cytoplasm. C, The full-length viral genome is translated by host ribosomes to
generate two polyproteins, which are autolysed to generate the viral non-structural proteins. D,
The nsps trigger endoplasmic reticulum remodelling and assemble into the viral RTC, which
performs viral RNA synthesis inside DMVs. The RTC synthesises new full-length viral genomes,
or performs discontinuous transcription to generate the viral sgRNAs (i). SARS-CoV-2 encodes
9 sgRNAs, which contain the ORFs for structural and accessory proteins (ii). E, Viral RNAs are
thought to exit DM Vs through pores formed by nsp3, and are then translated. F, Virions assemble
at the ERGIC membrane through the interactions of structural proteins with N protein-coated viral
genomic RNA. G, Virions bud into the ERGIC, and structural proteins redistribute evenly around
the virion membrane following budding. H, Exocytosis releases virions into the extracellular

environment.

RNA synthesis (138, 139). Finally, most nsps are components of the replication-transcription

complex (RTC) which performs viral RNA synthesis (140).

The RTC assembles in DMVs, where it uses positive-sense viral RNA genomes as templates to
synthesise negative-sense RNA antigenomes (Fig. 5.2D). These are then used as templates for
synthesising new positive-sense viral genomes, which are translated or assembled into new
virions. In addition, the coronavirus RTC synthesises a number of subgenomic RNAs (sgRNAs)
(122). Negative-sense sgRNAs are the templates for sgRNA synthesis, and these are made by
discontinuous transcription of positive-sense viral RNA genomes. During transcription the RTC
encounters transcription regulatory sequences in the viral RNA (TRS-B), which are located
upstream of each structural and accessory protein ORF and have the consensus sequence 5'-
ACGAAC-3" in SARS-CoV and SARS-CoV-2. At the TRS-B the nascent RNA product
dissociates from the template, and the RTC translocates to a transcription regulatory sequence 70
nucleotides away from the 5’ end of the template (TRS-L). The RTC re-initiates at the TRS-L,

producing a negative-sense sgRNA with a large deletion and a shared 'leader’ sequence at the 5’
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end. Transcription of the various negative-sense sgRNAs produces positive-sense sgRNAs

encoding structural and accessory proteins (Fig. 5.2E) (141-143).

The roles of coronavirus accessory proteins are poorly understood, and expression of these
proteins varies widely between virus species. In general they are thought to be involved in
immune evasion functions, as shown for SARS-CoV proteins 3b, 6, and 9b (144—146). Structural
proteins are more conserved between virus species, and they all have roles in virus assembly.
Coronavirus virions assemble inside the cell at the cytosolic side of endoplasmic reticulum-golgi
intermediate compartments (ERGICs), which contain newly expressed S, E, and M proteins (Fig.
5.2F). M protein recruits RNP-associated N protein to these membranes and virions bud into the
ERGIC lumen, a process which is dependent on the presence of E protein for SARS-CoV (Fig.
5.2G) (120, 147, 148). After budding the virions are released into the extracellular environment

by exocytosis (Fig. 5.2H).

5.2 CORONAYVIRUS REPLICATION COMPARTMENTS

The replication complexes of positive-strand RNA viruses are generally associated with modified
intracellular membranes, and coronaviruses are no exception. DMVs were the first type of
membranous structure associated with SARS-CoV infection, and further studies identified
convoluted membranes (CMs) as a second distinct type of structure (Fig. 5.3A, B) (138, 149,
150). DMVs and CMs are highly dynamic and become increasingly abundant through the course
of an infection. At late time points structures similar to DMVs called vesicle packets (VPs) can
be observed, which have a single outer membrane but contain multiple inner vesicles. The outer
membranes of DMVs, CMs and VPs are always connected with the rough endoplasmic reticulum
(ER), forming an elaborate network within the cytoplasm of an infected cell (138). It is unclear
how these structures are formed, only that the transmembrane proteins nsp3, nsp4 and nsp6 are

involved (151).
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Figure 5.3 Structure of coronavirus replication compartments. A, B, Electron
micrographs of CMs, DMVs and VPs originating from the ER membrane during a SARS-CoV
infection. C, 3-dimensional reconstruction of CMs, DMVs and VPs from micrographs in (B).

Adapted from Knoops et al. 2008 (138).

Double-stranded RNA (dsRNA) can be detected inside DMVs, so their formation is thought to
be induced by coronaviruses to help avoid detection of viral RNA synthesis intermediates (Fig.
5.3A) (120, 138). However, the exact site of viral RNA synthesis is still unknown, since further
studies found that the RTC component nsp8 was distributed mostly in CMs rather than DM Vs
(138). Until recently it was unclear how newly-synthesised viral RNA could be released from
DMVs to reach the sites of translation and virus budding. This issue was resolved by a cryo-
electron tomography study on murine hepatitis virus (MHV) infected cells which identified a pore
complex composed of nsp3, presumably used for viral RNA export, spanning the double

membrane of DMVs (152).
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5.3 THE CORONAVIRUS REPLICATION-TRANSCRIPTION COMPLEX

5.3.1 RNA polymerase structure and function

Coronaviruses require RTCs with a multitude of distinct catalytic activities to synthesise their
unusually large RNA genomes. The core of the coronavirus RTC is the RNA-dependent RNA
polymerase (RdRp), located in nsp12 (Fig. 5.4A) (140). The nsp12 RdRp domain is a canonical
right-handed fold with palm, thumb and fingers subdomains. Motifs A-F line the active site, with
motif C amino acid residues D760 and D761 coordinating catalytic magnesium ions in the active
site. At the nsp12 N-terminus, amino acid residues 1-250 encode the nidovirus RdRp-associated
nucleotidyltransferase (NiRAN) domain which packs against the palm subdomain (153). The
NiRAN domain is linked to the RdRp through a 115-amino acid residue interface domain (154,

155).

Recombinant nsp12 has limited RdRp activity in vitro, and this is strongly enhanced by nsp7 and
nsp8 which promote RNA binding (156, 157). Initial cryo-EM structures of the SARS-CoV and
SARS-CoV-2 nsp7/8/12 complexes revealed that two copies of nsp8 interact with nsp12. One
nsp8 molecule interacts directly with the nsp12 fingers and interface, while the interaction of the
other nsp8 is mediated entirely by nsp7, which interacts with the fingers. These structures were
able to show that nsp8 uses its C-terminal head domain to interact with nsp12, but the N-termini
of both nsp8 molecules (amino acid residues 1-77) could not be resolved (154, 158). Later
structures of the nsp7/8/12 complex in the presence of RNA were able to resolve these regions,
and showed that the N-termini of nsp8 are elongated helices (Fig. 5.4B). These helices form a
scaffold around the RNA template-product duplex emerging from the nsp12 active site, and make
a number of non-specific interactions with the negatively-charged RNA backbone using basic

amino acids (159-161).

Current structures of the nsp7/8/12 complex are thought to mimic the elongation phase of RNA

synthesis rather than initiation. Early biochemical studies on nsp12 concluded that RNA
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polymerase activity is exclusively primer-dependent, and RNA primers are synthesised by
another enzyme (157). This hypothesis would be consistent with several studies proposing that
nsp8 is a secondary RNA polymerase capable of de novo-initiated RNA synthesis, however, the
validity of this finding is disputed by structural studies which show that nsp8 does not have any
hallmarks of known RNA polymerases (162—165). Furthermore, later biochemical
characterisation of the nsp7/8/12 complex found that nsp12 is in fact capable of de novo initiation
when in complex with nsp7 and nsp8 (156). Unfortunately, structures of the nsp7/8/12 complex
do not corroborate this model either since nsp12 does not have a priming loop, which is generally
required for de novo initiation to act as a platform for initiating NTPs (154, 155). Therefore, the

mechanism of coronavirus RNA synthesis initiation is still an open question.

5.3.2 RNA helicase structure and function

One of the enzymes required to support coronavirus RNA synthesis is an RNA helicase, located
in nspl3 (166). Nsp13 has a nidovirus-specific zinc binding domain (ZBD) from amino acid
residues 1-100, linked to two tandem RecA domains through a stalk domain (Fig. 5.4C). Tandem
RecA domains are a hallmark of helicases belonging to the SF1-SF2 helicase superfamilies, and
further sequence and structural analysis showed that nsp13 is closely related to Upfl helicases
(167). Structures of nsp13 from SARS-CoV, MERS-CoV, and SARS-CoV-2 show that the NTP
binding pocket is located between the two RecA domains, as is typical in the SF1-SF2
superfamilies (168—170). Helicases require NTP hydrolysis to function, and biochemical analyses
demonstrate that SARS-CoV nspl3 helicase activity is relatively non-specific, as it readily

hydrolyses all natural NTPs and dNTPs to unwind dsRNA or dsDNA in a 5’ to 3’ direction (171).
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Figure 5.4 Coronavirus RNA polymerase structure and cofactors. A, Schematic of
SARS-CoV-2 nspl2, nsp8 and nsp7 domain structures. B, Ribbon diagram of the nsp7/8/12 RNA
polymerase complex from SARS-CoV-2 bound to an RNA template-product duplex (PDB:
6XEZ). In this structure ADP was found to bind to the nspl12 NiRAN domain. C, Schematic of
the SARS-CoV-2 nsp13 domain structure (top). Structure of two nsp13 molecules (each bound to
ADP) in complex with SARS-CoV-2 nsp7/8/12 (bottom; PDB: 6XEZ). D, Schematic of nsp10
and nsp14 domain structures (top), with the structure of the nsp10/14 complex from SARS-CoV
bound to a GpppA substrate shown below (PDB: 5C8S). E, Schematic of nsp16 (top) with the
structure of the nsp10/16 complex from SARS-CoV-2 shown below (PDB: 7C2I).

Biochemical experiments show that SARS-CoV nspl3 interacts directly with nspl12 and this
interaction promotes helicase activity (168, 172). A cryo-EM structure of SARS-CoV-2 nspl13
bound to the nsp7/8/12 complex offers some insight into this interaction, showing that the nsp13
ZBD interacts with the nspl12 thumb subdomain, and this interaction is further stabilised by
contacts between the nsp13 ZBD and the N-terminal helix of one nsp8 molecule (Fig. 5.4C). The
ZBD of a second nspl3 molecule simultaneously interacts with the nsp7/8/12 complex,
exclusively contacting the N-terminal helix of the other nsp8 molecule. The orientation of the
nsp13 molecules suggests that their function in this complex is to denature the RNA template
before it enters the active site, either separating dsSRNA or melting structures in single-stranded
RNA (ssRNA) (169). Unlike the influenza virus RNA polymerase, the coronavirus nsp7/8/12
complex does not intrinsically separate the product and template RNA strands as they emerge
from the active site. The current structure of SARS-CoV-2 nsp13 bound to the nsp7/8/12 complex
does not suggest that it is involved in separating the product and template RNA strands, so the

mechanism behind this process remains unknown.
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5.3.3 35" exonuclease structure and function

SARS-CoV nspl4 was hypothesised to be an exonuclease based on sequence homology with
DEDD superfamily nucleases, and 3'-5' exonuclease activity was later confirmed experimentally
(173, 174). Addition of nsp10 was found to promote exonuclease activity, and a crystal structure
of the SARS-CoV nsp10/14 complex demonstrated that this occurs through a direct interaction
with the N-terminal exonuclease domain of nsp14 (Fig. 5.4D) (175, 176). Several studies support
the suggestion that the nsp10/14 complex is a proofreading exonuclease, as mutant viruses lacking
nspl4 exonuclease activity demonstrate lower replication fidelity or increased susceptibility to
lethal mutagenesis (177, 178). Furthermore, the nsp10/14 complex can remove mismatched bases
from dsRNA in vitro; although paradoxically, its 3'-5' exonuclease function is more potent on

perfectly base-paired dsRNA (175).

Coronaviruses have particularly large genomes compared to other RNA viruses, ranging from 29-
30 kilobases (140). Small genomes are normally necessary for RNA viruses, as RdRp enzymes
are naturally error-prone so can cause lethal mutagenesis on large genomes. Encoding a
proofreading exonuclease helps coronaviruses to reduce their mutation rate, making large
genomes possible. In addition to promoting genome stability, the proofreading function of nsp14
can confer resistance certain nucleotide analogue drugs. For example, the nucleoside analogue
drug remdesivir was found to be significantly less potent in wild type MHV compared to a mutant

virus lacking exonuclease activity (179).

5.3.4 7-methylguanosine cap synthesis

The coronavirus RTC synthesises positive-sense viral RNA with a 5’ m’G cap, which requires
many distinct catalytic functions. There are several possible m’G cap synthesis pathways, and
identification of the enzymes involved in coronavirus m’G cap synthesis has led to the conclusion

that they utilise a canonical pathway, similar to eukaryotes (180).
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The substrate for this capping pathway is 5’ triphosphorylated RNA, and in the first step this is
dephosphorylated by a 5’ triphosphatase. SARS-CoV nsp13 was found to have 5’ triphosphatase
activity, and this reaction utilises the same NTPase active site used for helicase activity (171).
The resulting 5’ diphosphorylated RNA is then linked to GTP by a guanylyltransferase enzyme,
forming an unmethylated cap-like structure. Nsp12 is hypothesised to be a guanylyltransferase
based on the observation that it can bind to GDP, and a recent study proposed that nsp9 acts as a
regulator of guanylyltransferase activity (181). The cap-like structure then undergoes two
methylation reactions: first, the guanine N7 position is methylated by nspl4, using S-
adenosylmethionine (SAM) as a methyl donor and producing S-adenosylhomocysteine. The N7-
methyltransferase activity of nspl4 was first identified for SARS-CoV, and is mediated by a
methyltransferase domain located downstream of the exonuclease domain (Fig. 5.4D) (182).
NsplO does not interact with the nspl4 methyltransferase domain, so has no effect on
methyltransferase activity (176). The second methylation reaction is performed by the 2'-O-
methyltransferase nsp16, which methylates the 2’ hydroxyl of the first nucleotide in the RNA.
This activity was predicted from sequence analysis, and Feline coronavirus (FCoV) nspl6 was
the first to have 2'-O-methyltransferase activity demonstrated experimentally (173, 183). Further
structural and biochemical studies on SARS-CoV nspl6 found that nsp10 strongly stimulates
activity by stabilising RNA and SAM substrate binding (Fig. 5.4E) (184—186). Some negative-
strand RNA viruses perform m’G capping through a non-conventional pathway by carrying out
guanine-N7-methylation after 2'-O-methylation, however, SARS-CoV nsp16 is highly selective
for guanine-N7-methylated substrates so coronaviruses are thought to follow a conventional
pathway (186). Following 2'-O-methylation, the resulting m’G-capped RNA is referred to as cap-
1 RNA. Higher eukaryotes produce mRNA with a cap-1 structure, and have evolved innate
immune sensing pathways to detect m’G-capped RNA without 2’-O-methylation, called cap-0
RNA (187). Therefore, the 2'-O-methyltransferase function of coronavirus nspl6 is essential

primarily as an innate immune evasion strategy.
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5.4 OBJECTIVES

The novel coronavirus SARS-CoV-2 emerged during my DPhil, leading to significant morbidity,
mortality, and economic strain. I therefore used my background working on influenza A virus to
investigate the poorly-understood mechanism of coronavirus RNA synthesis, with the aim of
potentially exposing new targets for antiviral drugs. In particular I studied the function of the
SARS-CoV-2 nsp12 NiRAN domain, using biochemical approaches to identify novel catalytic

activities which could be important for viral RNA synthesis (Chapter 6).



98

CHAPTER 6

The function of the SARS-CoV-2 RNA polymerase

NiRAN domain

Data from this chapter were published in:

Walker AP, Fan H, Keown JR, Margitich V, Grimes JM, Fodor E, te Velthuis AJW. 2020.
Enisamium is a small molecule inhibitor of the influenza A virus and SARS-CoV-2 RNA

polymerases. bioRxiv 2020.04.21.053017.

Walker AP, Fan H, Keown JR, Grimes JM, Fodor E. 2020. Identification of guanylyltransferase

activity in the SARS-CoV-2 RNA polymerase. bioRxiv 2021.03.17.435913.

6.1 INTRODUCTION

SARS-CoV-2 is a positive-sense RNA virus responsible for the coronavirus disease 2019
(COVID-19) pandemic (115). Two-thirds of the 30-kilobase viral genome encode non-structural
proteins (nsps) 1-16, which include all components of the replication-transcription complex

(RTC) responsible for 7-methylguanosine (m’G)-capped viral RNA synthesis (140).

In order to synthesise an m’G cap the RTC requires an RNA 5’ triphosphatase, N7-
methyltransferase and 2'-O-methyltransferase, functions performed by nsp13, nspl4 and nspl6
respectively (171, 173, 182, 183). m’G cap synthesis also requires a guanylyltransferase enzyme
(GTase), which had not yet been identified in the coronavirus RTC when the experiments

described in this chapter were performed.

Nspl2 is the viral RNA-dependent RNA polymerase (RdRp), and it must form a complex with

nsp7 and nsp8 to function as a processive RNA polymerase (156). The nsp12 RdRp domain shares
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structural similarity with other viral RNA polymerases, making it a promising target for
repurposed antiviral drugs against SARS-CoV-2 (155). In addition to the RdRp domain, nsp12
has an N-terminal nidovirus RdRp-associated nucleotidyltransferase (NiRAN) domain which
covalently binds to nucleotides (153). With this study I aimed to functionally characterise the
SARS-CoV-2 RNA polymerase, and identify the role of the NiRAN domain in viral RNA

synthesis.

6.2 RESULTS

6.2.1 Establishment of a SARS-CoV-2 RNA polymerase activity assay

To gain insight into the function of the SARS-CoV-2 RNA polymerase I first established an in
vitro RNA synthesis assay, based on extension of a radiolabelled 20 nucleotide (nt) primer (LS2)
along a 40nt template (LS1) (Fig. 6.1A). A reconstituted complex of wild type SARS-CoV-2
nsp7, nsp8 and nsp12 proteins was able to extend the LS2 primer in a time-dependent manner in
the presence of RNA and nucleotides, producing a 40nt major product (Fig. 6.1B, C). Nsp12
amino acid residues D760 and D761 coordinate catalytic magnesium ions in the RdRp active site,
and when these residues were mutated to alanine the resulting nsp7/8/12 complex was unable to

extend the LS2 primer (155).

I then used this in vitro assay to test the efficacy of several drugs suggested to inhibit the SARS-
CoV-2 RNA polymerase, which included nucleotide analogue and non-nucleotide analogue drugs
(Fig. 6.1D). The nucleotide analogues acyclovir triphosphate and remdesivir triphosphate, active
metabolites of acyclovir and remdesivir respectively, both inhibited RNA polymerase activity
with ICso values of 0.95mM and 1.68mM. Enisamium is an influenza virus RNA polymerase
inhibitor which is thought to be metabolised in vivo to a more active compound, VR17-04 (188).
While enisamium only inhibited SARS-CoV-2 RNA polymerase activity in the high millimolar

range, the inhibitory activity of VR17-04 was comparable to the nucleotide analogue drugs tested.
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Figure 6.1 Establishment of a SARS-CoV-2 RNA polymerase activity assay. A,
Schematic of the 40nt LS1 template and radiolabelled 20nt LS2 primer. B, SDS gel of purified
wild type or D760A/D761A SARS-CoV-2 nspl12. C, SARS-CoV-2 nsp7, nsp8 and wild type or
D760A/D761A nspl2 were incubated with LS1/LS2 RNA and NTPs. Reaction products were
resolved by denaturing PAGE (left) and quantified (right). Size markers are indicated on the left
of the gel, and the asterisk indicates a smear on the gel resulting from incomplete denaturation of
radiolabelled products. Quantification is from n=3 independent reactions, error bars are too
narrow to be displayed. D, Several candidate RNA polymerase inhibitor drugs (left) were tested
in RNA polymerase activity assays. Inhibition curves are shown (right), and ICsy values are
derived from fitting data to dose-response inhibition curves by nonlinear regression in GraphPad
Prism 9. Note that accurate 1Cso values could not be calculated for enisamium and VR17-04.
Quantification is from n=2-3 independent reactions. Data are mean + s.e.m., analysed by two-

way ANOVA. ***P<0.001.
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The most potent drug tested was mitoxantrone, a DNA intercalating agent used in cancer
chemotherapy, which inhibited activity with an ICso of 14.8uM. These data demonstrate that the
SARS-CoV-2 RNA polymerase activity assay I have established can be used to compare the

efficacy of RNA polymerase inhibitors.

6.2.2 SARS-CoV-2 viral RNAs have a 7-methylguanosine cap

The SARS-CoV-2 RNA polymerase is thought to synthesise m’G-capped full-length viral RNA,
but there is very little direct evidence to support this suggestion (189-191). I therefore established
a reverse transcription-qPCR (RT-qPCR) protocol to characterise SARS-CoV-2 viral RNA from
infected Vero CCL-81 cells, using a primer specific to the full-length or each subgenomic RNA
(sgRNA) paired with a primer directed against the shared leader (L) sequence (Fig. 6.2A). Using
this approach I was able to detect all viral RNAs except 7b sgRNA (data not shown), as well as

negative-sense viral antigenomes (Fig. 6.2B).

As expected, all SARS-CoV-2 viral RNAs examined accumulated rapidly between 3 hours and
12 hours post-infection (Fig. 6.2C). To determine which viral RNAs are m’G-capped I performed
immunoprecipitation (IP) on RNA extracted from infected cells, using either an anti-m’G
antibody or an anti-his antibody as a negative control (Fig. 6.2D, E). Full-length viral RNA was
significantly enriched by the anti-m’G IP compared to 5S rRNA, which is consistent with the
presence of an m’G cap. All sgRNAs followed a similar pattern to the full-length viral RNA,
although enrichment was only statistically significant for 3a, 6 and 8. Interestingly, negative-sense
antigenomes were also significantly enriched by the anti-m’G IP. These data suggest that all

SARS-CoV-2 viral RNAs, including sgRNAs and antigenomes, are m’G-capped.
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Figure 6.2 Identification of m’G-capped SARS-CoV-2 viral RNAs. A, Schematic of the
full-length SARS-CoV-2 genome with primer binding sites shown as arrows. B, RT-qPCR was
performed on total cellular RNA from SARS-CoV-2 infected or mock infected Vero CCL-81
cells. gPCR reaction products were resolved by agarose gel electrophoresis, expected products
range from 100-200bp. C, SARS-CoV-2 full-length and sgRNA accumulation was measured at
different time points post-infection by RT-qPCR. RNA levels were quantified for n=2
independent infections, data are mean + s.e.m. D, Schematic of RNA IP using anti-m’G or anti-
his antibody bound to magnetic beads. E, m’G-capped RNA was immunoprecipitated from total
cellular RNA of SARS-CoV-2 infected cells. RNA levels presented are relative to 5S rRNA, with
the input sample set to 0. RNA levels were quantified for n=1-2 independent infections, data are
mean =+ s.e.m., analysed by two-tailed unpaired t-test. *P<0.05. In all cases, n=2 qPCR reactions

were performed for each sample and averaged to generate the values shown.

6.2.3 The NiRAN domain is an enzyme involved in cap synthesis

SARS-CoV-2 is thought to utilise a canonical pathway for m’G cap synthesis, which requires an
unidentified GTase enzyme to covalently link GTP to the 5" end of diphosphorylated RNA. This
reaction involves a nucleotidylated enzyme (Gp-E) intermediate and produces a cap-like structure

(GpppN-RNA), which is subsequently methylated (Fig. 6.3A) (140, 180). The NiRAN domain of
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the equine arteritis virus (EAV) RNA polymerase has been shown to nucleotidylate with GTP
and UTP, so I hypothesised that the NiRAN domain in the SARS-CoV-2 RNA polymerase may

be responsible for performing the GTase reaction (153).

Nspl3 is thought to function directly upstream of the putative GTase, generating a
diphosphorylated RNA substrate using its 5’ triphosphatase activity (171). I therefore confirmed
the 5' triphosphatase activity of purified SARS-CoV-2 nsp13 on a y-**P-ATP substrate in vitro,
then used it to generate a diphosphorylated 20nt RNA substrate for GTase reactions (Fig. 6.3B,
C). I incubated the diphosphorylated RNA substrate with a->*P-GTP, nsp7, nsp8 and nsp12,
separated the reaction products by denaturing PAGE, and observed a radiolabelled product in the
presence of nspl12 which ran slightly slower than the 20nt marker and accumulated over time
(Fig. 6.3D, E). I also performed reactions under the same conditions with vaccinia capping
enzyme, a known GTase, which synthesised a radiolabelled product with the same mobility as the
product made by nsp12 (Fig. 6.3E) (192). Since the EAV RNA polymerase NiRAN domain can
nucleotidylate with GTP or UTP, I also performed reactions in the presence of o-**P-UTP (Fig.
6.3F) (153). Under these conditions nsp12 did not make any radiolabelled product using a-**P-

UTP.

To confirm that the radiolabelled product made by nsp12 resulted from formation of a GpppN-
RNA structure on the 20nt RNA, I performed a series of enzymatic digestions. First, I treated the
diphosphorylated RNA substrate with alkaline phosphatase (AP) or RNA 5’
pyrophosphohydrolase (RppH) to produce dephosphorylated or monophosphorylated RNA
respectively (Fig. 6.3G). Nsp12 and vaccinia capping enzyme were both unable to efficiently
synthesise a radiolabelled product using either of these substrates, indicating that a
diphosphorylated substrate is essential. Next, I treated the reaction products with AP or RppH
(Fig. 6.3H). AP had no effect on the products made by nspl2 and vaccinia capping enzyme,
indicating no exposed 5’ phosphates were present. However, RppH was able to degrade the

products, indicating the presence of 5’ triphosphates (193). This enzymatic profile is characteristic
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Figure 6.3 SARS-CoV-2 nsp12 has guanylyltransferase activity. A, Schematic of nsp13
5" triphosphatase activity and the putative guanylyltransferase (GTase) activity. The GTase
enzyme (E) becomes nucleotidylated and transfers GMP to the substrate. The location of
radiolabelled phosphate in the a-**P-GTP substrate is highlighted in red. B, SDS gel of purified
His6-Zbasic-tagged SARS-CoV-2 nsp13. C, Purified nsp13 was incubated with y-**P-ATP, then
the y->*P-ATP substrate and inorganic phosphate (Pi) product was resolved by denaturing PAGE
(left) and quantified (right). Inactivated nsp13 was heated to 70°C for 5 minutes prior to the
reaction, and AP was used as a positive control. D, Nsp7, nsp8 and nsp12 were incubated with
diphosphorylated 20nt RNA and o->*P-GTP, then reaction products were resolved by denaturing
PAGE. Size markers are indicated on the left of the gel, the asterisk denotes a faster-moving
product which could result from kinase contamination or decapping of the product of interest. E,
Nspl2 or vaccinia capping enzyme was incubated with diphosphorylated 20nt RNA and o->*P-
GTP, then reaction products were resolved by denaturing PAGE (left) and quantified (right). F,
Nspl2 was incubated with diphosphorylated 20nt RNA and o-’P-UTP or a-**P-GTP, then
reaction products were resolved by denaturing PAGE (top) and quantified (bottom). G,
Diphosphorylated RNA substrates were treated with alkaline phosphatase (AP) or RNA 5’
pyrophosphohydrolase (RppH) (left), then used in GTase reactions with nspl2 or vaccinia
capping enzyme (right). H, Nsp12 or vaccinia capping enzyme GTase reactions were run and then
products were treated with AP or RppH (left) before resolving by denaturing PAGE (right).
Quantification is from n=2-3 independent reactions, data are mean =+ s.e.m., analysed by one-way

ANOVA. **P<0.01, ***P<0.001.

of a GpppN-RNA product, and collectively these results show that SARS-CoV-2 nspl2 has

GTase activity in vitro.

To determine whether the NiRAN domain in nspl2 is responsible for the GTase activity, |
designed point mutations at amino acid residues R116, D126 and D218 in the nucleotide binding
pocket (Fig. 6.4A, B, C) (153, 181). None of these mutations reduced RNA polymerase activity
in the presence of nsp7 and nsp8, however, all caused a significant loss of GTase activity (Fig.
6.4D, E). The D218A mutation had the most potent effect on GTase activity, which is consistent

with structural data showing that D218 plays a key role in nucleotide binding by coordinating a
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Figure 6.4 Nspl12 NiRAN domain mutations disrupt guanylyltransferase activity. A,
Structure of the SARS-CoV-2 nsp7/8/12 complex bound to nsp9 (magenta) and RNA product
(red), with GDP (orange) bound in the nsp12 NiRAN domain (cyan) (PDB: 7CYQ). B, Close-up
view of the nsp12 NiRAN domain nucleotide binding pocket with GDP bound (PDB: 7CYQ). C,
SDS gel of purified nsp12 mutants. D, GTase activity assays were performed using mutant nsp12
proteins. E, RNA polymerase activity assays were performed using mutant nsp12 proteins in the
presence of nsp7 and nsp8, the asterisk indicates a smear on the gel resulting from incomplete
denaturation of radiolabelled products. Quantification is from n=3 independent reactions, data are

mean + s.e.m., analysed by one-way ANOVA. ***P<(.001.

magnesium ion (Fig. 6.4B) (169, 181). Interestingly, the D760A/D761A RdRp active site

mutation also significantly reduced GTase activity to approximately 40% of wild type nsp12.

To further confirm that the NiIRAN domain has GTase activity, I performed reactions using either
full-length nsp12 or the NiRAN domain alone. The isolated NiRAN domain was able to
synthesise a radiolabelled product with the same mobility as that of full-length nsp12, but with
approximately 30% of the efficiency (Fig. 6.5A). To confirm that this was the product of GTase
activity I then performed enzymatic digestions of the substrate and product RNAs. The NiRAN

domain did not make any radiolabelled product when provided with dephosphorylated or
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Figure 6.5 The nsp12 NiRAN domain is an independent guanylyltransferase enzyme.
A, GTase activity assays were performed using full-length nsp12 or NiRAN domain (top) and
products were quantified (bottom). Quantification is from n=3 independent reactions, data are
mean * s.e.m., analysed by two-way ANOVA. ***P<0.001. B, Diphosphorylated RNA substrates
were treated with AP or RppH, then used in GTase reactions with the isolated NiRAN domain.
C, NiRAN domain GTase reactions were run and then products were treated with AP or RppH.
Quantification is from n=2 independent reactions, data are mean + s.e.m., analysed by one-way

ANOVA. **P<0.01, ***P<0.001.

monophosphorylated substrate RNA, produced by pre-treatment with AP or RppH respectively
(Fig. 6.5B). In addition, the radiolabelled product was sensitive to degradation by RppH but not
AP, which matches the results obtained using full-length nsp12 and vaccinia capping enzyme
(Fig. 6.5C). Together, these data show that the nspl12 NiRAN domain can function as a GTase

enzyme in vitro.

6.2.4 The NiRAN domain has ATP-dependent RNA ligase activity

While establishing the RNA polymerase activity assay I also tested nsp12 activity in the absence
of nsp7 and nsp8, as previous reports suggested that nspl12 displays limited RNA polymerase

activity under these conditions (157).
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Figure 6.6 Identification of RNA ligase activity in SARS-CoV-2 nsp12. A, Nspl2 was
incubated with LS1/LS2 template and NTPs, then reaction products were resolved by denaturing
PAGE (left) and quantified (right). Quantification is from n=3 independent reactions, data are
mean £ s.e.m. B, C, Nsp12 reaction products were gel purified and amplified by RT-PCR, then
cloned into pcDNA3A and sequenced. Sanger sequencing traces are shown for the only two 60nt
products identified (top), LS1-LS2 (B) and LS2-LS1 (C), with models depicting their synthesis
from the LS1/LS2 template RNAs by nsp12 (bottom). Representative data are shown for n=2 (B)
or n=4 (C) Sanger sequencing traces. D, Schematic of the radiolabelled 8nt tLS2 primer. E, Nsp12
RNA ligase activity was tested on the combination of LS2 and LS1 RNAs (left) or tLS2 and LS1

RNAs (right). Note that some degraded primer is visible below the LS2 primer.
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Intriguingly, I found that nsp12 alone produces a product of 60nt in RNA polymerase activity
assays, which exceeds the length of the 40nt LS1 template (Fig. 6.6A). I therefore gel purified the
nspl2 reaction product and amplified it by RT-PCR, then cloned it into a pcDNA3A plasmid for
Sanger sequencing. Sequencing identified two different products of 60nt, both comprised of the
conjoined sequences of the 40nt LS1 template and the 20nt LS2 primer (Fig. 6.6B, C). One 60nt
product appeared to be formed by joining the 3’ end of LS1 to the 5’ end of LS2, while the other
product was formed by joining the 3’ end of LS2 to the 5’ end of LS1. These data suggest that
nspl2 is able to covalently link the LS1/LS2 template RNAs in the absence of nsp7 and nsp8. To
confirm this observation, I incubated nsp12 with LS1 and either full length LS2 or a truncated 8nt
version of LS2 (tLS2) (Fig. 6.6D). As expected, the reaction with LS1 and LS2 produced a 60nt
product; however, the reaction with LS1 and tLS2 produced a product of approximately 48nt (Fig.
6.6E). These data demonstrate that nspl2 can covalently link the RNA primer to the RNA

template, effectively functioning as an RNA ligase in vitro.

Next, I aimed to characterise this activity further. I first examined the effect of nsp7 and nsp8 by
mixing them with nsp12 and incubating the sub-complexes with LS1/LS2 RNAs and NTPs (Fig.
6.7A). In these assays nsp7 and nsp8 had opposite effects on RNA ligase activity; nsp7 slightly
promoted activity, while nsp8 significantly reduced RNA ligase activity and appeared to promote
RNA polymerase activity, causing limited extension of the LS2 primer. The combination of nsp7

and nsp8 abolished RNA ligase activity and strongly enhanced RNA polymerase activity.

RNA ligases are ATP-dependent, with the exception of GTP-dependent RNA ligase RtcB;
therefore, to examine whether the nspl2 RNA ligase is also ATP-dependent, I performed
reactions in the presence of each nucleotide individually (Fig. 6.7B) (194). No activity was
detected for any nucleotide except ATP, which facilitated RNA ligase activity to the same level

as a mixture of all nucleotides.
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The nsp12 NiRAN domain has been shown to bind to ADP, and this interaction involves similar
amino acid residues as the interaction with GDP (Fig. 6.7C, D) (169). To assess the involvement
of the NiRAN domain in nsp12 RNA ligase activity, I performed RNA ligase reactions using the
mutant nsp12 proteins described above (Fig. 6.7E). All NiRAN domain mutations significantly
reduced activity to approximately 30% of wild type nsp12, while the D760A/D761A RdRp active
site mutation had no significant effect. Collectively, these data suggest that in addition to having
GTase activity, the nspl2 NiRAN domain is involved in performing an ATP-dependent RNA

ligase reaction in vitro.

RNA ligase and GTase reactions both require nucleotide binding, meaning that they could be
inhibited by nucleotide analogue drugs binding to the NiRAN domain. I therefore titrated
remdesivir triphosphate into nsp12 RNA ligase reactions, where it inhibited activity with an ICs
of 0.49mM (Fig. 6.8A, D). I also titrated the drug into nsp12 GTase activity assays and found that
it inhibited activity with a strikingly similar ICsp of 0.43mM, which is consistent with both
reactions using the same active site (Fig. 6.8B, D). To provide evidence that remdesivir
triphosphate inhibits GTase activity by binding to the NiRAN domain, I then titrated the drug into
GTase activity assays performed using only the NiRAN domain (Fig. 6.8C, D). Under these
conditions the drug also inhibited activity, but with a much lower ICso of 4.06uM. These data
show that RNA ligase and GTase reactions performed by the SARS-CoV-2 nsp12 NiRAN domain

can be inhibited by remdesivir triphosphate in vitro.

6.3 DISCUSSION

Coronaviruses are thought to synthesise m’G-capped viral RNA, but the identity of the viral
GTase enzyme has remained elusive (140). In this study I provide direct evidence that SARS-

CoV-2 viral RNAs are m’G-capped, and demonstrate that the nsp12 NiRAN domain can function
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Figure 6.8 Inhibition of RNA ligase and guanylyltransferase activities by remdesivir

triphosphate, and a model for coronavirus m’G cap synthesis. A, Remdesivir triphosphate
(RTP) was titrated into nsp12 RNA ligase activity assays. B, Remdesivir triphosphate was titrated
into full-length nsp12 GTase activity assays. C, Remdesivir triphosphate was titrated into NiRAN
domain GTase activity assays. D, Inhibition curves for remdesivir triphosphate in RNA ligase and
GTase activity assays. ICso values are derived from fitting data to dose-response inhibition curves
by nonlinear regression in GraphPad Prism 9. Quantification is from n=3 independent reactions,
data are mean £ s.e.m. E, Model for coronavirus m’G cap synthesis. Nsp13 (PDB: 6XEZ) removes
the y-phosphate from nascent viral RNA using its 5’ triphosphatase activity. The resulting
diphosphorylated RNA is linked to GTP (magenta) by the nsp12 (PDB: 7CYQ) GTase, forming
a cap-like (GpppN-RNA) structure. Nsp14 (PDB: 5C8S) methylates the guanine cap at N7, and a
complex of nsp16 and nsp10 (PDB: 7C2I) methylates the 2’ hydroxyl of the nucleotide at position
+1. Both reactions consume S-adenosylmethionine (SAM; blue) and produce S-

adenosylhomocysteine (SAH). The final product is viral RNA with a 5’ cap-1 structure.
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as a GTase. Together, these findings allow me to propose a complete model for coronavirus m’G

cap synthesis (Fig. 6.8E) (181).

Nascent viral RNA is the substrate for m’G cap synthesis, and reports of de novo initiation for
coronavirus RNA polymerases suggest that it could be 5’ triphosphorylated (156, 162, 163, 195).
The y-phosphate of nascent viral RNA is removed by the 5 triphosphatase activity of nspl3,
resulting in a diphosphorylated substrate for the nsp12 GTase (171). GTase activity involves a
GMP-enzyme covalent intermediate, which I was unable to identify for SARS-CoV-2 nsp12 but
has been demonstrated for the EAV RNA polymerase (153). After the GTase reaction nsp14 and
nspl6 methylate GpppN-RNA to produce the cap-1 structure, both enzymes utilising S-
adenosylmethionine (SAM) as a methyl donor and producing S-adenosylhomocysteine (SAH)

(173, 182, 183).

My identification of SARS-CoV-2 nspl12 as a GTase is corroborated by another independent
study, and I further demonstrate that the nsp12 NiRAN domain alone is a functional GTase
enzyme. It is worth noting that the NiRAN domain performs less efficiently in the GTase reaction
than full-length nsp12, which is also consistent with my finding that RdRp active site mutations
reduce GTase activity (Fig. 6.5A). These observations raise the possibility that the nsp12 RdRp
domain is indirectly involved in the GTase reaction, for example it could be required for binding
to substrate RNA. The presence of a GTase domain in nsp12 is reminiscent of non-segmented
negative-strand RNA viruses (nsNSVs) such as VSV, which have a PRNTase domain in their
RNA polymerases to perform an equivalent function to the GTase (29). This association between
RNA synthesis and m’G cap synthesis machinery is thought to promote co-transcriptional viral
RNA capping (196). Interestingly, other proteins involved in coronavirus m’G cap synthesis have
RNA synthesis-related functions, such as nsp13 and nspl4 which are an RNA helicase and a
proofreading exonuclease respectively (171, 174, 177). Therefore, coronaviral m’G cap synthesis
may also occur co-transcriptionally, which would minimise the risk of uncapped viral RNA

detection by innate immune sensors including RIG-I (187).
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My data also demonstrate that nsp12 can also perform an ATP-dependent RNA ligase reaction in
vitro, which is dependent on the same amino acid residues as the GTase reaction and is inhibited
by remdesivir triphosphate with a very similar ICs (Fig. 6.8D). Canonical RNA ligase and GTase
mechanisms both utilise a nucleotidylated enzyme intermediate, raising the possibility that the
same active site could be involved in both reactions. A similar strategy is employed by nspl3,
which has a shared active site for its RNA helicase and 5’ triphosphatase activities (171). Current
models of coronavirus RNA synthesis do not require the RTC to have RNA ligase activity, but it
has been suggested that an RNA ligase could function alongside a viral endoribonuclease, such
asnspl5, in a yet-unknown pathway (153). It is also possible that an RNA ligase could be required
to seal nicked RNA generated during viral RNA proofreading. This suggestion is supported by a
recent study which indicates that the SARS-CoV-2 proofreading exonuclease, nspl4, can also

function as an endonuclease (197).

My in vitro assays determined that remdesivir triphosphate inhibits SARS-CoV-2 RNA
polymerase activity with an ICso value of 1.68mM, which is substantially higher than the 0.77uM
ICso reported for SARS-CoV-2 virus growth in cell culture (Fig. 6.1D) (198). This discrepancy
could arise from the in vitro assay not being fully representative of RNA polymerase function in
vivo, for example, this assay detects extension of an RNA primer by 20nt, whereas the RTC must
processively synthesise 29-kilobase SARS-CoV-2 genomes in vivo (199). Alternatively, this
discrepancy could be explained by a dual mechanism of action, as here I show that remdesivir
triphosphate inhibits multiple SARS-CoV-2 catalytic activities. Interestingly, I find that
remdesivir triphosphate inhibits the GTase activity of the isolated NiRAN domain with a much
lower I1Cso than full-length nsp12, which could be explained by the drug binding non-productively

to the nsp12 RdRp domain (Fig. 6.8D).

In summary, I have shown that the SARS-CoV-2 RNA polymerase NiRAN domain can perform
GTase and RNA ligase reactions, the former allowing me to present a complete model of viral

m’G cap synthesis. I also demonstrated that these reactions are inhibited by remdesivir



CHAPTER 6: The function of the SARS-CoV-2 RNA polymerase NiRAN domain 115

triphosphate, highlighting the potential of the NiRAN domain as target for novel or repurposed
antiviral drugs. The assays described here could prove useful for assessing the ability of such

compounds to inhibit NiRAN domain function.
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Materials and Methods

7.1 MOLECULAR CLONING

7.1.1 Oligonucleotide sequences

DNA oligonucleotides were purchased from Sigma-Aldrich:

Table 7.1

Sequences of DNA oligonucleotides used for molecular cloning

Oligonucleotide

Sequence (5'to 3')

pBiFC-PB1-VN Fwd

CGGCAAAAAATCTCTCGAGGTACCGGAGG

pBiFC-PB1-VN Rev

ACATCCATCTCGGTCGACCGAATTCG

pcDNA-PB1-VN Fwd

CGACCGAGATGGATGTCAATCCGACTTTACTT
TTCT

pcDNA-PB1-VN Rev

TCGAGAGATTTTTTGCCGTCTGAGCTCTTCAAT
G

pBiFC-VC-PB2 Fwd

ATCAATTAGTAAGCGGCCGCGG

pBiFC-VC-PB2 Rev

ACCACCAGATTGAAAATACAAATTTTCACCCT
TGTACAGCTCGTCCATGCC

pcDNA-VC-PB2 Fwd

GGTGAAAATTTGTATTTTCAATCTGGTGGTATG
GAAAGAATAAAAGAACTAAGGAATCTA

pcDNA-VC-PB2 Rev

GGCCGCTTACTAATTGATGGCCATCC

pBiFC-VN-PB1 Fwd

AAAAATAGTGAGCGGCCGCGGG

pBiFC-VN-PBI1 Rev

ACCACCAGATTGAAAATACAAATTTTCACCGG
CGGTGAGATAGACGTTGT

pcDNA-VN-PB1 Fwd

GGTGAAAATTTGTATTTTCAATCTGGTGGTATG
GATGTCAATCCGACTTT

pcDNA-VN-PB1 Rev

GGCCGCTCACTATTTTTGCCGTCTGAG

pBiFC-VC-PB1 Fwd

CAAAAATAGTTAAGCGGCCGCGGG

pBiFC-VC-PBI Rev

ACCACCAGATTGAAAATACAAATTTTCACCCT
TGTACAGCTCGTCCATGCC

pcDNA-VC-PB1 Fwd

GGTGAAAATTTGTATTTTCAATCTGGTGGTATG
GATGTCAATCCGACTTTAC

pcDNA-VC-PBI Rev

GCGGCCGCTTAACTATTTTTGCCGTCTGAGC

pcDNA-huANP32A 176-183 Fwd

GTGCTGTCCCTGGTGAAGGACCGGCAGGTGGT
GGAAGATGAAGAGGATGAAGAT

pcDNA-huANP32A 176-183 Rev

CCGGTCCTTCACCAGGGACAGCACGTCCTCGT
CCTCTTCCTCGTCGTCC

pcDNA-PA 352-356A Fwd

GCAGCAGCCGCAGCTACTAAAAATATGAAGA
AAACGAGTCAGT

pcDNA-PA 352-356A Rev

AGCTGCGGCTGCTGCCTCATTCTCAATGTCCTG
C
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pcDNA-PB1 R135A Fwd

CAGCAGGCTGGTTCGCATTTAGAGTCCAGTCA
TAGGTCTGT

pcDNA-PB1 R135A Rev

ACAGACCTATGACTGGACTCTAAATGCGAACC
AGCCTGCTG

pcDNA-PB1 R220A Fwd

GTTCAGGGTTAATGCCGCAATTAGATAACTCC
TTTTGTTCAATCTCTGC

pcDNA-PB1 R220A Rev

GCAGAGATTGAACAAAAGGAGTTATCTAATTG
CGGCATTAACCCTGAAC

pcDNA-PB1 R220E Fwd

GTTCAGGGTTAATGCCTCAATTAGATAACTCC
TTTTGTTCAATCTCTGC

pcDNA-PB1 R220E Rev

GCAGAGATTGAACAAAAGGAGTTATCTAATTG
AGGCATTAACCCTGAAC

pcDNA-PB1 R350A Fwd

CATGTACCCCTTTCCCAGTGCCGCCATTTTGTT
TGAGAAC

pcDNA-PB1 R350A Rev

GTTCTCAAACAAAATGGCGGCACTGGGAAAG
GGGTACATG

pcDNA-PB1 R350E Fwd

CTCAAACATGTACCCCTTTCCCAGCTCCGCCAT
TTTGTTTGAGAACATTAT

pcDNA-PB1 R350E Rev

ATAATGTTCTCAAACAAAATGGCGGAGCTGGG
AAAGGGGTACATGTTTGAG

pcDNA-PB1 K553A Fwd

GTACGTGTACCTGTAATCTGCGATGAACAGCT
GAAGGGCC

pcDNA-PB1 K553A Rev

GGCCCTTCAGCTGTTCATCGCAGATTACAGGT
ACACGTAC

pcDNA-PB1 Y557A Fwd

TCTATGGCACCGGTACGTGGCCCTGTAATCTTT
GATGAAC

pcDNA-PB1 Y557A Rev

GTTCATCAAAGATTACAGGGCCACGTACCGGT
GCCATAGA

pcDNA-PB1 R560A Fwd

GTGTCACCTCTATGGCACGCGTACGTGTACCT
GTAATC

pcDNA-PB1 R560A Rev

GATTACAGGTACACGTACGCGTGCCATAGAGG
TGACAC

pcDNA-PB1 Q567A Fwd

TGATCTTCGGGTTTGTATTGCTGTGTCACCTCT
ATGGCAC

pcDNA-PB1 Q567A Rev

GTGCCATAGAGGTGACACAGCAATACAAACCC
GAAGATCA

pcDNA-PB1 Q569A Fwd

CAAATGATCTTCGGGTTGCTATTTGTGTGTCAC
CTCTATGGC

pcDNA-PB1 Q569A Rev

GCCATAGAGGTGACACACAAATAGCAACCCG
AAGATCATTTG

pcDNA-PB1 R571A Fwd

CAGTTTCTTTATTTCAAATGATCTTGCGGTTTG
TATTTGTGTGTCACCTCT

pcDNA-PB1 R571A Rev

AGAGGTGACACACAAATACAAACCGCAAGAT
CATTTGAAATAAAGAAACTG

pcDNA-PA Y464A Fwd

CATTAAGCAAGGCAGTATTGATGGCCACCCCC
TTCATTATGTATTCTG

pcDNA-PA Y464A Rev

CAGAATACATAATGAAGGGGGTGGCCATCAAT
ACTGCCTTGCTTAATG

pcDNA-PA K488A Fwd

CCTTCCCTCCTTAGTTCTACACGCGCTTATCAT
TGGAATCAATTGG

pcDNA-PA K488A Rev

CCAATTGATTCCAATGATAAGCGCGTGTAGAA
CTAAGGAGGGAAGG
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pcDNA-PA R490A Fwd

TCGCCTTCCCTCCTTAGTTGCACACTTGCTTAT
CATTGGA

pcDNA-PA R490A Rev

TCCAATGATAAGCAAGTGTGCAACTAAGGAGG
GAAGGCGA

pcDNA-PA R496A Fwd

ACCGTACAAATTGGTCTTTGCCCTTCCCTCCTT
AGTTCTA

pcDNA-PA R496A Rev

TAGAACTAAGGAGGGAAGGGCAAAGACCAAT
TTGTACGGT

Q567A/Q569A/R571A Fwd

pcDNA-PB1 TGTCACCTCTATGGCACGCGTACGTGGCCCTG
K553A/Y557A/R560A Fwd TAATCTGCGATGAACAGCTGAAGGG
pcDNA-PB1 CCCTTCAGCTGTTCATCGCAGATTACAGGGCC
K553A/Y557A/R560A Rev ACGTACGCGTGCCATAGAGGTGACA
pcDNA-PB1 CACAGTTTCTTTATTTCAAATGATCTTGCGGTT

GCTATTGCTGTGTCACCTCTATGGCACCGGTAC
G

pcDNA-PB1
Q567A/Q569A/R571A Rev

CGTACCGGTGCCATAGAGGTGACACAGCAATA
GCAACCGCAAGATCATTTGAAATAAAGAAACT
GTG

pcDNA-PA D529A/R531A/ES33A

CTTCTCCCATTTGTGTGGTGCAAGTGCTGGGGC

Fwd AGTGAGGGAAAACTCCAT
pcDNA-PA D529A/R531A/ES33A | ATGGAGTTTTCCCTCACTGCCCCAGCACTTGCA
Rev CCACACAAATGGGAGAAG

pcDNA-PA K413A Fwd

AATCGGTCAGTTCACATGCCGCGTTGAACTCA
TTCTGAATCC

pcDNA-PA K413A Rev

GGATTCAGAATGAGTTCAACGCGGCATGTGAA
CTGACCGATT

pcDNA-PB2 T609A Fwd

TGAGCGGTATCAAATGCCCCAAGCACATCCCT
C

pcDNA-PB2 T609A Rev

GAGGGATGTGCTTGGGGCATTTGATACCGCTC
A

pcDNA-PA K324A/H326A/E327A
Fwd

CAGAAGATAATTTGGATTTATTCCCTTTGCGGC
TGGTGCAACAACATTGGGTTCCTTCCATCCAA
AG

pcDNA-PA K324A/H326A/E327A
Rev

CTTTGGATGGAAGGAACCCAATGTTGTTGCAC
CAGCCGCAAAGGGAATAAATCCAAATTATCTT
CTG

pcDNA-PA K339A/Q340A Fwd

TGTCCTGCAGTTCTGCCAGTACTGCCGCCCATG
ACAGAAGATAATTTGGAT

pcDNA-PA K339A/Q340A Rev

ATCCAAATTATCTTCTGTCATGGGCGGCAGTA
CTGGCAGAACTGCAGGACA

pcDNA-PB2 P132A Fwd

GGTTTCTAAAATGGACAGCGCCAAAGGTTCCA
TGTTT

pcDNA-PB2 P132A Rev

AAACATGGAACCTTTGGCGCTGTCCATTTTAG
AAACC
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7.1.2 Plasmids

Table 7.2 Descriptions of the origins of plasmids used in this study.
Plasmid Original source
pcDNA3A Fodor et al. 2002 (200)
pcDNA-PB1 Fodor et al. 2002 (200)
pcDNA-PBla Vreede et al.2004 (19)
pcDNA-PB2 Fodor et al. 2002 (200)

pcDNA-PB2 K627E

Ng et al. 2012 (201)

pcDNA-PB2-TAP

Deng et al. 2005 (202)

pcDNA-PA Fodor et al. 2002 (200)

pcDNA-NP Fodor et al. 2002 (200)

pPOLI-NA Fodor et al. 1999 (203)

pBiFC-VN155 Kodama et al. 2010 (204)

pBiFC-VC155 Kodama et al. 2010 (204)

pBiFC-PB1-VN Produced from pBiFC-VN155 and pcDNA-PBI1 by

Gibson assembly

pBiFC-VC-PB2

Produced from pBiFC-VC155 and pcDNA-PB2 by
Gibson assembly

pBiFC-VN-PB1

Produced from pBiFC-VN155 and pcDNA-PBI1 by
Gibson assembly

pBiFC-VC-PBI

Produced from pBiFC-VC155 and pcDNA-PB1 by
Gibson assembly

pcDNA-NB8205

Fan et al. 2019 (37)

pcDNA-NB8192

Kind gift from Itziar Serna Martin

pcDNA-NB8210

Fan et al. 2019 (37)

pCAGGS-chANP32A

Long et al. 2016 (38)

pCAGGS-chANP32A-Strep

Kind gift from Benjamin Nilsson

pCAGGS-huANP32A

Long et al. 2016 (38)

pCAGGS-huANP32A-Strep

Kind gift from Benjamin Nilsson

pcDNA-huANP32A

Produced from pCAGGS-huANP32A by restriction-
ligation cloning

pcDNA-huANP32A 176-183

Site-directed mutagenesis from pcDNA-huANP32A

pcDNA-PA 352-356A

Site-directed mutagenesis from pcDNA-PA

pcDNA-PB2 71-73A

Kind gift from Jane Sharps

pcDNA-PA 351-353A

Kind gift from Jane Sharps

pcDNA-PA 356-358A

Kind gift from Jane Sharps

pcDNA-PB1 K669A/R670A

Kerry et al. 2008 (100)

pcDNA-PA DI0SA

Hara et al. 2006 (101)

pcDNA-PBI R135A

Site-directed mutagenesis from pcDNA-PB1

pcDNA-PB1 R220A

Site-directed mutagenesis from pcDNA-PB1

pcDNA-PB1 R220E

Site-directed mutagenesis from pcDNA-PB1

pcDNA-PB1 R350A

Site-directed mutagenesis from pcDNA-PB1

pcDNA-PB1 R350E

Site-directed mutagenesis from pcDNA-PB1

pcDNA-PB1 K553A

Site-directed mutagenesis from pcDNA-PB1

pcDNA-PB1 Y557A

Site-directed mutagenesis from pcDNA-PB1

pcDNA-PB1 R560A

Site-directed mutagenesis from pcDNA-PB1

pcDNA-PB1 Q567A

Site-directed mutagenesis from pcDNA-PB1

pcDNA-PB1 Q569A

Site-directed mutagenesis from pcDNA-PB1
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pcDNA-PB1 R571A Site-directed mutagenesis from pcDNA-PB1
pcDNA-PA Y464A Site-directed mutagenesis from pcDNA-PA
pcDNA-PA K488A Site-directed mutagenesis from pcDNA-PA
pcDNA-PA R490A Site-directed mutagenesis from pcDNA-PA
pcDNA-PA R496A Site-directed mutagenesis from pcDNA-PA
pcDNA-PB1 Site-directed mutagenesis from pcDNA-PB1
KS553A/Y557TA/RS560A

pcDNA-PB1 Site-directed mutagenesis from pcDNA-PB1
Q567A/Q569A/R571A

pcDNA-PA Site-directed mutagenesis from pcDNA-PA

Y464A/K488A/R490A/R496A
pcDNA-PA D529A/R531A/ES33A | Site-directed mutagenesis from pcDNA-PA

pcDNA-PA K413A Site-directed mutagenesis from pcDNA-PA
pcDNA-PB2 T609A Site-directed mutagenesis from pcDNA-PB2
pcDNA-PB2 535-667A Nilsson et al. 2017 (112)

pcDNA-PA K324A/H326A/E327A | Site-directed mutagenesis from pcDNA-PA
pcDNA-PA K339A/Q340A Site-directed mutagenesis from pcDNA-PA
pcDNA-PB2 P132A Site-directed mutagenesis from pcDNA-PB2

7.1.3 Site-directed mutagenesis

Site-directed mutagenesis PCR was carried out using Pfu Turbo DNA Polymerase (Agilent) in
50ul reaction mixtures prepared according to the manufacturer’s instructions, supplemented with
1U Phusion High-Fidelity DNA Polymerase (NEB). Thermocycling conditions were as follows:
95°C 10 mins; 50°C 30s, 68°C 18 mins, 19 cycles; 68°C 5 mins. Reactions were treated with 1ul
Dpnl (NEB) at 37°C for 1 hour, then transformed into DHS5a E. coli and spread on LB agar plates

supplemented with 50-100pg/mL ampicillin.

7.1.4 Gibson assembly

PCR was carried out with Phusion High-Fidelity DNA Polymerase (NEB) according to the
manufacturer’s instructions. Reaction products were separated by 1% agarose gel electrophoresis
pre-stained with SYBR Safe (Invitrogen), and target DNA fragments were excised and purified
using QIAquick Gel Extraction Kit (Qiagen) according to the manufacturer’s instructions. Gibson

assembly was performed using NEBuilder HiFi DNA Assembly mix (NEB) according to the
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manufacturer’s instructions, and reaction products were transformed into DHSa E. coli then

spread on LB agar plates supplemented with 50-100pg/mL ampicillin.

7.1.5 Transformation and plasmid preparation

20ul competent E. coli cells were incubated with 2ul plasmid DNA on ice for 1 hour. Cells were
then heat shocked at 42°C for 1 min and placed back on ice for 5 mins. 150ul SOC Medium
(Sigma-Aldrich) was added and cells were allowed to recover at 37°C for at least 30 mins, then
spread on LB agar plates and incubated at 37°C overnight. E. coli colonies were inoculated into
2xYT medium supplemented with 50-100ug/mL ampicillin, then incubated at 37°C shaking at
180rpm overnight. Plasmid DNA was prepared using either QIAprep Spin Miniprep Kit (Qiagen)
(3mL cultures) or Plasmid Midi Kit (Qiagen) (25mL cultures) according to the manufacturer’s

instructions. Plasmids were validated by Sanger sequencing (Source Bioscience).

7.2 CELL AND INFLUENZA VIRUS CULTURE

7.2.1 Mammalian cell culture

Human Embryonic Kidney 293T (HEK 293T) and Madin-Darby Bovine Kidney (MDBK) cells
were obtained from the Sir William Dunn School of Pathology cell bank at the University of
Oxford. HEK 293T cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM;
Sigma-Aldrich) + 10% Foetal Calf Serum (FCS; Sigma-Aldrich). MDBK cells were maintained
in Minimum Essential Medium (MEM; Sigma-Aldrich) + 10% FCS and 1x L-glutamine
(200mM) (Gibco). Cells were grown at 37°C in 5% CO; and trypsinised using 1x TrypLE Express

Enzyme (Gibco).
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7.2.2 Virus propagation in mammalian cells

Influenza A/WSN/33 (HIN1) virus was propagated by infecting 70-80% confluent MDBK cells
at MOI 0.01. Culture medium was collected 48 hours post-infection and cell debris was removed
by centrifugation at 4000rpm for 10 mins. Medium was aliquoted and virus titre was determined

by plaque assay.

7.2.3 Plaque assay

Approximately 0.4x10° MDBK cells in MEM + 10% FCS + 1x L-glutamine (200mM) were
seeded in each well of a 6-well dish. 24 hours later, duplicate 10-fold serial dilutions of virus
stocks were made in MEM + 0.5% FCS + L-glutamine (200mM). Medium was removed from the
seeded cells, cells were washed in PBS, then 200ul of diluted virus was added to each well. Cells
were left at room temperature for 1 hour, then virus solution was removed and an overlay of 1%
UltraPure Low Melting Point Agarose (ThermoFisher) in MEM + 0.5% FCS + L-glutamine
(200mM) was added and allowed to set. Cells were incubated for a further 48-72 hours, then the
overlay was removed and cells were stained with Coomassie Brilliant Blue (0.1% Coomassie

R250, 10% acetic acid, 40% methanol).

7.3 CELL-BASED INFLUENZA VIRAL RNA ANALYSIS
7.3.1 Oligonucleotide sequences

Table 7.3 Sequences of DNA oligonucleotides used for cell-based influenza viral RNA

detection
Oligonucleotide Sequence (5'to 3')
NA 160 TCCAGTATGGTTTTGATTTCCG
NA 1280 TGGACTAGTGGGAGCATCAT
5S 100 TCCCAGGCGGTCTCCCATCC
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7.3.2 Ribonucleoprotein reconstitution assay

Approximately 0.2x10° HEK 293T cells in DMEM + 10% FCS in 24-well dishes were transfected
with 200ng of pcDNA-PB1, pcDNA-PB2, pcDNA-PA, pPOLI-NA, and 400ng of pcDNA-NP
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Mutant
plasmids replaced the wild type plasmids where indicated. In cases where additional plasmids
were added to some samples, empty pcDNA3A was added to ensure an equal mass of plasmid for
all samples. Cells were incubated for 24 hours post-transfection, then total cellular RNA was

extracted and analysed by primer extension.

Alternatively, cells were harvested by centrifugation at 1000rpm for 5 mins and lysed in 100ul
lysis buffer (50mM Tris-HCI pH 8.0, 200mM NaCl, 25% glycerol, 0.5% Igepal CA-630, ImM
DTT, ImM phenylmethylsulfonyl fluoride (PMSF), 1x Protease Inhibitor Cocktail tablet
(Sigma)) for 30 mins at 4°C, then lysate was cleared by centrifugation at 17000 x g for 5 min and

proteins were analysed by sodium dodecyl sulphate (SDS) PAGE and western blotting.

7.3.3 cRNA stabilisation assay

Approximately 1x10° HEK 293T cells in DMEM + 10% FCS in 6-well dishes were transfected
with 1ug of pcDNA-PB1a, pcDNA-PB2, pcDNA-PA and pcDNA-NP using Lipofectamine 2000
according to the manufacturer’s instructions. Mutant plasmids replaced the wild type plasmids
where indicated. 48 hours post-transfection, medium was replaced with DMEM + 0.5% FCS
containing Spg/mL actinomycin D and influenza A/WSN/33 virus at MOI 5. Cells were incubated

for a further 6 hours, then total cellular RNA was extracted and analysed by primer extension.
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7.3.4 Primary transcription assay

Approximately 1x10° HEK 293T cells in DMEM + 10% FCS in 6-well dishes were transfected
with 1ug of pcDNA-PB1a, pcDNA-PB2 and pcDNA-PA using Lipofectamine 2000 according to
the manufacturer’s instructions. Mutant plasmids replaced the wild type plasmids where indicated.
48 hours post-transfection, medium was replaced with DMEM + 0.5% FCS containing 100pg/mL
cycloheximide and influenza A/WSN/33 virus at MOI 10. Cells were incubated for a further 4

hours, then total cellular RNA was extracted and analysed by primer extension.

7.3.5 Viral growth assay

Approximately 1x10° HEK 293T cells in DMEM + 10% FCS in 6-well dishes were transfected
with 3ug of pcDNA-NB8205, pcDNA-NB8210 or pcDNA3A using Lipofectamine 2000
according to the manufacturer’s instructions. 24 hours post-transfection, medium was replaced
with DMEM + 0.5% FCS containing influenza A/WSN/33 virus at MOI 0.1. Medium and cells
were collected at 16, 24, 32 and 48 hours post-infection. Virus titre in the medium was determined
by plaque assay, and viral RNA accumulation was determined by total cellular RNA extraction

and primer extension.

7.3.6 Radiolabelling of oligonucleotides

1uM oligonucleotide was incubated at 37°C for 1 hour with 10U T4 Polynucleotide Kinase
(NEB), 1x kinase buffer A and 1ul y*’P-ATP (3000Ci/mmol; Perkin Elmer) in a total reaction
volume of 10ul. Excess radionuclide was removed using QIAquick Nucleotide Removal Kit
(Qiagen) according to the manufacturer’s instructions, and radiolabelled primers were eluted in

30-50ul dH-0.
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7.3.7 Total cellular RNA extraction and primer extension analysis

Cells in a monolayer were lysed for 5 mins in 0.5-1mL TRI Reagent (Sigma-Aldrich), and total
cellular RNA was extracted according to the manufacturer’s instructions. 1-4pul total cellular RNA
was annealed to 0.25pul radiolabelled NA 160, NA 1280 and 5S 100 primers (Table 7.3) in 5ul
total volume, by heating to 95°C for 2 mins and cooling on ice. RNA was reverse transcribed in
a total reaction volume of 10ul using 50U SuperScript III Reverse Transcriptase (Invitrogen), 1x
first-strand buffer and 10mM dithiothreitol (DTT), by incubating at S0°C for 1 hour followed by
heating to 70°C for 10 mins. Reactions were mixed with 10ul loading dye (80% formamide, ImM
EDTA, bromophenol blue, xylene cyanol) and heated to 95°C for 3 mins before resolving on 6%

denaturing PAGE.

7.3.8 Denaturing polyacrylamide gel electrophoresis

Radiolabelled RNA or DNA was resolved by 6-20% polyacrylamide gel electrophoresis (PAGE)
(AccuGel 19:1 acrylamide:bis-acrylamide; Geneflow) with 7M urea in 1x Tris-Borate EDTA
(TBE; 90mM Tris, 90mM boric acid, 2.5mM EDTA). Gels were polymerised using 0.1%
ammonium persulfate (APS) and 0.1% N,N,N',N’-tetramethylethane-1,2-diamine (TEMED), and
run at 1250-2000V in 1x TBE using vertical sequencing gel apparatus. Radiolabelled products
were visualised by exposure to phosphorimaging screens, which were scanned on a Fujifilm FLA-
5000 scanner. Products were quantified using ImageJ and data were analysed using Prism 8 or
Prism 9 (GraphPad). For primer extension analysis of cellular RNA samples, signal was
normalised to the 5S rRNA loading control and vRNA signal in the negative control lane was

subtracted from all subsequent lanes.
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7.4 INFLUENZA VIRUS PROTEIN INTERACTION ANALYSIS
7.4.1 Bimolecular fluorescence complementation

Approximately 1x10° HEK 293T cells in 6-well dishes were transfected with 1pg of pcDNA-VN-
PB1, pcDNA-VC-PBI1, pcDNA-PB2 and pcDNA-PA using Lipofectamine 2000 according to the
manufacturer’s instructions. Mutant plasmids were substituted for wild type plasmids where
indicated. 24 hours post-transfection cells were resuspended and washed in PBS, then fixed for
10 mins in 4% paraformaldehyde and washed again. Flow cytometry was carried out on an
LSRFortessa X-20 cell analyser (BD Biosciences) using a 488nm laser and 530/30nm emission
filter, and data were analysed using FlowJo software. Cells in each sample were classified into a
Venus+ group based on 530/30nm channel intensity. The intensity threshold was placed such that
99% of cells in the negative control sample were in the Venus- group, and this threshold value
was used for every subsequent sample in the same experiment. The 'Relative Venus signal’ value
recorded was calculated as the percentage of cells in the Venus+ group for each sample,

normalised to the wild type sample.

7.4.2 Confocal fluorescence microscopy

Approximately 1x10° HEK 293T cells in DMEM + 10% FCS in 6-well dishes were transfected
with Ipug of pcDNA-VN-PB1, pcDNA-VC-PB1, pcDNA-PB2 and pcDNA-PA using
Lipofectamine 2000 according to the manufacturer’s instructions. Cells were grown on glass cover
slips for 48 hours post-transfection, then washed with PBS and fixed in 4% paraformaldehyde for
10 mins. Slides were mounted in Mowiol 4-88 (Calbiochem) with 1ug/mL 4',6-diamidino-2-
phenylindole (DAPI; Sigma-Aldrich), and imaged using a 488nm laser on a Fluoview FV1200

microscope (Olympus). Images were processed using Imagel.
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7.4.3 Affinity purification assay

Approximately 5x10° HEK 293T cells DMEM + 10% FCS in 10cm dishes were transfected with
3ug pcDNA-PBI, pcDNA-PB2, pcDNA-PA and pCAGGS-huANP32A-Strep or pCAGGS-
chANP32A-Strep using Lipofectamine 2000 according to the manufacturer’s instructions. Mutant
plasmids replaced the wild type plasmids where indicated. 48 hours post-transfection, cells were
harvested by centrifugation at 1000rpm for 5 mins and lysed in 500ul lysis buffer (50mM Tris-
HCI pH 8.0, 200mM NaCl, 25% glycerol, 0.5% Igepal CA-630, ImM DTT, 1mM PMSF, 1x
Protease Inhibitor Cocktail tablet) for 30 mins at 4°C. Lysate was cleared by centrifugation at
17000 x g for 5 mins, then the supernatant was diluted in 2mL 150mM NaCl and incubated with
washed Strep-Tactin beads (IBA Lifesciences) for 2 hours at 4°C. Beads were washed 3x in wash
buffer (10mM Tris-HCI pH 8.0, 150mM NacCl, 10% glycerol, 0.1% Igepal CA-630, ImM PMSF)
and eluted overnight at 4°C in 200ul 1x Buffer E (IBA Lifesciences). Eluted complexes were

immediately analysed by SDS PAGE and western blotting.

7.5 INFLUENZA VIRUS PROTEIN PURIFICATION AND ANALYSIS
7.5.1 Protein purification from mammalian cells

Approximately 5x10° HEK 293T cells were transfected with 3pg of pcDNA-PB1, pcDNA-PB2-
TAP and pcDNA-PA using Lipofectamine 2000 according to the manufacturer’s instructions. For
vRNP preparations, pcDNA-NP and pPOLI-NA were also transfected. Mutant plasmids replaced
the wild type plasmids where indicated. 48 hours post-transfection, cells were harvested by
centrifugation at 1000rpm for 5 mins and lysed in 500ul lysis buffer (SOmM Tris-HCI pH 8.0,
200mM NaCl, 25% glycerol, 0.5% Igepal CA-630, ImM DTT, ImM PMSF, 1x Protease Inhibitor
Cocktail tablet) for 30 mins at 4°C. Lysate was cleared by centrifugation at 17000 x g for 5 min
and diluted in 2mL 150mM NacCl, then incubated with washed IgG sepharose beads (GE

Healthcare) for 2 hours at 4°C. Beads were washed 2x in wash buffer (10mM Tris-HCI pH 8.0,
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150mM NacCl, 10% glycerol, 0.1% Igepal CA-630, ImM PMSF) and 1x in cleavage buffer
(10mM Tris-HCI pH 8.0, 150mM NacCl, 40% glycerol, 0.1% Igepal CA-630, ImM DTT, 1mM
PMSF), then cleaved overnight at 4°C using AcTEV protease in a total volume of 200ul. Beads
were cleared by centrifugation at 17000 x g for 1 min and elutants were analysed by 8% SDS

PAGE and silver staining, then stored at -20°C.

7.5.2 Ribonucleoprotein purification from virions

Approximately 16.3x10° MDBK cells in MEM + 0.5% FCS + L-glutamine (200mM) in T175
flasks were infected with influenza A/WSN/33 virus at MOI 0.01, and medium was harvested
after 48hrs. Medium was clarified by centrifugation at 4000rpm for 10 mins, then 10000rpm for
15 mins at 4°C using a SW32 Ti rotor (Beckman Coulter). The resulting virus-containing medium
was layered onto 0.22pm-filtered 30% sucrose in resuspension buffer (10mM Tris-HCI pH7.4,
100mM NaCl, ImM EDTA) and virions were pelleted by centrifugation at 25000rpm using a
SW32 Ti rotor (Beckman Coulter) for 90 mins at 4°C. Virions were resuspended overnight at 4°C
in 80ul resuspension buffer, then were mixed with an equal volume of 2x disruption buffer (1x:
100mM MES, 100mM KCl, 5SmM MgCl,, 5% w/v glycerol, 50mM octylglucoside, 10mg/mL
lysolecithin, 1.5mM DTT) and shaken for 20 mins at 31°C in a thermomixer. Disrupted virions
were layered on top of a discontinuous glycerol gradient (1 ml of each fraction containing 70%,
50%, 40%, and 33% glycerol in 50 mM Tris-HCI pH 7.5, 150 mM NaCl) and the gradient was
centrifuged at 45000rpm using an SW55 Ti rotor (Beckman Coulter) for 4 hours at 4°C. 300ul
fractions with decreasing glycerol concentrations were collected by puncturing a hole in the
bottom of the tube, and fractions were analysed by RNA extraction followed by primer extension.
During the RNA extraction process 10ug of E. coli MRE 600 tRNA (Roche) was added
immediately before isopropanol to aid precipitation. Fractions containing VRNA were pooled and

stored at -20°C.
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7.5.3 SDS polyacrylamide gel electrophoresis and silver staining

Protein samples were mixed with an equal volume of SDS loading dye (125mM Tris-HC1 pH 6.8,
4% SDS, 20% glycerol, 10% B-mercaptoethanol, bromophenol blue) and heated to 95°C for 5
mins. Gels were prepared with a 3.2% 29:1 acrylamide:bis-acrylamide (AccuGel; Geneflow)
stacking layer (125mM Tris-HCI1 pH6.8, 0.1% SDS) and 8-12% 29:1 acrylamide:bis-acrylamide
separating layer (375mM Tris-HCI pH 8.8, 0.1% SDS), and set by the addition of 0.1% APS and
0.1% TEMED. Gels were run at 140V in 1x SDS running buffer (25mM Tris, 250mM glycine,
0.1% SDS) and proteins were visualised by silver staining using SilverXpress (Invitrogen)

according to the manufacturer’s instructions.

7.5.4 Western blotting

Instead of silver staining, proteins were transferred from the gel onto a nitrocellulose membrane
by wet transfer in 1x transfer buffer (25mM Tris, 190mM glycine, 20% ethanol) at 100V in 4°C.
Membranes were blocked in blocking buffer (5% non-fat milk, 0.1% Tween-20, 1x PBS)
overnight at 4°C or at room temperature for 1 hour. Membranes were then incubated with primary
antibodies at 1 in 500 dilution in blocking buffer for 1 hour at room temperature, and washed 3x
for 5 mins in PBS + 0.1% Tween-20. Secondary antibodies conjugated to horseradish peroxidase
(HRP) were added to membranes at 1 in 10000 dilution in blocking buffer, and incubated for 1
hour at room temperature. Membranes were washed 3x in PBS + 0.1% Tween-20, then HRP was
detected by incubation for 1 min with Amersham ECL Western Blotting Detection Reagents (GE

Healthcare), followed by exposure on Super RC Fuji Medical X-ray film (Kodak).

Specific polyclonal antibodies produced in rabbits were used for western blotting. Commercially
available antibodies were used to blot PB1 (Genetex), PB2 (Genetex), ANP32A (Sigma-Aldrich)
and actin (Sigma-Aldrich), and a custom-made antibody was used to blot PA (55). In all cases,

goat anti-rabbit antibody conjugated to HRP was used as a secondary antibody.
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7.6 IN VITRO INFLUENZA VIRAL RNA ANALYSIS

7.6.1 Oligonucleotide sequences

RNA oligonucleotides were purchased from Dharmacon or Chemgenes:

Table 7.4 Sequences of RNA oligonucleotides used for influenza virus in vitro activity
assays

Oligonucleotide Sequence (5'to 3')

5’ vRNA promoter AGUAGAAACAAGGCC

3’ vRNA promoter GGCCUGCUUUUGCU

5’ cRNA promoter AGCAAAAGCAGGCC

3’ cRNA promoter GGCCUUGUUUCUACU

11-mer RNA pp/pppGAAUACUCAAG

12-mer capped RNA m’GpppAAUCUAUAAUAG

DNA oligonucleotides were purchased from Sigma-Aldrich:

Table 7.5 Sequences of DNA oligonucleotides used for in vitro influenza viral RNA
detection
Oligonucleotide Sequence (5'to 3')
NA 160 TCCAGTATGGTTTTGATTTCCG
NA 160 Fwd AGCAAAAGCAGGAGTTTAAATGAATCCAAAC
C
NA 160 Rev CCGGTTTGAATTGAATGGCTAATCCATAT
NA 1394 CCAGATCGTTCGAGTCCGTTTTTTTTTTTTTTTT
TGAACAAACTAC
NA 1394 Fwd TGAATAGTGATACTGTAGATTGGTCT
NA 1394 Rev CCAGATCGTTCGAGTCGT
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7.6.2 Cap-dependent transcription assay

A cap-1 structure was added to 11-mer RNA (Table 7.4) in a 20ul reaction containing 0.5uM 11-
mer RNA, 0.8mM S-adenosylmethionine, 10U Vaccinia virus capping enzyme (NEB), 50U 2'-
O-methyltransferase (NEB) and 1ul o’*P-GTP (3000Ci/mmol; Perkin Elmer), incubated at 37°C
for 1 hour. Reaction products were resolved by 20% denaturing PAGE and 11-mer capped RNA
was purified by excising the band and eluting overnight in ImL dH,O. NAP-10 desalting columns
(GE Healthcare) were washed with 15mL dH-O, then the 1mL elutant was added, columns were
washed with a further 200ul dH,O, and 1.3mL dH,O was added to elute the 11-mer capped RNA.

Elutant was aliquoted and dried, then resuspended in 100ul dH,O.

Transcription assays were performed in 3ul reactions containing 1ul 11-mer capped RNA, SmM
MgCl,, 0.5uM 5’ and 3’ vVRNA promoters (Table 7.4), ImM DTT, 1U RNasin (Promega), ImM
ATP, 0.5mM CTP, 0.5mM UTP, 0.5mM GTP and 33ng/ul Sf9-purified influenza A/NT/60/68
(H3N2) FluPola (a kind gift from Haitian Fan). Where indicated, Nb 8205 (a kind gift from
Haitian Fan) was added at 16ng/ul. Reactions were run for 1 hour at 30°C, and stopped by the
addition of 3ul loading dye (80% formamide, ImM EDTA, bromophenol blue, xylene cyanol)

and heating to 95°C for 3 mins. Reaction products were resolved by 20% denaturing PAGE.

7.6.3 Primer-independent replication assay

Primer-independent replication assays were performed in 3ul reactions containing SmM MgCl,,
0.5uM 5" and 3’ vVRNA or cRNA promoters (Table 7.4), ImM DTT, 1U RNasin, ImM ATP,
0.5mM CTP, 0.5mM UTP, 0.1uM GTP, 0.15ul o*’P-GTP (3000Ci/mmol), and 33ng/ul Sf9-
purified influenza A/NT/60/68 (H3N2) FluPola. Where indicated, Nb 8205 was added at 16ng/pl.
Reactions were run for 4 hours at 30°C, and stopped by the addition of 3ul loading dye (80%
formamide, ImM EDTA, bromophenol blue, xylene cyanol) and heating to 95°C for 3 mins.

Reaction products were resolved by 20% PAGE.
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7.6.4 Dinucleotide synthesis assay

Dinucleotide synthesis assays were performed in 3ul reactions containing SmM MgCly, 0.5uM 5’
and 3’ VRNA or cRNA promoters (Table 7.4), ImM DTT, 1U RNasin, ImM ATP, 0.1uM GTP,
0.15ul a**P-GTP (3000Ci/mmol), and Sng/ul HEK 293T-purified influenza A/WSN/33 (HIN1)
FluPola. Reactions were run for 4 hours at 30°C, then treated with 1U FastAP Thermosensitive
Alkaline Phosphatase (ThermoFisher) for 1 hour at 37°C. 3ul loading dye (80% formamide, ImM
EDTA, bromophenol blue, xylene cyanol) was added and samples were heated to 95°C for 3 mins.

Reaction products were resolved by 20% denaturing PAGE.

7.6.5 Dinucleotide extension assay

Dinucleotide extension assays were performed in 3ul reactions containing 0.5mM ApG
dinucleotide (Fischer IBA), 5mM MgCl,, 0.5uM 5" and 3’ vVRNA or cRNA promoters (Table 7.4),
ImM DTT, 1U RNasin, ImM ATP, 0.5mM CTP, 0.5mM UTP, 0.1uM GTP, 0.15ul o’*P-GTP
(3000Ci/mmol), and 3.3-33ng/ul Sf9-purified influenza A/NT/60/68 (H3N2) FluPols. Where
indicated, Nb 8205 was added at 1.6-16ng/ul. Reactions were run for 4 hours at 30°C, and stopped
by adding 3pl loading dye (80% formamide, ImM EDTA, bromophenol blue, xylene cyanol)
followed by heating to 95°C for 3 mins. Reaction products were resolved by 20% denaturing

PAGE.

7.6.6 Ribonucleoprotein activity assay

Sul purified influenza A/WSN/33 (HIN1) vRNPs (from mammalian cells or virions) were
incubated with ImM ATP, 0.5mM UTP, 0.5mM CTP, 0.5mM GTP, SmM MgCl,, ImM DTT,
20U RNasin and either 25mM 12-mer capped RNA (Table 7.4) or 4.69ng/ul rabbit B-globin

mRNA (Sigma) in 10ul reactions for 4 hours at 30°C. Where indicated, 5-100ng/ul Sf9-purified
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influenza A/NT/60/68 (H3N2) FluPola was added. Activity assays using purified PP7 tag-purified
cRNPs (a kind gift from Loic Carrique) were performed using the same reaction conditions,
except that 0.5 mM ApG dinucleotide was added instead of 12-mer capped RNA or rabbit B-globin
mRNA. After incubation, RNA was extracted and reaction products were analysed by primer
extension or reverse-transcription qPCR. During the RNA extraction process 10ug of E. coli MRE

600 tRNA was added immediately before isopropanol to aid precipitation.

7.6.7 Reverse-transcription gPCR

2ul RNA was annealed to 1uM NA 160 or NA 1394 primers (Table 7.5) in Sul mixtures by
heating to 95°C for 2 mins and cooling on ice. Reverse transcription was performed by addition
of 50U SuperScript I1I Reverse Transcriptase, 1x first-strand buffer, 10U RNasin and 10mM DTT
to a total reaction volume of 10ul. Reactions were incubated at 50°C for 1 hour then heated to
70°C for 10 mins. 2ul cDNA was mixed with 1x qRT-PCR Brilliant III SYBR Master Mix
(Aglient) and either 0.75uM NA 160 Fwd and NA 160 Rev primers, or 0.75uM NA 1394 Fwd
and NA 1394 Rev primers (Table 7.5). gPCR was performed using a Quantstudio 5 RT-PCR
machine (Applied Biosystems) with the following cycling conditions: 95°C 10 min; 95°C 15s,
60°C 1 min, 40 cycles. Data presented are 2°*“Y, normalised to the wild type sample + NTPs, and

were analysed using Prism 8.

7.6.8 RNA cross-linking assay

Sul HEK 293T-purified influenza A/WSN/33 (HIN1) FluPols was incubated for 10 mins at 30°C
with ImM DTT, 20U RNasin, 0.5uM vRNA or cRNA 5’ promoters (Table 7.5), and 2ul
radiolabelled 3' vRNA or cRNA promoters (Table 7.4) in a total volume of 10ul. Mixtures in 96-
well dishes were then irradiated with 254nm UV light in a UV Stratalinker (Stratagene) for 10

mins, and were mixed with 10ul SDS loading dye (125mM Tris-HCI pH 6.8, 4% SDS, 20%
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glycerol, 10% B-mercaptoethanol, bromophenol blue) then heated to 95°C for 5 mins. Cross-
linked complexes were separated by 8% SDS PAGE and visualised by phosphorimaging. Signals

were quantified using ImageJ and analysed using Prism 8.

7.7 CELL-BASED SARS-COV-2 VIRAL RNA ANALYSIS

7.7.1 Oligonucleotide sequences

DNA oligonucleotides were purchased from Sigma-Aldrich:

Table 7.6 Sequences of DNA oligonucleotides used for SARS-CoV-2 viral RNA reverse-

transcription qPCR
Oligonucleotide Sequence (5'to 3')
Leader Fwd ATTAAAGGTTTATACCTTCCCAG
FL Rev AATTAGTTATTAATTATACTGCGTG
S Rev GCAGGGGGTAATTGAGTT
3a Rev GCGCGAACAAAATCTGAA
E Rev CGCTATTAACTATTAACGTACCT
M Rev GCTCTTCAACGGTAATAGTAC
6 Rev CCAATCCTGTAGCGAC
7a Rev AAAAGTACTGTTGTACCTCT
8 Rev TGAGTACATGACTGTAAACTAC
N Rev GTTCTCCATTCTGGTTACTG
All-anti Fwd GTCATTCTCCTAAGAAGCT
All-anti Rev GATCGAGTGTACAGTGAAC
GAPDH Fwd CCATGGAGAAGGCTGGGG
GAPDH Rev CAAAGTTGTCATGGATGACC
5S Fwd GTCTACGGCCATACCACCCTGAACG
5S 100 TCCCAGGCGGTCTCCCATCC

7.7.2 Reverse-transcription gPCR

Total RNA from Vero CCL-81 cells infected with SARS-CoV-2 at MOI 1.0 was a kind gift from
Michael Knight. 1ul RNA was annealed to 1uM of each reverse (Rev) primer or 5S 100 (Table
7.6) in separate Sul mixtures by heating to 95°C for 2 mins and cooling on ice. Reverse
transcription was performed by addition of 50U SuperScript III Reverse Transcriptase, 1x first-

strand buffer, 10U RNasin and 10mM DTT to a total reaction volume of 10ul. Reactions were
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incubated at 50°C for 1 hour then heated to 70°C for 10 mins. 1ul cDNA was mixed with 1x qRT-
PCR Brilliant III SYBR Master Mix (Aglient) and a further 0.75uM of the reverse-transcription
primer, as well as 0.75uM of the corresponding forward (Fwd) primer. For full-length (FL) and
all subgenomic RNAs 0.75uM Leader Fwd primer was used (Table 7.6). gPCR was performed
using a Quantstudio 5 RT-PCR machine (Applied Biosystems) with the following cycling
conditions: 95°C 10 min; 95°C 15s, 60°C 30s, 60 cycles. Data presented are normalised according

to GAPDH mRNA signal.

7.7.3 RNA immunoprecipitation

2ug total RNA from Vero CCL-81 cells 9 hours post-infection with SARS-CoV-2 was mixed
with 2pg anti-m’G antibody (MBL) or anti-his antibody in a total volume of 200ul wash buffer
(1x PBS, 0.01% bovine serum albumin, 2mM EDTA, 1mM DTT, 0.1U/ul RNasin). The mixture
was then incubated with 50ul washed Sheep Anti-Mouse IgG Dynabeads (Invitrogen) at room
temperature for 30 mins on a rotating wheel. Beads were then washed 3x in 1mL wash buffer and
RNA was eluted by addition of 1mL TRI reagent followed by vortexing. RNA extraction was
then performed according to the manufacturer’s instructions, except that 20ug glycogen (Roche)
was added immediately before isopropanol to aid RNA precipitation. Extracted RNA was
analysed by reverse-transcription qPCR as described in section 7.7.2. Data presented are

normalised according to 5S rRNA and were analysed using Prism 9.
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7.8 IN VITRO SARS-COV-2 VIRAL RNA ANALYSIS

7.8.1 Oligonucleotide sequences

RNA oligonucleotides were purchased from Dharmacon or Chemgenes:

Table 7.7 Sequences of RNA oligonucleotides used for SARS-CoV-2 in vitro activity
assays
Oligonucleotide Sequence (5'to 3')

LS1 template

CUAUCCCCAUGUGAUUUUAAUAGCUUCUUAG
GAGAAUGAC

LS2 primer GUCAUUCUCCUAAGAAGCUA
tLS2 primer AGAAGCUA
20-mer RNA pp/pppAAUCUAUAAUAGCAUUAUCC

DNA oligonucleotides were purchased from Sigma-Aldrich:

Table 7.8

amplification and sequencing

Sequences of DNA oligonucleotides used for SARS-CoV-2 RNA product

Oligonucleotide Sequence (5'to 3')

LS1-3'RT CAGGAAACAGCTATGACGTCATTCTCCTAAGA
AGCTATTAAAATCA

LS2-3'RT CAGGAAACAGCTATGACTAGCTTCTTAGGAGA
ATGACGTC

LS1-3' PCR TAATACGACTCACTATAGGGGTCATTCTCCTA
AGAAGCTACTATCC

LS2-3" PCR TAATACGACTCACTATAGGGCTATCCCCATGT
GATTTTAATAGCT

SP6 promoter ATTTAGGTGACACTATAG

7.8.2 RNA polymerase activity assay

Purified SARS-CoV-2 nsp7, nsp8 and nsp12 proteins (a kind gift from Haitian Fan) were pre-

mixed at a molar ratio of 5:5:1 in order to form the nsp7/8/12 complex. LS1 template and

radiolabelled LS2 primer RNAs (Table 7.7) were mixed at a concentration of 150nM, then

annealed by heating to 70°C for 5 mins and cooling to room temperature. 50nM annealed RNA

was incubated with 500nM nsp7/8/12 complex, SmM MgCl,, 0.5mM of each ATP, UTP, GTP
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and CTP, 10mM KCI, 1U RNasin and 1mM DTT in 3ul reaction volume for 1-30 mins at 30°C.
Where drugs were included in reactions, the same volume of the appropriate solvent was added
to all reactions (Table 7.9). Unless stated otherwise, reactions were run for 2 mins. Reactions
were stopped by adding 3ul loading dye (80% formamide, 1mM EDTA, bromophenol blue,

xylene cyanol), followed by heating to 95°C for 3 mins, and products were resolved by 20%

denaturing PAGE.

Table 7.9 Stocks and sources of RNA polymerase inhibitor drugs tested
Drug name Solvent Stock Source
Acyclovir triphosphate DMSO 20mM Kind gift from Jonathan Grimes
Remdesivir triphosphate dH20 20mM MedChemExpress
Mitoxantrone dihydrochloride | dH20 20mM MedChemExpress
Enisamium iodide dH20 20mM Kind gift from Aartjan te Velthuis
VR17-04 dH20 20mM Kind gift from Aartjan te Velthuis

7.8.3 Phosphatase activity assay

250nM purified nsp13 with an N-terminal His6-Zbasic tag (a kind gift from Yuliana Yosaatmadja
and Opher Gileadi) was incubated with 4.75uM ATP, 0.25uM y-*P-ATP and 5SmM MgCl, in a
total reaction volume of 2ul for 0.5-5 mins at 30°C, then reactions were stopped by addition of
3ul loading dye (80% formamide, ImM EDTA, bromophenol blue, xylene cyanol) and heating
to 95°C for 3 mins. 0.5U/ul FastAP Thermosensitive Alkaline Phosphatase was incubated with
4.75uM ATP and 0.25uM y-*P-ATP for 1 hour at 37°C as a positive control. Reaction products

were resolved by 20% denaturing PAGE.

7.8.4 Guanylyltransferase activity assay

A 5uM mixture of di- and triphosphorylated 20-mer RNA (Table 7.7) was treated with 250nM
purified nsp13 in the presence of SmM MgCl, for 5 mins at 30°C, then nsp13 was heat inactivated

at 70°C for 5 mins. The resulting diphosphorylated 20-mer RNA stock was used for all
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guanylyltransferase reactions. Where indicated, this SuM diphosphorylated 20mer RNA was then
treated with 0.3U/ul FastAP Thermosensitive Alkaline Phosphatase or 0.5U/ul RNA 5’
Pyrophosphohydrolase (NEB) in 1xXNEBuffer 2 (NEB) for 1 hour at 37°C. Enzymes were heat

inactivated at 75°C for 5 mins before the resulting RNA substrates were used in GTase reactions.

To run GTase reactions 1uM diphosphorylated 20-mer RNA was incubated with 500nM nsp12
or purified nsp12 NiRAN domain (a kind gift from Haitian Fan), 5SmM MgCl,, 0.15ul 0-**P-GTP
(3000Ci/mmol), 10mM KCI, 1U RNasin and 1mM DTT in 3ul reaction volume for 1-4 hours at
30°C. Unless stated otherwise, reactions were run for 4 hours. Where indicated, purified SARS-
CoV-2 nsp7, nsp8 and nsp12 proteins were pre-mixed at a molar ratio of 5:5:1 and used in place
of nsp12. GTase reactions involving vaccinia capping enzyme were run for 1 hour under the same

conditions, using 0.01U/ul vaccinia capping enzyme (NEB) instead of SARS-CoV-2 protein.

Where indicated, the completed GTase reactions were then treated with 0.3U/ul FastAP
Thermosensitive Alkaline Phosphatase or 0.5U/ul RNA 5’ Pyrophosphohydrolase in 1XNEBuffer
2 for 1 hour at 37°C. All reactions were stopped by addition of 3ul loading dye (80% formamide,
ImM EDTA, bromophenol blue, xylene cyanol), followed by heating to 95°C for 3 mins, and

products were resolved by 20% denaturing PAGE.

7.8.5 RNA ligase activity assay

LS1 template and radiolabelled LS2 primer or radiolabelled tLS2 primer RNAs (Table 7.7) were
mixed at a concentration of 150nM, then annealed by heating to 70°C for 5 mins and cooling to
room temperature. 5S0nM annealed RNA was incubated with S00nM nsp12, SmM MgCl,, 0.5mM
of each ATP, UTP, GTP and CTP (unless stated otherwise), 10mM KCI, 1U RNasin and 1mM
DTT in 3ul reaction volume for 30-120 mins at 30°C. Unless stated otherwise, reactions were run

for 120 mins. Reactions were stopped by adding 3l loading dye (80% formamide, ImM EDTA,
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bromophenol blue, xylene cyanol), followed by heating to 95°C for 3 mins, and products were

resolved by 20% denaturing PAGE.

7.8.6 Product purification and sequencing

LS2 primer (Table 7.7) was 5’ phosphorylated using T4 polynucleotide kinase, then used in place
of radiolabelled LS2 to carry out an RNA ligase activity assay as described above. Reaction
products were resolved by 20% denaturing PAGE, then the 60nt product was excised and eluted
from the gel overnight in 0.75mL dH-»O at 4°C. Eluted RNA was mixed with 20ug glycogen and
precipitated in an equal volume of isopropanol, then reverse transcribed with SuperScript™ III
according to the manufacturer’s instructions using LS1-3'RT or LS2-3'RT primers (Table 7.8).
c¢DNA was amplified by PCR using LS1-3' PCR and LS1-3'RT primers, or LS2-3' PCR and LS2-
3'RT primers (Table 7.8). PCR products were separated by 1% agarose gel electrophoresis and
purified using a QIAquick Gel Extraction Kit, then phosphorylated using T4 polynucleotide
kinase and ligated into pcDNA3A at the EcoRYV restriction site using Mighty Mix DNA Ligation
Kit (Takara Bio). Plasmids were transformed into chemically competent E. coli, then single clones
were purified using a QIAprep Spin Miniprep Kit and were Sanger sequenced using an SP6

promoter primer (Table 7.8).
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