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Abstract

Structural Studies of the Influenza Genome and its

Interactions with Human Innate Immune Factors

Jack David Whitehead, Brasenose College, University of Oxford
DPhilin Cellular Structural Biology

Trinity Term, 2025

Influenza viruses cause an estimated 3-5 million severe cases of contagious
respiratory disease and regularly lead to up to 650,000 deaths annually according to
the World Health Organisation, posing a significant burden to global public health
systems. Despite decades of research, our structural understanding of key viral
components remains incomplete. Central to the viral lifecycle is the transcription and
replication of the segmented negative sense viral RNA genome, packaged into the viral
ribonucleoprotein complex (VRNP). The vVRNP comprises one copy of viral RNA
corresponding to one genome segment, one copy of the heterotrimeric influenza
polymerase complex, and multiple copies of the viral nucleoprotein. The
nucleoprotein serves the dual purpose of protecting viral RNA from host immune
recognition, while also facilitating genome transcription and replication, making it
both essential for viral function and a prime target for the host innate immune
response.
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The mode of RNA and immune factor binding to the nucleoprotein remains structurally
unresolved. Further, despite significant effort both in this laboratory and in others, the

native structure of the vVRNP remains unknown.

During this DPhil, | have aimed to answer these questions using biochemical,
biophysical, and structural techniques. In this thesis, | present the structure of a
previously-unsolved avian influenza A virus nucleoprotein using cryo-electron
microscopy single particle analysis. | biochemically and biophysically characterise the
interaction of two human innate immune factors with susceptible avian influenza A
virus nucleoproteins and show that the interaction of these immune factors is
selective for avian strains. | describe novel approaches to solving VRNP structure, a
method of coating influenza virus VRNPs with binding factors of interest, and present

a low-resolution 3D reconstruction of the vRNP.

The findings presented in this thesis advance our understanding of influenza virus

architecture, host-pathogen interactions, and demonstrate the successful application

of a number of structural techniques to the study of structural virology.
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1. Introduction

1.1. Negative Sense RNA Virus Genome Architecture

Negative sense RNA viruses (NSVs), or the Negarnaviricota, pose significant disease
burdens to the human population. The Negarnaviricota can be conveniently split into
those members who replicate in the host cell cytoplasm and those who replicate in
the host cell nucleus. Additionally, the Negarnaviricota can be further split into
members which have one linear (non-segmented) genome (the Haploviricotina), and
those which have a segmented viral genome (the Polyploviricotina). This is displayed

as a table below (table 1.1).

Table 1.1: Diagram of Negarnaviricota Classification.

The Negarnaviricota can be conveniently split into members who replicate in the host cell cytoplasm,
and those who replicate in the host cell nucleus. This classification can be further elaborated by splitting
based on members who have one linear genome segment versus multiple segments. Example viruses
are given in each category. The examples listed below are displayed in their appropriate section.

Negarnaviricota Cytoplasmic Replication Nuclear Replication
Classification
Non-Segmented Genome Rabies virus, Measles virus, Borna Disease virus
(Haploviricotina) Respiratory syncytial virus,

Ebola virus
Segmented Genome Lassa virus, Rift Valley fever Influenza virus
(Polyploviricotina) virus

Both genome types include virus families with constituent viruses of concern to
human health. The Haploviricotina include families such as the Rhabdoviridae
(including rabies virus which causes a contagious disease of the central nervous
system with an over 99 % case fatality rate), the Paramyxoviridae (including measles
virus, causing a highly infectious respiratory disease and regularly over 100,000 deaths

annually (Minta, 2024), the Pneumoviridae (including respiratory syncytial virus (RSV),



the causative agent of a highly transmissible respiratory disease which leads to over
100,000 deaths annually (Li et al., 2022), the Bornaviridae (including borna disease
virus, the etiologic agent of a small number of fatal encephalitis cases in humans each
year), and the Filoviridae (e.g. Ebolavirus, which causes often fatal haemorrhagic fever

in humans).

The Polyploviricotina include the Arenaviridae (which include Lassa virus, the
pathogen responsible for a fatal haemorrhagic fever), the Phenuiviridae (including Rift
Valley Fever Virus, RVFV, the causative agent of the potentially fatal Rift Valley Fever),
and the Orthomyxoviridae (including influenza virus), which causes seasonal
epidemics and occasional pandemics of contagious respiratory disease, causing up

to 650,000 deaths annually (Ruigrok et al., 2011).

One major challenge faced by viruses in general is the recognition of their genome by
the host cellimmune response. As will be introduced later, the human innate immune
response is primed to recognise foreign RNAwhich is presentin the cell. Given this and
the potential for RNA degradation by host nucleases, such as Rnase L (Karasik and
Guydosh, 2024), the virus must develop a packaging mechanism to protect the viral
genome. To address both innate immune recognition of viral RNA, and nuclease-
mediated degradation of viral RNA, across the Negarnaviricota, a similar packaging
system has evolved. The viral RNA genome is bound and protected by multiple copies
of an RNA-binding nucleoprotein (often abbreviated to either N, or NP). The broad

packaging mechanism is similar across the phylum, with a sequence-independent



RNA binding mechanism which binds to the negatively-charged RNA phosphodiester

backbone.

Given this degenerate RNA binding, across the Negarnaviricota, the RNA binding
groove is seen to be lined with positively charged residues. It is often experimentally
favourable for any cellular RNA present in an expression system to bind to the
nucleoprotein, which can lead to the spontaneous formation of regularly-sized
oligomers. In one paper, this was seen to lead to the regular arrangement of either a 9-
mer, 10-mer, 11-mer, 12-mer, or short helical particle of human metapneumovirus

(HMPV) nucleoprotein expressed and purified from E. coli (Whitehead et al., 2023).

As a general rule of nucleoprotein binding to RNA across the NSVs, RNA is bound in a
groove lined with positively-charged residues which is formed between the N and C
portions of the nucleoprotein. However, the number of RNA nucleotides bound per
nucleoprotein molecule varies widely across the NSVs (table 1.2) (Luo et al., 2020;

Sabsay and te Velthuis, 2024).

Table 1.2: Number of Nucleotides Bound to Negarnaviricota Nucleoproteins.

The number of nucleotides bound to each nucleoprotein monomer as observed through structural
biology analysis of a number of viral examples. The number of nucleotides bound, example viruses, and
references are provided.

Reported Number of | Examples References

Nucleotides Bound

per Nucleoprotein

6 Measles Virus, Ebola Virus, (Gutsche et al., 2015; Sugita et al.,
Human Metapneumovirus 2018; Whitehead et al., 2023)

7 Respiratory Syncytial Virus (Tawar et al., 2009)

9 Rabies Virus, Vesicular (Albertini et al., 2006; Green et al.,
Stomatitis Virus 2006; Jenni et al., 2022)

11 La Crosse Virus, Leanyer Virus (Reguera et al., 2013; Niu et al., 2013)

24 Influenza A Virus (Ortega et al., 2000; Tang et al., 2021)
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Figure 1.1: Structures of RNA-Bound Nucleocapsids and Nucleoproteins from the Negarnaviricota.

High-resolution structures of RNA-bound nucleocapsids (or higher order assemblies, as deposited on
the Protein Data Bank (PDB)). (Left) The higher order oligomeric assembly deposited on the PDB is
displayed. In the cases of panels A - C, this is accompanied by the cryo-EM density map as deposited
on the Electron Microscopy Data Bank (EMDB) displayed in grey at a transparency of 30% with one copy
of the nucleoprotein shown in blue with RNA bound displayed in yellow. In the case of panel D, this is
accompanied by the tetrameric assembly of the nucleoprotein as solved by X-ray crystallography, which
is thought to be physiologically relevant. In the case of panel E, no higher-order assembly is displayed,
as the dimeric assembly deposited on the PDB is not thought to be physiologically relevant. (Right) One
copy of the nucleoprotein coloured in blue is displayed with the RNA-binding groove facing to the right.
The bound RNA is displayed in the RNA binding groove as atoms in the ladder form. (A) The helical
structure of the measles virus nucleocapsid (Gutsche et al., 2015) (PDB: 4UFT; EMDB: 2867). (B) The
decameric ring structure of the human metapneumovirus nucleocapsid (Whitehead et al., 2023) (PDB:
8PDL; EMDB: 17613). (C) The helical structure of the vesicular stomatitis virus nucleocapsid (Jenni et al.,
2022) (PDB: 7UMK; EMDB: 26602). (D) The structure of the Leanyer Orthobunyavirus nucleoprotein in
complex with ssRNA (Niu et al., 2013) (PDB: 4J1G). (E) The structure of the influenza A virus
nucleoprotein in complex with three nucleotides of RNA (Tang et al., 2021) (PDB: 7DXP). This structure
was deposited as a non-physiological dimer likely the result of crystal packing, and as such, is only
displayed as a monomer.

In published literature, the packaged genome structure of the Haploviricotina is
commonly referred to as a ‘nucleocapsid’, whereas the packaged genome structure of
the Polyploviricotina is commonly referred to as a ‘ribonucleoprotein’ (RNP), or viral
ribonucleoprotein (VRNP). This reflects the tightly packaged, monopartite packaging of
the genome of non-segmented negative sense RNA viruses, versus the comparatively
flexible and heterogeneous packaging of genome segments of segmented negative
sense RNA viruses, as is observed when such genome segments are studied by

electron microscopy (Modrego et al., 2023; Sabsay and te Velthuis, 2024) (figure 1.2).
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Figure 1.2: Electron microscopy images of negative sense RNA virus genome segments.

(A) Cryo-EM micrograph of recombinantly produced Ebola Virus nucleocapsid particles (Su et al., 2018).
(B) Representative 2D class average of helical Vesicular Stomatitis Virus nucleocapsid within a viral
particle (Ge et al., 2010). (C) Representative micrograph of Measles Virus nucleocapsid like structure
(NCLP6A) with a representative 2D class average shown as an inset. Scale bar =20 nm (Desfosses et al.,
2019). (D) Representative negative stain electron microscopy micrograph of virion-derived influenza
VvRNPs with a nanogold particle (black) bound to influenza polymerase-targeting megabodies (Zhu,
2024). (E) Representative negative stain electron microscopy micrograph of Bunyamwera virus-derived
RNPs with an area of apparent helical organisation shown as an inset. Scale bars equal to 100 nm in the
main figures and 50 nm in the upper right inset (Hopkins et al., 2022). Note the clear helical organisation
of non-segmented viral genome segments (A-C) compared to the more heterogeneous ultrastructure of
segmented viral genome segments (D, E).

Much less is known of the genome segment structure of segmented negative sense
RNA viruses due to this observed increased sample heterogeneity, with structures of
nucleoproteins solved largely without RNA bound, and in low-order oligomeric and

monomeric states.



Among the segmented negative sense RNA viruses, influenza A virus represents a
promising model system to address gaps in our structural understanding of
segmented negative sense RNA virus genome architecture and nucleoprotein — host
factor interactions. Given its significant global health burden, its well-characterised
molecular biology, wealth of resources available for the study of the virus, and the
relative lack of high-resolution structural information on the native VRNP architecture
and nucleoprotein —immune factor interactions, this thesis focuses specifically on the

influenza A virus nucleoprotein.

An improved understanding of the structural basis of nucleoprotein function will
provide valuable insights into influenza A virus genome organisation and the molecular
mechanisms of viral immune evasion, while also establishing structural principles

that may be broadly applicable to other segmented negative sense RNA viruses.

1.2. Influenza Virus

1.2.1. Nomenclature and Classification

Influenza viruses are a group of enveloped, pleomorphic viruses in the family
Orthomyxoviridae, comprising of four specific genera: influenza A, B, C, and D. They
are all segmented, negative sense single stranded RNA viruses (-ssRNA). Influenza A
and B have eight genome segments, while influenza C and D have seven genome

segments, which encode a variable number of gene products.



The difference in segment number is a result of influenza C and D viruses possessing
only one membrane glycoprotein, hemagglutinin-esterase-fusion (HEF) (Lietal., 2021),
whereas influenza A and B possess two membrane glycoproteins, hemagglutinin (HA),

and neuraminidase (NA) (Long et al., 2019).

The different genera have varied natural hosts and host species ranges. Influenza A
virus is the most diverse in this sense. Influenza A virus circulates in a waterfowl
reservoir (infecting wild aquatic birds including but not limited to ducks, geese and
other shorebirds) and can infect animals such as pigs, domestic and wild birds, horses,

dogs, cats, seals, whales, and other mammals including humans.

Influenza A virus is the most diverse of the four influenza viruses and is the
predominant causative agent of influenza in humans, being known to cause seasonal

epidemics and occasional pandemics (Taubenberger and Kash, 2010).

Influenza B virus circulates mostly in humans, although infections of seals have
additionally been reported. It has two main lineages, Victoria and Yamagata, and is

known to cause seasonal epidemics in humans alongside influenza A virus.

Influenza C virus circulates in humans and pigs, and can infect cattle, pigs, sheep, and
goats. It is generally known to cause milder respiratory illness compared to influenza

A and B viruses.



Finally, influenza D virus circulates in cattle and pigs, and can infect cattle, pigs, sheep,
and goats. There is however very limited serological evidence to suggest that influenza

D virus infects humans (Bailey et al., 2018; Long et al., 2019; Javanian et al., 2021).

Given Influenza A virus’s vast diversity and pandemic potential, it is the only genus of
influenza to be extensively categorised based onits surface antigens (though influenza
B virus is also classified based on its surface glycoproteins, but only into two lineages:
Victoria and Yamagata). In influenza A virus, there are 18 different HA subtypes (H1 -
H18) and 11 NA subtypes (N1 — N11), with the most commonly-circulating human

strains of influenza currently being H1N1 and H3N2 (Long et al., 2019).

1.2.2. Epidemiology and Clinical Manifestations

All influenza viruses cause an infectious respiratory disease of varying severity
depending on a number of factors including the patient’s age and comorbidities,
previous exposure to and immunological memory of specific influenza proteins, and
adaptive mutations within the virus. Adaptive mutations include those which can
increase viral replication (e.g. PB2 E627K, which facilitates more efficient influenza A
replication in mammalian hosts) (Zhang et al., 2014; MacCosham et al., 2025),
diminish the ability of the host to effectively restrict viral infection (e.g. MxA sensitivity
mutations in influenza A nucleoprotein) (Manz et al., 2013; Ashenberg et al., 2017), or
facilitate the virus spreading systemically around the host organism by the addition of
a multibasic cleavage site (Goot et al., 2003; Bailey et al., 2018; De Marco et al., 2023;

Sacristan et al., 2024).



Influenza A and B viruses are the most relevant to human health, putting great financial
and logistical burden on global health systems. The 1918 pandemic influenza alone
causing a conservatively estimated 50 million deaths, which exceeded those as a
direct result of the first world war (Johnson and Mueller, 2002; Spreeuwenberg et al.,

2018).

Despite the advances of modern medicine, seasonal vaccination drives, and
surveillance mechanismes, it is still estimated that there are around 1 billion cases of
influenza per year, 3 — 5 million of which are severe, and 290,000 — 650,000 of these
lead to death (luliano et al., 2018). All documented cases of pandemics caused by
influenza have been a result of influenza A viruses (1918 (H1N1), 1957 (H2N2), 1968

(H3N2) and 2009 (H1N1)) (Monto and Fukuda, 2020).

The World Health Organisation (WHO) funds a Global Influenza Programme (GIP) and
the Global Influenza Surveillance and Response System (GISRS) which acts to collect
and analyse virological and epidemiological influenza surveillance data. Based on
these data, they recommend specific compositions to vaccine manufacturers to
ensure the best protection of vulnerable populations  worldwide

(https://www.who.int/teams/global-influenza-programme), with over 18 million

influenza vaccines administered in the UK between September 2024 to February 2025

(https://www.england.nhs.uk/statistics/statistical-work-areas/flu-vaccinations/).

10



1.2.3. Evolution

Adaptation of the virus to the host is critical for successful influenza replication. In
broad terms, influenza can undergo two key processes to evolve — antigenic shift, and

antigenic drift (Kim et al., 2018).

Antigenic drift is the slow accumulation of adaptive mutations across both influenza
surface proteins as a result of point mutations introduced by erroneous replication by
the influenza polymerase. This is key for the virus to develop beneficial mutations
which may aid in its adaptation to a new host. As a process across the entire viral

genome, this can be referred to as genetic, or evolutionary drift.

Antigenic shift arises as a result of the segmented nature of the influenza genome. In
a co-infection event — where multiple influenza A viruses may infect a given host cell -
entire genome segments can be exchanged between viruses. Antigenic shift between
two virus strains in a co-infection event can result in 4 (22) different possible
combinations of HA and NA. Across the whole genome, such reassortment events -
provided they result in a progeny virus with all eight segments of the influenza A viral
genome — can lead to 256 (28) different potential genotypes which could be produced
from a theoretical co-infection with two influenza A viral strains, yielding up to a

theoretical 254 (28 - 2) recombinant genotypes.

The implications of genetic reassortment are drastic when compared to genetic drift

alone. Reassortment has dire implications for the potential of influenza A viruses to
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undergo host-switching and rapidly accelerated evolution. Given such a novel progeny
virion, there may be little to no recognition of reassorted antigens, which gives the

resulting virus population a significant advantage in terms of host immune evasion.

1.2.4. Structure and Components of Infectious Virions

The influenza A virion is enveloped and pleomorphic, displaying multiple
morphologies including spherical (with diameter of around 100 nm) and filamentous
(with some particles being more than 20 pm in length). Notably, filamentous influenza
Avirus (IAV) particles are consistently found in human and animal isolates (Neumann
et al., 2009; Nakajima et al., 2010; Arai et al., 2019), however spherical particles are
found to be more prevalent in lab-adapted strains, where serial passaging of clinical
isolates either in embryonated chicken eggs or cell culture leads to the loss of
filamentous morphology (Peterl et al., 2025). Each infectious influenza A virion has

eightviral ribonucleoprotein (vRNP) segments which encode for one or more proteins,

described below (table 1.3).
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Figure 1.3: Structure of the Influenza A Virion.

(A) Cryo-ET tomogram slice of an influenza A virus particle (A/WSN/1933 (H1N1)). (B) Cartoon diagram
of an influenza A virus particle with key proteins annotated. (C) Cartoon diagram of an influenza A virus
viral ribonucleoprotein, with key constituent proteins and RNA labelled. M1; matrix protein, M2; matrix-
2 protein (ion channel), NA; neuraminidase, HA; hemagglutinin, NP; nucleoprotein, RNA; ribonucleic
acid, FluPol; Influenza Polymerase complex (made of the PB1; polymerase-basic 1, PB2; polymerase-
basic 2, and PA; polymerase acidic subunits), vRNP; viral ribonucleoprotein.

Table 1.3: Genome Segments of the Influenza A Virus.

A table detailing the different genome segments, their length in nucleotides, the protein products from
each segment, the protein product length in amino acids and approximate molecular weight in kDa, and
the known functions of the protein products (Bouvier and Palese, 2008).

Segment | Length (nt) | Major Length (aa) | Approximate | Known Function(s)
Protein Molecular
Product Weight (kDa)
1 2341 PB2 759 83.5 Viral polymerase subunit — cap
snatching
2 2341 PB1 757 83.3 Viral polymerase subunit-
catalytic core
PB1-F2 87 9.6 Virulence factor and immune
modulator
3 2233 PA 716 78.8 Viral polymerase subunit -
endonuclease
PA-X 41/61 4.5/6.7 Endonuclease in host genome
shut-off factor
4 1175 HA 566 62.3 Surface glycoprotein receptor
in binding and entry. Virulence
and immunogenicity factor
5 1565 NP 498 54.8 Viral RNA-binding protein in the
VvRNP
6 1409 NA 454 49.9 Surface glycoprotein key in
virion budding and spread.
Cleaves sialic acid moieties
from mucins. Immunogenicity
factor
7 1027 M1 252 27.7 Structural protein that forms
the viral capsid
M2 97 10.7 Structural protein that forms an
ion channel key for Vviral
uncoating and the release of
VRNPs in the host cell. Yet
uncharacterised role in vVRNP
export
8 809 NS1 230 25.3 Mutltifunctional modulator of
the host immune response
NEP 121 13.3 Mediator of VRNP export and
RNA synthesis
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1.2.5. Viral Lifecycle

Infection and Internalisation
Influenza a virus is able to infect cells of the upper respiratory tract (URT) in humans.
This is due to the affinity of HA for sialyated proteins: that is, proteins modified with a
sialic acid (SA) moiety, in the respiratory tract. Avian influenza viruses have evolved a
greater affinity for a-2,3 sialyated surface proteins (which are only present in the
human lower respiratory tract (LRT)). A hallmark of a human-adapted influenza A virus
are mutations to the HA which enable the virus to bind to a-2,6 sialyated surface
proteins, which occur in the URT (Kumlin et al., 2008; Gamblin et al., 2021; Zhao and

Pu, 2022).

Once the virus has bound to the host cell, it is internalised via receptor-mediated
endocytosis into an early endosome. The endosome is gradually acidified by an
endosomal membrane proton V-ATPase, in the canonical endocytic pathway (Huotari
and Helenius, 2011; Scott et al., 2014; Hu et al., 2015). The endosome moves along
microtubule tracks towards the perinuclear region. The drop in pH leads to a
conformational change in HA, exposing a hydrophobic fusion peptide which is used to
insert into the endosomal membrane, either as a transmembrane helix or a peripheral
helical hairpin (Lorieau et al., 2010; Lousa and Soares, 2021) leading to the fusion of
the endosomal and viral membranes. Concomitantly, the viral M2 ion channel
facilitates the acidification of the virion. This leads to the disruption of the M1 matrix
layer (Fontana and Steven, 2013) in preparation for release of the vVRNPs into the

cytoplasm.

14



Nuclear Import
Once in the cytosol, host importins — specifically importins a and B1 (Gabriel et al.,
2011; Chou et al., 2013) —recognise the nuclear localisation signals (NLSs) on the viral
nucleoprotein and transport the vVRNPs into the host nucleus (Bouvier and Palese,

2008).

Transcription and Replication
Once the vRNPs have been imported into the host cell nucleus, they undergo both
transcription, into mRNAs, and a two-stage replication process; first into positive-
sense complementary RNA (cRNA) packaged by nucleoprotein and influenza
polymerase into a complementary ribonucleoprotein (cCRNP), whose sole function as
a nuclear-resident ribonucleoprotein complex is as a replicative intermediate for the
replication of more viral RNA (vRNA). Similarly, nascent vRNA is packaged by
nucleoprotein and influenza polymerase into nascent VRNPs, which are then exported

to the cytoplasm for progeny virus particle production.

Viral transcription occurs in early infection. The virus produces 5’ 7-methyl-guanosine
(m7G) capped and 3’ polyadenylated (polyA) mRNA to replicate the mRNA production
in eukaryotes so as not to trigger the host immune response. It does this by the well-
understood ‘cap snatching’ mechanism to obtain an m7G cap (Plotch et al., 1981;
Reich et al., 2014) and produces a poly(A) tail by a polymerase stuttering mechanism
on a poly-U tail of vRNA close to the 5’ terminus (Poon et al., 1999; Walker and Fodor,

2019). Nascentviral mRNA transcripts are then exported out of the nucleus and bound
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by poly(A) binding protein 1, which recruits the mRNA transcript to the ribosome (de
Rozieres et al., 2022). Viral proteins required for v/cRNP production are then

reimported into the nucleus via their NLSs.

Viralreplication occursintwo distinct phases —‘primary replication’ which refers to the
synthesis of cRNA from vRNA, and ‘secondary replication’ which refers to the
synthesis of VRNA from cRNA. cRNA is a copy of vVRNA without an m7G cap or poly(A)
tail. In primary replication, two influenza polymerases are bridged together by one
molecule of host acidic nuclear phosphoprotein 32 (ANP32) (Carrique et al., 2020)
(figure 1.4), with one polymerase complex replicating the viral genome into cRNA, and
the other encapsidating the nascent cRNA into a cRNP. In secondary replication, a
similar process happens in reverse, with a slightly different priming procedure and
specific polymerase conformations (York et al., 2013, p.201; Fangzheng Wang et al.,

2022; Zhu et al., 2023).
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Figure 1.4: Host ANP32A Mediates the Assembly of the Influenza Virus Replicase.

Structures solved by cryo-electron microscopy (cryo-EM) single particle analysis (SPA) displaying
influenza C polymerase heterotrimers with bound human ANP32A (huANP32A) (a) and chicken ANP32A
(chANP32A) (b). ANP32A is displayed in cartoon form in orange in both panels. A dimer of influenza C
polymerase (FluPol) is displayed as spherical atoms. The two distinct conformers of influenza
polymerase displayed are the encapsidating (FluPolg, shades of green) and the replicating (FluPolg,
shades of blue) conformer. Bound vRNA is additionally displayed in purple. P3 is the influenza C virus
equivalent of influenza A virus PA. Figure taken from (Carrique et al., 2020).

Nuclear Export and vRNP Trafficking
After sufficient replication has occurred, progeny VRNPs, but not cRNPs, are exported
from the host cell nucleus via the chromosomal region maintenance protein 1 (CRM1)
pathway (Huang et al., 2013) likely via nuclear export protein (NEP) binding both M1
and the influenza polymerase (Akarsu et al., 2003; Shimizu et al., 2011; Brunotte et al.,
2014). Interestingly, the same site on the influenza polymerase is occupied by both
ANP32 and NEP (Alison Rep, personal communication), which could suggest a
potential competition mechanism which is dependent on local protein concentration

inthe nucleus as a function of the time postinfection, whereby, with more NEP present
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inthe host nucleus, NEP out-competes ANP32 for binding of the influenza polymerase,
leading to selective VRNP export at later timepoints. NEP mRNA is derived from
inefficient splicing of NST mRNA and has thus been described as a ‘molecular clock’,
as NEP therefore accumulates later in infection, supporting this mechanism of a

temporal switch to VRNP export.

Once progeny VRNPs have been exported into the cytoplasm, they are transported to
the plasma membrane by hijacked host machinery. Y-Box binding protein 1 (YB-1) is
involved in the regulation of cellular transcription and translation, and in influenza A
infection was found to be required for the interaction of vVRNPs with microtubules
around the microtubule organising centre (MTOC), from which vVRNPs enter the
vesicular trafficking system (Kawaguchi et al., 2012). The human Ras-related protein
Rab11ais a member of the small GTPase family of proteins which are required for the
subsequent trafficking of vVRNPs towards the plasma membrane through recycling
endosomes (Amorim et al., 2011; Hutchinson and Fodor, 2013; Amorim, 2019). More
recently, Rab11a has also been implicated in binding the PB2 subunit of the influenza
polymerase complex (Veler et al., 2022). In situ cryo-electron tomography work has
also been carried out to unpack the molecular basis of this process, in which it has
been shown that vVRNPs additionally interact with HA-coated membranes in a Rab11a-
dependent manner (Dr. Alasdair Hood, personal communication) (Wachsmuth-Melm

et al., 2025).

Assembly of the Influenza A Virus Genome
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Each viral particle requires all eight viral genome segments in order to carry out a
successful infection. This suggests that there is a highly orchestrated mechanism by
which influenza virus assembles each of its constituent vVRNPs for loading into a
progeny virus particle. The best understood mechanism of this occurring is by inter-
VRNP segment RNA-RNA interactions guiding the formation of a canonical “7+1”
arrangement of vVRNPs in the newly forming viral particle (Dadonaite et al., 2019). This
7+1 arrangement has been observed by multiple groups using electron microscopy
techniques (Noda et al., 2006; Fournier et al., 2012; Lakdawala et al., 2014). The M1
layer polymerises around this VRNP core (Peukes et al., 2020), which is likely the key
determinant of influenza virion morphology (Peterl et al., 2025), and aids in the
budding process giving shape to the nascent viral particle alongside HA and NA (Jin et

al., 1997; Chlanda et al., 2015).

During and after membrane scission, the virally-produced sialidase NA - which is
distributed throughout the viral membrane but found to be concentrated at the tip of
progeny virus particles — cleaves sialic acid linkages between host cell surface
receptors and viral HA glycoproteins. This prevents re-attachment of newly budded
virions to the host cell surface, facilitating the release of the nascent virions into the
extracellular environment. NA continues to function after budding, by preventing viral
aggregation (Palese et al., 1974; Morris et al., 1999; McAuley et al., 2019) and aiding
viral movement through sialic acid-rich environments such as mucous found in the
respiratory tract (Yang etal., 2014; McAuley et al., 2019), promoting viral spread to new

target cells (Bouvier and Palese, 2008; Chlanda et al., 2015).
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Figure 1.5: Overview of the Influenza A Virus Lifecycle.

Virion Binding: HA surface proteins bind to sialic acid (SA) moieties on host cell surface proteins. The
virus then fuses with the host cell membrane and is taken up into an endosome. Endosomal Release:
VRNPs are released into the cytosol upon M2-mediated acidification of the viral core. Nuclear Import:
VRNPs are imported into the nucleus through nuclear pore complexes (NPCs). Transcription: vRNPs
associate with host RNA Polymerase Il (RNAPII). mRNA Export: mRNA is exported into the cytoplasm for
viral protein translation. Viral Protein Translation: mRNA transcripts of viral proteins direct the translation
of all viral proteins necessary for replication. Proteins Viral Protein Import: Proteins involved in vRNP
production (PB1, PB2, PA, NP) are re-imported into the nucleus alongside other viral proteins required
for nuclear export. Replication: Positive sense complementary ribonucleoproteins (cRNPs) are
produced as a replicative intermediate for de novo vRNP production. vRNP Export: Progeny vRNPs are
exported to the cytoplasm. vVRNP Transport: vRNPs are transported to the plasma membrane where they
assemble new virion particles with other viral proteins which were translated earlier. Virion Release:
Progeny influenza virions assemble at the plasma membrane, curve by the M1 protein forming a rounded
core upon oligomerisation, and bud, with NA cleaving SA moieties to prevent virion reattachment.

1.3. Components of Influenza Virus Replication

1.3.1. Influenza Virus Polymerase

The influenza virus RNA-dependent RNA polymerase complex has three constituent
protein subunits. In order of increasing size, these are PA, including the viral
endonuclease domain, approximately 78.8 kDa; PB1, the catalytic core of the
polymerase approximately 83.3 kDa; and PB2, which includes the cap snatching

domain of the influenza polymerase, approximately 83.5 kDa. Together they form an
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approximately 250 kDa heterotrimeric complex, which has approximate dimensions
of 115 x 100 x 75 A (Wandzik et al., 2021) (figure 1.6). The overall structure of the
complex is a globular core which contains the catalytic domains of the polymerase,
and two protruding domains, the PA endonuclease domain and the PB2 cap-binding
domain. The complex adopts multiple conformations as it must carry out diverse
functions. Over the past eleven years, structures of influenza polymerases from all four
influenza genera: A (Reich et al., 2014) (PDB: 4WSB); B (Reich et al., 2014) (PDB: 4WRT);
C (Hengrungetal., 2015) (PDB: 5D98); and D (Peng et al., 2019) (PDB: 6KUJ) have been
solved, initially solely by X-ray crystallography, but since 2019, also routinely by cryo-
electron microscopy to comparable resolution (sub-4 A). There are multiple states of
influenza polymerase which have been solved, including apo, pre-initiation,

transcriptase, encapsidase, elongation, recycling, and promoter bound.

These structures have elucidated a mechanism for vRNA binding to the polymerase.
Both terminal ends of the vRNA bind to structurally conserved regions of the
polymerase. The 5’ end is tightly bound to the polymerase, and forms a characteristic
hook formed by the PB1 and PA (P3 in influenza C virus) polymerase domains, whereas
the 3’ end occupies two different binding sites depending on the conformational state
of the polymerase - either active in transcription or replication, or in the resting state.

(Pflug et al., 2014; Fan et al., 2019; Carrique et al., 2020).

Table 1.4: Annotation of Select Previously-Solved Influenza Polymerase Structures.

This table is used for the annotation of the below figure, with PDB codes of the corresponding structures,
the strain of influenza they originate from, the reported resolution they are solved to, the method used
to solve the structure (X-ray crystallography (X-ray) or cryo-electron microscopy (cryo-EM)), the
conformation they are resolved in, and the reference paper the structure was published in.
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PDB Panel in | Strain Resolution | Method | Conformation | Reference

Code | Figure 1.6 (A)

SD98 | B C/lohannes | 3.90 X-ray Apo (Hengrung et al,,
burg/1/1966 2015)

6QCS | C B/Memphis/ | 3.10 Cryo-EM | Pre-Initiation (Kouba et al., 2019)
13/2003

6F5P | D C/lohannes | 4.14 X-ray Transcriptase (Martin et al., 2018)
burg/1/1966

8RN1 | E B/Memphis/ | 3.64 Cryo-EM | Encapsidase (Arragain et al., 2024)
13/2003

6TovV | F A/lLittle 3.02 Cryo-EM | Elongation (Wandzik et al., 2021)
Yellow- Complex
Shouldered
Bat/060/201
0 (H17N10)
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Figure 1.6: Structural Overview of the Influenza Polymerase.

The heterotrimeric influenza polymerase complex displayed as a linear peptide for each constituent
protein, with domain boundaries taken from a recent review (Zhu et al., 2023) (A). Throughout the figure,
PA is displayed in orange, PB1 in purple, and PB2 in green. (B) Influenza C apo conformation (Hengrung
etal., 2015) (PDB: 5D98), (C) Influenza B pre-initiation conformation (Kouba et al., 2019) (PDB: 6QCS),
(D) Influenza C transcriptase conformation (Martin et al., 2018) (PDB: 6F5P), (E) Influenza B encapsidase
conformation (Arragain et al., 2024) (PDB: 8RN1), (F) Influenza A elongation complex conformation
(Wandzik et al., 2021) (PDB: 6TOV).

23



1.3.2. Influenza Virus Nucleoprotein

Influenza nucleoprotein packages the influenza genome into the vVRNP, facilitating the
transport of the genome into and out of the cell. Each individual nucleoprotein
monomer is estimated to bind to 24 nucleotides of RNA (Ortega et al., 2000; Ye et al.,
2006). With this estimate, the longest VRNP, segment 1, encoding for PB2, is expected
to contain 97 nucleoprotein molecules, and the shortest, segment 8, encoding for NS1,
is expected to contain 34 nucleoprotein molecules. RNA binding occurs in a
degenerate manner and is facilitated by a broad positive patch in the RNA binding
groove, formed by the so-called G1 and G2 loops (Ng et al., 2008; Fangzheng Wang et

al., 2022).

The nucleoprotein readily undergoes low-order oligomerisation (from monomers to
dimers, trimers, and tetramers) - even without the addition of RNA - by insertion of a
flexible tail loop into neighbouring protomers (Ye et al., 2006). Residues R416 of the tail
loop and E339 within the body of the nucleoprotein have been demonstrated to be key
determinants of oligomerisation, where when R416 is mutated to alanine, the
propensity of oligomers forming is much reduced. This phenomenon is further
observed when residue E339 is also mutated to alanine (Ye et al., 2006). Upon the
addition of RNA, the wild-type nucleoprotein undergoes higher order oligomerisation
(Labaronne et al., 2016), and even pseudo-vRNP formation given specific N-terminal

truncations (Chenavier et al., 2025).
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There are multiple binding partners of the nucleoprotein. First, the polymerase (Peng
et al., 2025), whose binding is likely mediated both through the association of vVRNA
with both the nucleoprotein and the polymerase, but also via the PB2 subunit (Poole
et al., 2004). High-resolution structures of such interactions remain to be elucidated.
The nucleoprotein is also known to interact with the C-terminal low complexity acidic
region (LCAR) of ANP32 (Wang et al., 2022) via the G1 and G2 domains of the protein
(figure 1.7, panels A, B), which is suggested to be a mode of hucleoprotein recruitment
to the active polymerase, whereupon binding of RNA outcompetes the LCAR binding
to the G1 and G2 domains. Various studies have described a functional association of
the influenza nucleoprotein with the influenza polymerase complex in an RNA-
dependent manner through co-purification, co-immuno precipitation, and SPR
studies. Specifically, the PB2 ‘627 domain’ and the arginine-rich cleft formed by the G1
and G2 loops of the nucleoprotein (Ng, Chan, et al., 2012; Turrell et al., 2013; Szeto et

al., 2020).

The nucleoprotein, being the most abundant protein in the vVRNP, if not the virus as a

whole, is also the target of immune factors, including MxA and BTN3AQ, introduced

below, but also of small molecule antivirals (Kao et al., 2010).
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Figure 1.7: Structural Overview of the Influenza Nucleoprotein.

(A) Key regions and residues are annotated onto a linear representation of the influenza nucleoprotein.
Domain boundaries are taken from recent work (Wang et al., 2022). (B) A crystal structure of an influenza
A nucleoprotein (wild type) (Ng et al., 2008) (PDB: 2Q06) coloured in chainbow, with the G1, G2, and tail
loops annotated. Additionally annotated are the ‘body’ (N-terminal), ‘head’ (C-terminal), and ‘back’
regions of the nucleoprotein commonly referred to in literature. (C) A crystal structure of an influenza A
nucleoprotein (R416A, monomeric mutant) (Knight et al., 2021) (PDB: 7NT8) coloured in chainbow. (D)
The above nucleoprotein structure coloured by surface electrostatics with a spectrum of red-to-white-
to-blue. The central RNA binding groove of the nucleoprotein is highly positively charged.

1.3.3. The Viral Ribonucleoprotein Complex (VRNP)

The nucleoprotein forms a homo-oligomeric double helix in the context of the vRNP
which has been characterised at the ultrastructural level by both negative stain
electron microscopy and cryo-electron microscopy. Unlike other RNA viruses (e.g.
human metapneumovirus (Whitehead et al., 2023), the oligomeric form of the
nucleoprotein is highly flexible, and increased heterogeneity arises from the differing
lengths of the VRNPs according to segment and vRNA length, which makes high-
resolution structural determination of VRNPs challenging using conventional

structural biology techniques.

In terms of structure, the vVRNP contains varying numbers of nucleoprotein molecules
according to the length of the specific VRNA molecule - as stated above, this is from
approximately 34 copies of the nucleoprotein in the shortest segment, segment 8,
which encodes for NS1, to approximately 97 copies of the nucleoprotein in the longest
segment, segment 1, encoding for PB2. In the resting state of the vVRNP, that which is
present in virions and in cytoplasmic trafficking, the 5’ and 3’ ends of the vRNA are
thought to be held in place by the polymerase. Low-resolution structural information

confirms the existence of the polymerase predominantly at one end of the vRNP in its
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resting state (Arranz et al., 2012; Moeller et al., 2012), especially by localising the
polymerase using recombinant labelling with a nanogold tag (Moeller et al., 2012) or
immunolabelling with a nanogold-tagged megabody (Zhu, 2024). Newer, higher
resolution information from reconstituted influenza D virus RNPs has also confirmed
the existence of the polymerase in the middle of the RNP, suggesting a mechanism by
which the polymerase translocates down the RNP during transcription (Peng et al.,

2025) (figure 1.8, panels B and C).

Various studies have been carried out which have reported on the oligomeric state of
recombinantly-expressed nucleoproteins, where the purified nucleoprotein was
incubated with RNAs of varying length for the production of low-order oligomers or
VRNP-like complexes of influenza nucleoprotein (Ruigrok and Baudin, 1995; Ye et al.,
2006; Ng, Lam, et al.,, 2012) or the closely related Orthomyxoviridae member,
thogotovirus (THOV) (Dick et al., 2024). In the last year, great progress has been made
in determining the high-resolution structure of one such pseudo-vRNP, where a 14-
mer N-terminal deletion of the nucleoprotein, and incubation with an 18-mer RNA
were found to form an RNP-like assembly with the canonical right-handed, antiparallel
double helix of nucleoprotein, including major and minor grooves (Chenavier et al.,

2023).

High speed atomic force microscopy (hsAFM) has also been used to study the
ultrastructure of the vRNP (Nakano et al., 2021; Chenavier et al., 2023), with this
technique being especially useful for low-resolution structural data on the native state
of VRNPs and conformational dynamics during transcription in vitro. The handedness
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of RNPs can also be determined using AFM, as the sample is observed directly. This
information is ambiguous in cryo-EM until an atomic resolution structure has been
solved, as depth information is lost when a 2D projection image is taken from a 3D
object. By both modern AFM and tomographic methods, the vVRNP has been confirmed
to be a right-handed helix (Nakano et al., 2021; Misha Le Claire, personal

communication).
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Figure 1.8: vRNP Ultrastructure.

(A) Cartoon diagram of the vRNP, with the nucleoprotein (NP), viral RNA (RNA), and influenza polymerase
(FluPol) labelled. (B) and (C) Negative stain EM images (left, centre) of example vRNPs, and cartoon
models (right) showing the relative positions of nucleoprotein and polymerase, with the position of the
polymerase annotated by an arrow and the opposite loop end(s) annotated with a star. (B) The influenza
polymerase is often found located at one end of the vRNP, with the opposite end containing a loop of
nucleoprotein molecules. (C) In this study, vRNPs were also found with the polymerase located mid-way
across the vRNP. Panels (B) and (C) are adapted form Peng et al., 2025.

1.4. The Human Innate Immune Response to Viral

Infection

1.4.1. General Overview of Human Innate Antiviral Immune

Responses

Successful influenza infection requires the virus to overcome multiple layers of host
immune defenses, beginning with the innate immune system’s rapid detection and
response mechanisms. The innate immune system employs a rigorous surveillance
network centred around Pattern Recognition Receptors (PRRs), which serve as the first

line of targeted molecular defense against viral infection.

The host deploys three major classes of PRRs to detect viral infection; each poised to
monitor different cellular compartments and recognise distinct viral signatures. Toll-
Like Receptors (TLRs) are employed both on the surface of the host cell and in the
endosomal compartments of the host cell, detecting viral RNA through characteristic
features such as extensive RNA secondary structures, unmethylated CpG motifs, or
non-self-proteins present in viruses (Koyama et al., 2008; Takeuchi and Akira, 2009;

Thompson et al., 2011).
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In the cytosol, RIG-I Like Receptors (RLRs) function as RNA helicases that specifically
recognise foreign RNA signatures, particularly the 5’-triphosphate structures found on
viral RNAs — a molecular signature absent from host RNAs, which instead bear 5’ 7-
methylguanosine (m7G) caps (Koyama et al., 2008; Takeuchi and Akira, 2008;

Thompson et al., 2011).

Complementing these RNA-sensing mechanisms, nucleotide-binding oligomerisation
domain (NOD)-Like Receptors (NLRs) monitor for both direct viral components and
indirect indicators of cellular damage, such as ionic concentration perturbations,
ultimately triggering inflammasome formation and subsequent inflammatory

responses (Aoshi et al., 2011).

Despite the diverse target species repertoires and cellular locations occupied, all PRR
classes converge on a common signalling paradigm: oligomerisation-dependent
activation of downstream signalling cascades. Oligomerisation of the initial PRR
triggers the downstream activation of key transcription factors, including Nuclear
Factor Kappa-light-chain-enhancer of activated B cells (NF-kB), Interferon Regulatory
Factor 3 (IRF3), and Activator Protein-1 (AP-1). The convergence of these three
pathways ensures robust signal amplification in response to molecular signatures of

viral infection, and the activation of the adaptive immune response.

The result of PRR signalling is the production of type | interferons (IFN-a and IFN-(),
which establish an antiviral state in the host. The interferon response leads to the
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upregulation of interferon-stimulated genes (ISGs), creating a comprehensive antiviral
state that targets multiple stages of the viral lifecycle including viral entry, nuclear
import, protein translation, genome replication, and virion assembly (Schoggins,

2019).

Pattern Recognition Receptors (PRRs) make up one of the first molecular barriers to
infection. Their specific targets are diverse, but as a general rule, their downstream
signalling cascades result in a similar set of transcription factor protein complexes
being activated, such as NF-kB, IRF3, and AP-1. This signalling cascade and
transcription factor activation leads to the upregulation of other innate antiviral

immune proteins, and the triggering the adaptive immune system.

1.4.2. Specific Innate Immune Responses against Influenza

Virus

The innate immune response poses a significant barrier to influenza virus infection and
represents a major evolutionary constraint limiting cross-species transmission. Along
with species-specific differences in cellular receptors, tissue tropism, and adaptive
immune recognition, innate immunity creates a selective pressure which drives
influenza virus evolution. Only viral variants capable of evading, supressing, or
overwhelming these host defense mechanisms can establish productive infections in

new host species.
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Retinoic Acid-Inducible Gene | (RIG-I) is one such specific innate immune factor active
against influenza virus. RIG-lI recognises non-self RNA structures in the host
cytoplasm, recognising short dsRNA, blunt-end dsRNA, and ssRNA with 5’-
triphosphate structures. Additionally, the panhandle structure of the viral promoter is
known to be sufficient to activate RIG-I signalling. Binding to a non-self RNA triggers
conformational changes which facilitate interactions with downstream signalling
molecules, and subsequent type | interferon and antiviral gene production (Rehwinkel

et al., 2010; Liu et al., 2015; Rehwinkel and Gack, 2020).

The E3 ubiquitin ligase, TRIM25, is known to recognise and bind to viral RNA in the
cytoplasm and subsequently ubiquitinate RIG-I to facilitate type | interferon
production via the RIG-1 pathway (Alvarez et al., 2024). It is also understood that
influenza NS1 (and also various SARS-CoV-2 proteins) binds to and suppresses RIG-I
ubiquitination, to downregulate the RIG-I pathway (Gack et al., 2009; Koliopoulos et
al., 2018). TRIM25 additionally targets VRNPs in the cell nucleus to inhibit RNA chain

elongation independent of its ubiquitin ligase activity (Meyerson et al., 2017).

Interferon-Induced Transmembrane Protein 3 (IFITM3) is another potent innate
immune factor active against influenza virus infection in cells. IFITM3 associates with
cell membranes and alters membrane curvature, lipid composition, and membrane
fluidity. This has been shown to increase the energy barrier for fusion pore formation,
which leads to viral degradation in lysosomes rather than release of the viral genome

into the cytoplasm. It has been suggested that deficiencies in IFITM3, which are
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prevalent in some populations, provide viruses including influenza an opportunity to

enter and more efficiently adapt to humans (Klein et al., 2023; Denz et al., 2024).

1.5. Human Myxovirus Resistance Protein 1 (MxA)

1.5.1. Human Myxovirus Resistance Protein Family

One family of interferon-stimulated genes active in the antiviral response are the
Myxovirus Resistance Protein family (Mx). The Mx family of proteins are found in diverse
lifeforms, across animals, fungi, plants, and other eukaryotic lineages (Langley et al.,
2025). Their expression is not constitutive but tightly regulated by type | and type Il
interferon signalling (Holzinger et al., 2007; Haller and Kochs, 2011; Matzinger et al.,
2013). This may be because cells become sensitised to apoptotic stimuli upon MxA

expression (Mibayashi et al., 2002).

Most mammals have two Mx protein family genes, MX1, encoding the antiviral protein
MxA, and MX2, encoding the antiviral protein MxB. Birds, however, only have one gene
encoding an Mx family protein, whereas fish have up to seven paralogs (Boudinotetal.,

2016; Langley et al., 2025).

Across all species, Mx proteins demonstrate potent antiviral activity against a broad
spectrum of viruses. In humans, MxA was first found to restrict influenza A virus
(Zarcher et al., 1992; Matzinger et al., 2013; Haller et al., 2015), as inbred mice were
observed to survive an otherwise lethal dose of influenza A virus (Lindenmann, 1962;

Lindenmann, 2005). Further work has confirmed that it is indeed MxA which is
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responsible for this phenotype, as human MxA was found to protect mice which lacked
functional interferon systems (Hefti et al., 1999). Since this first observation, MxA has
been found to restrict infection by viruses including vesicular stomatitis virus (Zurcher
et al., 1992), measles virus (Schneider-Schaulies et al., 1994), La Crosse Virus (Hefti
et al., 1999), and hepatitis B virus (Li et al.,, 2012) among others. The human MxA
paralog MxB, however, restricts retroviruses, namely HIV (Goujon et al., 2013; Kane et

al., 2013).

Despite conserved antiviral activity across species, MxA demonstrates species-
specific localisation. In humans and swine, MxAis localised in the cytoplasm, whereas
the murine Mx1 homolog is localised to the nucleus (Kolb et al., 1992; Zlrcher et al.,
1992). The differential localisation of MxA and its homologues is important in antiviral
action, as it was shown that murine Mx1 was able to inhibit different steps in the
influenza virus replication cycle (due to its nuclear localisation) than human MxA

(Pavlovic et al., 1992).

1.5.2. Structure and Function of MxA

The Mx family proteins, MxA and MxB, are members of the dynamin superfamily of
proteins (Ramachandran and Schmid, 2018; Jimah and Hinshaw, 2019) with 56 %
amino acid identity and 70 % amino acid similarity (Matreyek et al., 2014). Structurally,
the two proteins share a broadly conserved architecture (figure 1.9, below). The two
proteins contain an N-terminal bundle signalling element (BSE) and GTPase domain

(G domain). The role of the GTPase domain is to bind and hydrolyse GTP, leading to
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structural changes conferred by the BSE across the whole protein (Rennie et al., 2014).
The C-terminal half of the protein is predominantly composed of the stalk domain,
which is the key determinant of homo-oligomerisation (Gao et al., 2010). Within the
stalk domain is a loop (L4), which is the key determinant of antiviral activity for MxA
(von der Malsburg et al., 2011; Mitchell et al., 2012; Patzina et al., 2014), but not MxB
(Matreyek et al., 2014). The importance of the L4 loop in MxA antiviral action was
demonstrated by removing the L4 loop from murine Mx1 proteins, which was shown to

abolish antiviral activity against influenza A virus (Mitchell et al., 2012; Verhelst et al.,

2015).
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Figure 1.9: Structure and Domain Architecture of Mx Family Proteins, MxA and MxB.

(A) Linear domain architecture of MxA and MxB, with all major domains annotated approximately —
Bundle Signalling Element (BSE) (red), GTPase (G) domain (orange), Stalk domain (green), L4 loop (L4)
(blue, only partially resolved in MxA). (B) Crystal structure of MxA (Gao, von der Malsburg, et al., 2011)
(PDB: 3SZR) coloured by domain. (C) Crystal structure of MxB (Fribourgh et al., 2014) (PDB: 4WHJ).
Domain numbering was taken from published work for MxA (Gao, von der Malsburg, et al., 2011) and for
MxB (Fribourgh et al., 2014).

MxA homo-oligomerisation involves inter- and intra-molecular domain interactions,
those being predominantly stalk-stalk and BSE-stalk. These interactions have been
shown to be required for detectable antiviral function, and mutations in these regions
limiting either higher order oligomerisation or structural flexibility about the hinge
regions between the G domain and BSE, and the BSE and the stalk have been shown
to be detrimental to antiviral action (Gao et al., 2010), but GTP binding, and not

hydrolysis, is required for antiviral action (Schwemmle et al., 1995; Janzen et al., 2000).

There is structural evidence of MxA homo-oligomerisation (figure 1.10, panel A, below)
(Kochs et al., 2002), whereby MxA is observed to homo-oligomerise to varying orders
as a function of salt concentration. There is also structural evidence of MxA homo-
oligomerisation in a manner analogous to dynamin on negatively charged liposomes
(figure 1.10, panel B, below) (von der Malsburg et al., 2011). In this work, the authors
also claim that this interaction is likely due to the L4 loop, and within the L4 loop, a
stretch of four positively-charged lysine residues (K554 - K557), as the same
tubulation of liposomes was not observed when positively charged liposomes were
tested. The L4 loop was suggested as a point of interaction with the liposome due to
cleavage experiments of the protein when bound to its liposome target and immuno-

staining with antibodies targeted to specific parts of the MxA protein which would or
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would not be present in the cleaved version of MxA, and because of the canonical ‘T-

bar shape’in front views obtained by cryo-EM.

(A) 50mm 150 mM 300 mM NaCl

(B) MxA+PS MxA+PS Dynamin+PS
100 mM

‘o

00

Figure 1.10: MxA Homo-Oligomerisation.

(A) Self-assembly of MxA into filaments is highly controlled by salt concentration (Kochs et al., 2002). (B)
Assembly of MxA (left, centre) and dynamin (right) onto negatively charged phosphatidylserine-formed
liposomes. Scale bar 50 nm. (von der Malsburg et al., 2011).
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There have been no structural data presented illustrating the mode of MxA binding to
the influenza nucleoprotein. There has, however, been a wealth of biochemical data
which suggests that the mode of binding requires the L4 loop (Nigg and Pavlovic, 2015;
Sun, 2017). Provided enough MxA is present in the cytoplasm at infection (likely due to
the interferon response from neighbouring infected cells), MxA is able to inhibit the
transport of VRNPs into the nucleus at early timepoints of infection (Xiao et al., 2013),
likely by assembling into higher-order oligomers around the vRNP. MxA is also able to
inhibit nuclear import of newly translated nucleoprotein molecules, sequestering
them in the cytoplasm to inhibit replication, likely in lower-order oligomers, up to
approximately tetramers (Nigg and Pavlovic, 2015). Through recent work, another
mode of inhibition has been demonstrated, that being the cytoplasmic sequestration
of newly synthesised influenza vVRNPs being trafficked from the nucleus to the plasma

membrane (McKellar et al., 2024).

The expected mode of action of MxA against influenza nucleoprotein is therefore to
form low-order oligomers to bind nascent low-order oligomeric nucleoproteins (Nigg
and Pavlovic, 2015). Since MxA is expected to homo-oligomerise into rings (Gao et al.,
2010; Gao etal., 2011) with an approximately 14—-24 nm centralholeina 13- 16-meric
ring (Gao et al., 2010; Haller et al., 2010) the current accepted model is that MxA is
forms rings around vVRNPs, whereby the avidity of interaction given multiple MxA
monomer L4 loops each contacting a nucleoprotein molecule should be greater than
compared to lower order oligomers of MxA binding monomeric or low-order oligomeric
nucleoprotein, forming a more-stable inhibitory complex. There is currently no

structural information of MxA bound to influenza nucleoprotein, either in monomeric,
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low-order oligomeric, or high-order oligomeric form, therefore these hypotheses are

yet to be confirmed.

Likewise, in MxB literature, there have been no structures to date published which
illustrate the mode of MxB binding to its HIV capsid target. There has, however, been
one paper which proposed a conceptual binding model of MxB to the HIV capsid
protein (CA) informed only by the structure of the MxB dimer solved by X-ray

crystallography (Fribourgh et al., 2014).

1.5.3. Influenza A Virus Nucleoprotein Sensitivity to MxA

MXxA restriction poses a significant species barrier to the influenza A virus lifecycle in
humans. For example, human MxA was found to be a potent interspecies barrier
against the novel bat-derived influenza A virus H18N11 (Ciminski et al., 2019). In
general, influenza A viruses of avian origin are considered to be sensitive to MxA
restriction, whereas influenza A viruses adapted to humans are not (Haller and Kochs,
2011; Zimmermann et al., 2011; Deeg et al., 2017), as avian Mx proteins lack anti-
influenza A virus activity (Benfield et al., 2008; Schusser et al., 2011). This so-called
MxA escape is mediated by adaptive mutations in the viral nucleoprotein, initially to
the detriment of viral fitness, before stabilising mutations accommodate for the
required escape mutations (figure 1.11, below) (Manz et al., 2013; Deeg et al., 2017;
Dornfeld et al., 2019; Haller and Kochs, 2020). These mutations have been shown to
come at the cost of efficient vVRNP nuclear import (Gotz et al., 2016), which

demonstrates the importance of overcoming this restriction for the efficient
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replication and assembly pathway of influenza virus. The hallmark escape mutations
of MxA resistance are generally considered to be R100V/I, L283P/S, and F313Y (Haller

etal., 2015; Gotz et al., 2016).
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Figure 1.11: Mx Resistance and Viral Fitness.

The evolution of avian influenza virus nucleoprotein when crossing the species barrier into humans
requires adaptive mutations which facilitate Mx escape. This comes at a cost to viral fitness, which is
later improved by stabilising mutations which help facilitate higher viral fitness in the new-found host.
Taken from Gétz et al., 2016.

The earliest recorded instance of human MxA resistance is the 1918 H1N1 pandemic
(Reid et al., 2004; Manz et al., 2013), where the cluster of mutations associated with
MxA resistance was found to be conserved in all descendent strains of seasonal and
pandemic influenza viruses. This further demonstrates the importance of MxA escape
for the successful spillover of avian influenza viruses in human hosts. In the 1918
pandemic, there were three waves of pandemic influenza, with the second being the
most severe pandemic wave by deaths known to mankind (Taubenberger and Morens,

2006). This was likely brought about by a number of factors: trench warfare,
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hospitalisation in open wards, and crowded troop transport across oceans among
other factors all contributed to a high density of sick young patients facilitating the
incubation and adaptation of a number of pathogens to an otherwise vulnerable young
population (Oxford et al., 2002). Within the context of the 1918 pandemic, MxA escape
may have indeed been the key determinant in the severity of the second wave. Our
understanding of the molecular nature of nucleoprotein evolution was significantly
hampered by the predominance of second-wave isolates — notably the Brevig Mission
sample, isolated by Taubenberger and colleagues from an Inuit victim of the pandemic
buried in Alaskan permafrost (Taubenberger and Morens, 2008) — greatly informing the
first whole genome sequence of an influenza virus published in 2005 (Tumpey et al.,
2005), but with no information on how the viral nucleoprotein evolved between the first
and second pandemic waves. However, in 2022, sequencing results of lung autopsy
samples collected during the first wave of the 1918 pandemic in Germany were
published (Patrono et al., 2022). This study identified two residues which are highly
conserved in avian influenza A viruses but are absent in second-wave 1918 pandemic
sequences. These are G16 (compared to D16 in MxA-resistant strains) and L283
(compared to P283 in MxA-resistant strains), further informing our understanding of

the molecular determinants of MxA resistance in the context of the 1918 pandemic.

42



Second-Wave 1918

e 0o Influenza Nucleoprotein
Human Spillover ;‘g(?l, 2;1325
Resistant to human MxA Third-Wave 1918
L7

Influenza Nucleoprotein
Presumed Resistant to

Human MxA

Unknown Avian
Influenza Precursor
Sensitive to Human MxA

Subsequent Human-
Adapted Influenza Virus
Hallmark MxA
Resistance Mutations
Maintained

First-Wave 1918 Influenza
Nucleoprotein
10 + 16G,283L
1001,313Y
Sensitive to Human MxA

Deaths per 1,000 Population

6/29 7127 8124 9/21 10/19 1116 1214 1711 2/8 318 4/5
Date

Figure 1.12: Graphical Representation of Inter-Wave Evolution of 1918 Pandemic Influenza A Virus.

Graph of mortality against time due to the 1918 influenza pandemic in the United Kingdom. Overlayed
is a predicted influenza A virus precursor to the 1918 pandemic virus, the first, second, and third wave
viruses, and a comment on subsequent human-adapted influenza A viruses, with comments on their
respective MxA sensitivity residues and an overall comment on sensitivity or resistance to human MxA,
where sensitive comments and residues are annotated in red and resistance comments and residues
are annotated in green. Graph adapted from Taubenberger and Morens, 2006.

1.6. Butyrophilin Subfamily 3 Member A3 (BTN3A3)

1.6.1. Butyrophilin Subfamily 3 Protein Family

Butyrophilin (BTN) family proteins belong to the immunoglobulin (Ig) superfamily of
transmembrane proteins. Butyrophilin subfamily 1 member A1 (BTN1A1) was the first
of the family to be identified and was discovered during investigation of milk fat globule
formation in the lactating mammary tissues of cows. It is expressed on the apical
surface of secretory cells in the mammary gland epithelium during the expulsion of

newly synthesised milk (Franke et al., 1981; Ogg et al., 2004; Robenek et al., 2006).
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Upon further investigation, the human butyrophilin family was found to have 13
members which all have a highly conserved domain organisation: an N-terminal,
extracellular IgV domain followed by an IgC domain, then a transmembrane domain,
and a juxtamembrane domain. Finally, some BTN family members also contain an

intracellular B30.2/SPRY domain (Afrache et al., 2012; Rhodes et al., 2016).

BTN family proteins belong to a family of co-stimulatory molecules and have strong
homology to the B7 family of costimulatory receptor molecules, with a shared
extracellular domain architecture, and the addition of the intracellular B30.2 domain

(Arnett and Viney, 2014; Lebrero Fernandez, 2016).

Given this noted homology with B7 family proteins, it was later shown that the BTN
family have a number of immunomodulatory functions (Afrache et al., 2012; Harly et
al., 2012; Perfetto et al., 2013; Arnett and Viney, 2014; Gu et al., 2018), with the BTN3A
sub-family of proteins being known to modulate specific T-cell subset activity (Arnett
and Viney, 2014; Blazquez et al., 2018). The extracellular domains of the BTN3A sub-
family demonstrate 95 % sequence identity (Blazquez et al., 2018), although the
intracellular domains differ; BTN3A1 and BTN3A3 contain a B30.2 domain, whereas
BTN3A2 does not. It has been additionally shown that major differences between the
BTN3A subfamily members lie in their juxtamembrane domain, beyond the
transmembrane domain but before the B30.2/SPRY domain, where differences in the

juxtamembrane region are seen to affect target binding (Karunakaran et al., 2023).
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The intracellular B30.2/SPRY domain is found in many human proteins and is
additionally involved in various innate immune pathways (D’Cruz et al., 2013). One
such example is the B30.2/SPRY domain common in members of the tripartite motif

(TRIM) family of proteins (Ozato et al., 2008; Tomar and Singh, 2015).

Members of the TRIM family have a variety of functions in regulating the human
immune response, including as viral restriction factors (e.g. TRIM5qa), and in immune
signalling (e.g. TRIM21). In these cases, among others, the B30.2/SPRY domain is
known to act as a pattern-recognition receptor, involved in oligomerisation and ligand
binding (Rhodes et al., 2016). For example, the B30.2/SPRY domain of TRIM5a is known
to bind to the capsid of HIV (Pertel et al., 2011; D’Cruz et al., 2013), and the B30.2/SPRY
domain of TRIM21 is known to bind the Fc domain of human IgG (Rhodes and
Trowsdale, 2007). In all subsequent sections of this thesis, the BTN3A3 B30.2/SPRY

domain will be referred to as the B30.2 domain for simplicity.

At the inception of this work, no structure existed of full-length BTN3A3. However,
recent studies using cryo-EM have demonstrated the formation of BTN3A1:BTN3A2
heterodimers, and their association to BTN2A1 homodimers in lipid monolayers as a
mechanism for T-cell receptor activation (Zhang et al., 2025) (PDB: 9JQQ). No literature
has been published on the full-length structure of BTN3A3, but one structure has been
deposited on the Protein Data Bank of a similar (but unannotated) complex of BTN2A1,
BTN3A1 and BTN3A3 which shows a very similar domain organisation, with two BTN

dimers interacting via both the IgV and B30.2 domains (PDB: 8ZYR). For this reason,
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the annotated structure (Zhang et al., 2025) (PDB: 9JQQ) is displayed below (figure

1.13).
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Figure 1.13: Full-Length Structure of Human BTN3A1, BTN3A2, and BTN2A1 in Complex.

A heterodimer of BTN3A1 and BTN3A2 bound to a homodimer of BTN2A1. Key domains are annotated,
and each copy of the full-length BTN family protein is depicted in different colours as annotated. Figure
adapted from Zhang et al., 2025.

While the immunomodulatory functions of BTN family proteins were initially
characterised in the context of T-cell regulation, recent advances have revealed an

additional role in intrinsic antiviral immunity, namely by BTN3A3’s selective restriction
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of avian influenza viruses. Similarly to MxA, BTN3A3 is also an interferon-stimulated
gene (Petric et al., 2023; Pinto et al., 2023), positioning it as another component of the

interferon-induced antiviral response.

In 2023, Pinto and colleagues screened a library of interferon-induced proteins for
antiviral activity in cultured human cell lines. They demonstrated that BTN3A3 restricts
avian-, but not human-adapted, influenza A viruses, posing another innate immune
species barrier to effective spillover into humans (Pinto et al., 2023). In the same work,
they found that BTN3A3 was mainly present in the nucleus, but the molecular mode of

action to inhibit avian influenza A viruses remains elusive.

1.6.2. Influenza A Virus Nucleoprotein Sensitivity to BTIN3A3

Pinto and colleagues identified key nucleoprotein residues that determine BTN3A3
sensitivity: BTN3A3-sensitive viral genotypes possess nucleoproteins with residues
52Y and 313F, while BTN3A3-resistant viral genotypes possess nucleoproteins with
residues 52N/H/Q and 313Y/V. Notably, successful transmission of avian influenza A

virus to humans was associated with the acquisition of these resistance mutations.

The residues are located in close proximity on the same surface-exposed patch of the
nucleoprotein (figure 1.14). While residue 313 is also a determinant of MxA sensitivity,
Pinto and colleagues reasoned that BTN3AS restriction occurs in a MxA-independent
manner, having different dependencies on the two residues highlighted, and affecting

different stages of the viral lifecycle.
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BTN3A3 specifically targets avian influenza virus at the level of genome replication,
rather than in early infection steps. Time-course analysis revealed that viral proteins of
the vVRNP (PB2, PB1, PA, and the nucleoprotein) accumulated equally in both
cytoplasmic and nuclear mock-treated and BTN3A3-expressing cells at 45 minutes
post-infection, indicating normal virus entry and vVRNP nuclear import. However,
pronounced differences emerged by 90 minutes post-infection, and were further

amplified by 6 hours post-infection, but only for avian influenza viruses.

By using cycloheximide to block protein synthesis (limiting the virus to primary
transcription), BTN3A3 had no effect on viral mRNA levels. In contrast, without
cycloheximide treatment, BTN3A3 caused a 100-fold reduction in avian influenza
MRNA levels by 6 hours post-infection, while not affecting levels of mRNA earlier in
infection. Importantly, avian influenza virus carrying the resistance mutation F313Y
was unaffected by BTN3AS in these assays, confirming the specificity of the restriction
mechanism. Taken together, this suggests that BTN3A3 restriction of sensitive

influenza viruses occurs at the level of viral genome replication.

Despite BTN3A3 being a transmembrane protein (Afrache et al.,, 2012), Pinto and
colleagues found by using immunostaining and confocal microscopy that
constitutively expressed BTN3A3 in hBEC3-KT cells is mainly localised to the cell
nucleus, thus explaining the ability of BTN3A3 to inhibit nuclear viral replication
processes. It is known that differing localisation of the butyrophilin family of proteins
occurs across different cell lines and as a result of different protein variants (Arnett
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and Viney, 2014; Karunakaran et al., 2023). However, exact knowledge of the
localisation of BTN3AS3 in physiologically relevant cells, and the mechanism of
influenza virus restriction is yet to be fully determined. Improved molecular knowledge
of BTN3A3’s proposed antiviral mechanism is key for better understanding species

barriers to influenza transmission.

Figure 1.14: Surface View of Influenza A Nucleoprotein Immune Factor Sensitivity Residues.

AlphaFold3 prediction of SO9 NP R416A in a grey coloured surface view with sensitivity residues for MxA
(in red), BTN3AS3 (in green) and both (in blue) highlighted and annotated.
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1.7. Thesis Aims

Our current understanding of innate immune restriction relies heavily on biochemical
and cell biology approaches, which are useful to identify binding partners and to map
regions of interaction, but cannot reveal the atomic details that govern specificity,
affinity, and resistance mechanisms. Without high-resolution structural data of these
interactions to support the proposed models, mechanistic questions of influenza
virology remain unanswered, which limits both our basic understanding of host-

pathogen evolution, and our ability to develop rational therapeutic interventions.

MxA is proposed to inhibit nucleoprotein trafficking by forming oligomeric rings around
VRNPs while also binding to individual nucleoproteins in lower-order oligomeric states.
However, no structural data of a MxA — nucleoprotein complex in any form exists to
validate this model or explain how nucleoprotein resistance mutations disrupt binding.
Similarly, the restriction mechanism proposed for BTN3A3 remains poorly understood
at the molecular level. While immunofluorescence studies suggest BTN3A3 can
localise to the nucleus during infection, the mechanism for this translocation of a
transmembrane protein is yet unclear, and the mode of interaction between the
influenza nucleoprotein and BTN3A3 has not been demonstrated. The absence of
structural data of these host-pathogen interfaces limits our mechanistic
understanding of how restriction occurs in non-human-adapted strains of influenza A
virus, and also limits our capacity to predict escape mutations, to develop rationally-
designed therapeutics, and to understand why restriction does not occur in human-

adapted influenza A virus strains.
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The structural study of nucleoprotein-immune factor interactions presents a number
of technical challenges. X-ray crystallography approaches are limited by the difficulty
of obtaining stable, homogeneous complexes of these often transient, low-affinity
interaction complexes. While monomeric nucleoprotein structures have been readily
solved by X-ray crystallography, the small size of the nucleoprotein (= 55 kDa) and its
flexibility make it challenging to study by single particle cryo-EM without assembly into

larger complexes.

The determination of native VRNP structure is a great challenge for structural biology
techniques given the complex’s overarching heterogeneity, yet this may be the
required state of the nucleoprotein to ensure immune factor binding. Where there is
immune factor binding, heterogeneity in sample due to flexible, or low-affinity protein
interactions would deem X-ray crystallography unsuitable for structure determination,
and where there is not complete coating of the vVRNP, signal would likely be averaged

out by cryo-EM.

Both innate immune factor and viral RNA interactions with the nucleoprotein pose
fundamental, unanswered questions in the field, and they are of great clinical
importance and potential therapeutic promise. By understanding the mechanism of
immune factor binding to the influenza nucleoprotein, a greater basic biology
understanding and potential mechanisms for clinical interventions would be unlocked.
Added to this, an improved understanding of the mechanisms of antiviral action would
facilitate better understanding of the importance of specific mutations in the virus
through global surveillance efforts.
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This thesis aims to overcome these limitations by implementing novel structural
approaches to investigate the influenza A nucleoprotein, its innate immune factor
interactions, and its mechanism of binding to viral RNA. The specific objectives are as

follows.

In chapter 3, methods to study influenza nucleoprotein structure, | aim to determine
the high-resolution structure of a model avian influenza nucleoprotein and to establish
tractable systems for studying nucleoprotein and binding partner complexes by single
particle cryo-EM. Establishing a binding platform will enable routine structural
characterisation of nucleoprotein interactions partners, allowing dissection of their
interaction interfaces. This will aid in determination of the molecular basis of binding

partner interactions and may support future efforts to study interaction partners.

In chapter 4, nucleoprotein interaction partners of the human innate immune system,
I aim to biophysically and structurally characterise the molecular basis of MxA and
BTN3A3 restriction through determining the selective binding of these immune factors
to avian influenza A nucleoproteins, and to determine their structures. This will aid in
our understanding of nucleoprotein interaction partners of the human innate immune
system, by comparing interaction between susceptible avian influenza strains and
(expected) resistant human-adapted influenza strains. Since no structures of either
immune factor have been solved in complex with the influenza nucleoprotein,
structural elucidation will greatly improve our understanding of the mode of immune
factor binding to susceptible influenza nucleoproteins.
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In chapter 5, methods to study influenza vVRNP structure and its interaction with
nucleoprotein binding partners, | aim to resolve the structure of the nucleoprotein and
influenza polymerase in the native vVRNP and determine how MxA assembles around
intact VRNPs to achieve restriction of influenza A virus replication. At the time of this
work’s inception, determination of native influenza vVRNP structure had not been
achieved, and questions of the nature of RNA binding to the nucleoprotein in the
context of the VRNP, and the mode of nucleoprotein-nucleoprotein interactions
between helical strands had not been determined. The mode of MxA binding to the
VRNP has also not been determined, and remains a significant gap in our knowledge

of the mode of innate immune factor function.
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2. Materials and Methods

2.1. Molecular Biology and Microbiology Methods

2.1.1. Preparation of Solutions and Media

Buffers and solutions used in experiments outlined in this thesis were sterilised either
by autoclaving at 121 ° C for 90 minutes or by filtration through a 0.22 pm filter (Merck-
Millipore). Bacterial growth media, glassware and plasticware were autoclaved at
121°C for 90 minutes prior to use. Luria-Broth (LB) and Terrific Broth (TB) were

prepared according to manufacturers’ instructions (Sigma-Aldrich).

2.1.2. Transformation of Chemically Competent E. coli

Pre-aliquoted chemically competent E. coli (DH5a, BL21 Rosetta (DE3) or KRX strains,
as required) were thawed from long-term storage at -80°C and aliquoted into 25 pL
aliquots in Eppendorf tubes on ice before adding 25 ng of plasmid DNA. The bacteria
were incubated with the DNA for 20 minutes prior to a 45 second heat shockina42°C
water bath. The bacteria were then incubated back on ice for a further 2 minutes prior
to the addition of 200 pyL of SOC medium (Super Optimal broth with Catabolite
repression, Thermo Fisher). The resulting culture was incubated in a 37°C incubator
shaking at 800 rpm for 1 hour and then plated onto LB-agar plates with appropriate

antibiotics to select for transformant bacteria.
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2.1.3. Cultivation and Storage of E. coli

Overnight cultures of E. coli from stab cultures, glycerol stocks or individual colonies
on LB-agar plates were grown in small volumes (= 200 mL) of LB medium supplemented
with appropriate antibiotics (ampicillin or kanamycin where required) in a 37°C
incubator shaking at 800 rpm for 12 hours. For long-term storage, glycerol stocks of
transformed E. coli strains were made by flash freezing cultures with 25 % (v/v) glycerol

and stored at-80°C.

2.1.4. Preparation of Plasmid DNA from E. coli

Plasmid DNA from transformed E. coli was prepared from overnight cultures of
bacteria. Either a single colony from an LB-agar plate, a scraping of a glycerol stock, or
a scraping from a stab culture was taken with a small pipette tip and used to inoculate
a minimum of 5 mL of LB medium with appropriate antibiotics. The culture was then
grown overnight in a 37 ° C incubator shaking at 800 rpm. The subsequent day, plasmid
DNA was extracted using the QIAprep Miniprep Kit (Qiagen). The sequences of all
resulting plasmid DNA, regions of interest or inserts were verified using Sanger

sequencing or with Oxford Nanopore sequencing (Source Biosciences).

2.1.5. DNA and RNA Oligonucleotides

In this thesis, all DNA oligonucleotides were purchased from Sigma-Aldrich and
subsequently dissolved in nuclease-free water (Ambion) and diluted to a

concentration of 100 mM. All RNA oligonucleotides were purchased from IDT and
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subsequently dissolved

concentration of 100 mM.

2.1.6. Plasmids

in nuclease-free water

(Ambion) and diluted to a

Plasmids used in this thesis, their origin, and their purpose are outlined below (table

2.1).

Table 2.1: Table of plasmids used in this thesis, their origin, and their purpose.

Plasmid Name

Plasmid Origin

Plasmid Purpose

Influenza Nucleoproteins (all
PGEX-6P-1 unless stated)

pCAG_S09_NP_Wt

Donated by Stephanie
Williams (Taubenberger /
Fodor labs)

Cloninginsert into pGEX bacterial
expression vectors

Borna_N

Donated by Jeremy Keown

Recipient vector for pGEX cloning

S09_NP_Wt

Cloned in-house from
pCAG_S09_NP_Wtinsert
and pGEX-6P-1_Borna_N
backbone

Expression of avian S09 (A/Green-
Winged Teal/Ohio/175/1966) strain
influenza A nucleoprotein

S09_NP_R416A

Cloned in-house from pGEX-
6P-1_S09_NP_Wt

Expression of monomeric avian S09
(A/Green-Winged Teal/Ohio/175/1966)
strain influenza A nucleoprotein

Tk_NP_R416A

Donated by Cecilia Rocchi

Expression of monomeric
H5N1(A/turkey/Turkey/1/2005) influenza
A nucleoprotein

NT60_NP_R416A

Donated by Haitian Fan

Expression of monomeric NT60
(A/Northern Territory/60/1968) influenza
A nucleoprotein

Human Innate Immune Factors

pGEX-6P-1_MxA

Donated by Haitian Fan

Expression of human MxA (GST tagged)

pET151_D_TOPO_Viet_PB2C

Donated by Hana Veler

Recipient bacterial expression vector

pET151_D_TOPO_MxA

Cloned in-house from pGEX-
6P-1_MxA insert and
pET151_D_TOPQO_Viet_PB2C
backbone

Expression of human MxA (N-terminal
His-tagged)

pET29b(+)_BTN3A3_B30.2

Purchased from Twist
Biosciences

Expression of human BTN3A3 B30.2
domain (N-terminal His-tagged)

Engineered Nanobodies

Nanobodies

pHEN6_Nb

Donated by Florian Schmidt
(Schmidtet al., 2016)

Panel of influenza nucleoprotein-
binding nanobodies for bacterial
expression
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pMESy4_Nb8210

Donated by Amanda (Zihan)
Zhu (Keown et al., 2022)

Influenza polymerase (PA-linker)-
binding nanobody for bacterial
expression

Gluebodies

pNIC_MBP_Gb

Donated by Gangshun Yi

Recipient backbone vector for cloning of
gluebody fragments (MBP-tagged)

pNIC_NHStIT_Gb

Donated by Gangshun Yi

Recipient backbone vector for cloning of
gluebody fragments (Strep-tagged)

VHH_Gb Purchased from Twist Blunt-end gene fragments of
Biosciences nanobodies engineered from above
Schmidt origin nanobodies for cloning
into pNIC bacterial expression vectors
Megabodies

pMESP23NO_Mb

Donated by Amanda (Zihan)
Zhu

Bacterial expression of NP-binding
Megabodies

Virus Reverse Genetics

pHW2000-PB2_WSN

Fodor Laboratory (Hoffmann
et al., 2000)

Bidirectional mammalian expression
plasmid (producing both mRNA for
protein translation and negative-sense
VvRNA) for of influenza A/WSN/1933 PB2
protein, and PB2 vRNA

pHW2000-PB1_WSN

Fodor Laboratory (Hoffmann
et al., 2000)

Bidirectional mammalian expression
plasmid of influenza A/WSN/1933 PB1
protein, and PB1 vRNA

pHW2000-PA_WSN

Fodor Laboratory (Hoffmann
et al., 2000)

Bidirectional mammalian expression
plasmid of influenza A/WSN/1933 PA
protein, and PAvRNA

pHW2000-HA_WSN

Fodor Laboratory (Hoffmann
et al., 2000)

Bidirectional mammalian expression
plasmid of influenza A/WSN/1933 HA
protein, and HA vRNA

pHW2000-NP_WSN

Fodor Laboratory (Hoffmann
et al., 2000)

Bidirectional mammalian expression
plasmid of influenza A/WSN/1933 NP
protein, and NP vVRNA

pHW2000-NA_WSN

Fodor Laboratory (Hoffmann
et al., 2000)

Bidirectional mammalian expression
plasmid of influenza A/WSN/1933 NA
protein, and NAvRNA

pHW2000-M_WSN

Fodor Laboratory (Hoffmann
et al., 2000)

Bidirectional mammalian expression
plasmid of influenza A/WSN/1933 M1
and M2 protein, and M1 and M2 vRNA

pHW2000-NS_WSN

Fodor Laboratory (Hoffmann
et al., 2000)

Bidirectional mammalian expression
plasmid of influenza A/WSN/1933 NS1
and NEP proteins, and NS vRNA

pCAGGS-NP_S09

Stephanie Williams

Mammalian expression plasmid of
influenza S09 (A/Green-Winged
Teal/Ohio/175/1966) NP protein

pHH21-NP_S09

Stephanie Williams

Mammalian expression plasmid of
influenza S09 (A/Green-Winged
Teal/Ohio/175/1966) NP vVRNA
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2.1.7. Synthetic Genes

Synthetic genes used in this thesis were ordered from Twist Bioscience either as gene
fragments (Gluebody genes) or as codon optimised genes in bacterial expression

plasmids.

2.1.8. Polymerase Chain Reaction (PCR)

PCR reactions for various purposes were performed using Q5 High-Fidelity DNA
Polymerase (New England Biolabs, NEB). Reactions were performed in 50 pL volumes
using 0.2 mL PCR tubes with 100 ng of plasmid DNA, 1.25 yL of each 10 uM forward
and reverse DNA primer, 0.5 yL of 10 mM dNTPs, 1.5 pyL of 100 % (v/v) DMSO, 0.25 uL
of Q5 High-Fidelity DNA Polymerase, and 10 pL of 5 x Q5 Reaction Buffer (NEB). The
remaining volume was made up to 50 yL with nuclease-free water (Ambion). Typically,
the thermal cycling protocol was used as shown below (table 2.2). For particularly
difficult PCR reactions, a touchdown PCR protocol was used in the annealing step (as

shown), or else an annealing temperature of 47° C was used without a gradient.

Table 2.2: Typical Thermal Cycling Protocol used for PCR Reactions in this Thesis.

Step Temperature Duration Cycles
Initial Denaturation 98°C 30s x1
Denaturation 98°C 10s x30
Annealing 47-67°C 30s

(AT=-5°/step)
Extension 72°C 30 s/ kb of DNA
Final Extension 72°C 10m x1
Infinite Hold 12°C Infinite x1
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2.1.9. Gibson Assembly

PCR was carried out (as above) to linearise the recipient vector. PCR was also carried
out (as above) to amplify the fragment(s) to prepare them for insertion into the
linearised vector. Resulting PCR products were visualised on an agarose gel and
successful PCR reaction products extracted from the gel using the QlAquick Gel
Extraction Kit (Qiagen) as per the manufacturers’ instructions. The NEB Hi-Fi Gibson
Assembly Kit (NEB) was used to assemble Gibson assembly products as per the
manufacturers’ instructions. Briefly, 50 ng insert fragment DNA was added to 50 ng
linearised backbone DNA and 2.5 pL of Gibson Assembly Mix (Hi-Fi) was added. The
remaining volume was made up to 5 pL with nuclease-free water (Ambion) and the
resulting mixture was heated at 50° C for 15 minutes. 2 pL of assembled product was
used to transform competent E. coli cultures, and subsequent cultures were verified
using Oxford Nanopore sequencing (Source Biosciences). In instances where this did
not work on the first attempt, two subsequent attempts were made simultaneously

where either a 2:1 or a 1:2 insert : vector ratio was used.

2.1.10. Agarose Gel Electrophoresis

Agarose electrophoresis gels were prepared by adding 1 % (w/v) of agarose powder to
TAE buffer, pH 8.0 (Tris-acetate-EDTA; 1 mM EDTA, 40 mM Tris-NaOH, 20 mM acetic
acid) and heating the mixture untilit dissolved in a microwave. SYBR Safe DNA gel stain
(Thermo Fisher) was added before gel pouring to be able to visualise DNA bands.
Samples containing DNA were loaded onto the gel and separated sufficiently (e.g. 30

minutes at 100 V) and then visualised on an iBright Imaging System (Thermo Fisher).
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2.2. Protein Production

2.2.1. Recombinant Protein Expression in E. coli

Unless otherwise stated, all proteins expressed in E. coli strains were grown overnight
from glycerol stocks in 200 mL of LB medium with appropriate antibiotics in a 37°C
shaking incubator. On the day of large-scale bacterial growth, equal volumes of
overnight starter culture were added to each flask. 2 L plastic flasks were used for
large-scale growth with 500 mL of TB medium and appropriate antibiotics. ODesoo Was
measured initially after 4 hours of growth and checked regularly thereafter until an
ODeoo 0of 0.8 was reached. At this point, protein expression was induced by the addition
of IPTG to a final concentration of 1 mM. The temperature was decreased to 18°C and
cells were grown for 12— 16 h. Bacterial pellets were harvested by centrifugation (3,500

x g, 15 minutes, 4°C).

2.2.2. Purification of Influenza Nucleoprotein

Pellets of bacteria expressing GST-tagged influenza nucleoproteins were resuspended
to homogeneity in 25 mL NP buffer (50 mM HEPES-NaOH (pH 7.5), 1 M NaCl, 10 % (v/v)
glycerol) supplemented with 0.1 % Triton X-100, 5 mM DTT, 2 uL 50,000 U
Supernuclease (SinoBiological), and one cOmplete EDTA-free Protease Inhibitor
Cocktail tablet (Sigma). The resuspended bacteria were sonicated and centrifuged
(35,000 g, 45 min, 4° C). Clarified lysate was then either added to 1 mL / L (of culture)

equilibrated GST 4B resin (Cytiva) for 2 h or bound to GST resin in a pre-packed GSTrap
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HB column (Cytiva) for 2 column volumes Where free resin was used, it was collected
post-binding by centrifugation (1,000 g, 5 min, 4° C) and washed thoroughly with High
Salt Wash Buffer (HSWB) (50 mM HEPES-NaOH (pH 7.5), 1.5 M NaCl, 10 % (v/v)
glycerol) followed by overnight elution by the addition of 3C protease (produced in-
house) or elution with 20 mM L-reduced glutathione depending on if the GST tag was
further required. Lysates added to GSTrap columns were washed thoroughly with NP
bufferand HSWB followed by elution with 20 mM L-reduced glutathione. Eluted protein
was concentrated to < 500 yL by means of spin concentration using equilibrated 30
kDa MWCO spin concentrators (Amicon, Sigma). Eluted protein was further purified by
size exclusion chromatography (SEC). < 500 pL of concentrated protein was injected
into a 500 pL loop and SEC carried out using a Superdex S200 10/300 increase GL
column (Cytiva) using an AKTA Pure machine (Cytiva). Fractions were collected and
assessed for protein purity by means of SDS-PAGE. Suitable fractions were pooled,

concentrated where necessary, flash frozen in liquid nitrogen, and stored at -80° C.

2.2.3. Purification of Human MxA

Pellets of bacteria expressing Hiss-tagged human MxA were resuspended to
homogeneity in 25 mL MxA buffer A (50 mM HEPES-NaOH (pH 7.5), 1 M NaCl, 5 mM
MgCly, 10 % (v/v) glycerol) supplemented with 0.1 % Triton X-100, 5 mM DTT, 2 yL
50,000 U Supernuclease (SinoBiological), and one cOmplete EDTA-free Protease
Inhibitor Cocktail tablet (Sigma). The resuspended bacteria were sonicated and
centrifuged (35,000 g, 45 min, 4° C). Clarified lysate was then applied to Ni-NTA resin

in a pre-packed HisTrap HB column (Cytiva) for 2 column volumes. Bound resin was
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first washed thoroughly with MxA buffer B (20 mM HEPES-NaOH (pH 7.5), 800 mM
NaCl, 5 mM MgCl,, 10 % (v/v) glycerol, 20 mM Imidazole) and then MxA buffer C (20
mM HEPES-NaOH (pH 7.5), 400 mM NaCl, 5 mM MgCl,, 10 % (v/v) glycerol, 20 mM
Imidazole) before elution by a linear gradient of MxA buffer C to buffer E (20 mM HEPES-
NaOH (pH 7.5), 400 mM NaCl, 5 mM MgCl,, 10 % (v/v) glycerol, 300 mM Imidazole).
Eluted protein was spin concentrated to < 500 yL and applied to an S200 10/300
increase GL column for further purification by means of SEC. Fractions were taken and
analysed by means of an SDS-PAGE gel. Fractions containing MxA were pooled and
flash-frozen in liquid nitrogen, and stored at -80° C. Where required, the presence of

MxA was further validated by means of western blot.

2.2.4. Purification of Human BTN3A3 B30.2 Domain Protein

Pellets of bacteria expressing Hiss-tagged human BTN3A3 B30.2 domain protein were
resuspended to homogeneity in 25 mL B30.2 wash buffer (20 mM Tris-HCL (pH 8.0),
400 mM NaCl, 20 mM Imidazole) supplemented with 0.1 % Triton X-100, 5 mM DTT, 2
ML 50,000 U Supernuclease (SinoBiological), and one cOmplete EDTA-free Protease
Inhibitor Cocktail tablet (Sigma). The resuspended bacteria were sonicated and
centrifuged (35,000 g, 45 min, 4° C). Clarified lysate was then applied to Ni-NTA resin
in a pre-packed HisTrap HB column (Cytiva) for 2 column volumes. Bound resin was
first washed thoroughly with B30.2 wash buffer before elution by a linear gradient of
B30.2 wash buffer with additional imidazole (250 mM imidazole). Eluted protein was
spin concentrated to < 500 pL and applied to an S75 10/300 increase GL column

equilibrated in SEC buffer (25 mM HEPES-NaOH (pH 7.5), 150 mM NaCl) for further
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purification by means of SEC. Fractions were taken and analysed by means of an SDS-
PAGE gel. Fractions containing B30.2 domain were pooled and flash-frozen in liquid

nitrogen, and stored at -80°C.

2.2.5. Purification of Nanobodies

Pellets of bacteria expressing Hise-tagged influenza nucleoprotein and polymerase
nanobodies were resuspended to homogeneity in 50 mL PE buffer (50 mM Tris-HCL (pH
8.0), 150 mM NacCl, 20 % sucrose, 0.4 mg/mL lysozyme) supplemented with one
cOmplete EDTA-free Protease Inhibitor Cocktail tablet (Sigma) for lysis by means of
osmolysis. The resuspended, lysed bacteria were sonicated and centrifuged (35,000 g,
45 min, 4° C). The clarified lysate was supplemented to a final concentration of 5 mM
MgCl, and 500 mM NaCl. 1.5 mL of Ni-NTA resin (Qiagen) equilibrated in wash buffer |
(50 mM HEPES-NaOH (pH 7.5), 500 mM NaCl) was added per litre of bacterial cell
culture grown. Protein was allowed to bind the Ni-NTA resin for 1 hour at 4° C rotating.
The bound resin was washed with 15 column volumes of wash buffer I, and then 15
column volumes of wash buffer Il (50 mM HEPES-NaOH (pH 7.5), 500 mM NaCl, 20
mM imidazole). Purified protein was then sequentially eluted in 1 mL fractions using
elution buffer (20 mM HEPES-NaOH (pH 7.5), 500 mM NaCl, 250 mM imidazole).
Fractions containing pure nanobody were pooled and concentrated to < 500 pyL and
applied to an S75 10/300 increase GL column equilibrated in SEC buffer (25 mM
HEPES-NaOH (pH 7.5), 150 mM NaCl) for further purification by means of SEC.
Fractions were taken and analysed by means of an SDS-PAGE gel. Fractions containing

pure nanobodies were pooled and flash-frozen in liquid nitrogen, and stored at -80°C.
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2.2.6. Purification and Formation of di-Gluebodies

di-Gluebody constructs were either produced in an MBP-Hiss tag backbone

(PNIC_MBP) or a streptavidin tag backbone (pNIC_NHS).

Pellets of bacteria expressing MBP-Hiss-tagged influenza gluebodies were
resuspended to homogeneity in 25 mL MBP wash buffer (10 mM HEPES-NaOH (pH 7.5),
500 mM NaCl, 5 % (v/v) glycerol) and supplemented with 0.1 % Triton X-100, 5 mM DTT,
2 uL 50,000 U Supernuclease (SinoBiological), and one cOmplete EDTA-free Protease
Inhibitor Cocktail tablet (Sigma). The resuspended bacteria were sonicated and
centrifuged (35,000 g, 45 min, 4°C). 1.5 mL of Ni-NTA resin equilibrated in MBP wash
buffer was added per litre of bacterial cell culture grown. Protein was allowed to bind
the Ni-NTA resin for 2 hours at 4° C rotating. The bound resin was washed thoroughly
with MBP wash buffer supplemented with 30 mM imidazole. Pure protein was eluted
from Ni-NTA resin in two 3 mL MBP wash buffer washes supplemented with 300 mM
imidazole. The imidazole was removed by use of a PD-10 desalting column (Cytiva).
MBP and Hiss tags were removed by the addition of 0.5 mg of TEV protease. The protein
- protease mix was incubated overnight rotating in a 4°C cold room, after which
reverse-IMAC was carried out to remove the contaminating TEV protease and cleaved

tags.

Pellets of bacteria expressing streptavidin-tagged influenza gluebodies were

resuspended to homogeneity in 25 mL Strep wash buffer (100 mM Tris-HCL (pH 8.0),
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400 mM NacCl, 5 % (v/v) glycerol, 100 mM KCl, 10 g/L glycine) and supplemented with
0.1 % Triton X-100, 5 mM DTT, 2 yL 50,000 U Supernuclease (SinoBiological), and one
cOmplete EDTA-free Protease Inhibitor Cocktail tablet (Sigma). The resuspended
bacteria were sonicated and centrifuged (35,000 g, 45 min, 4°C). 1.5 mL of
Streptactin-XT resin (IBA) equilibrated in Strep wash buffer was added per litre of
bacterial cell culture grown. Protein was allowed to bind the streptavidin resin for 2
hours at 4° C rotating. The bound resin was washed thoroughly with Strep wash buffer.
Relatively pure protein was eluted from Streptavidin resin in three 3 mL washes

supplemented with 10 mM, 25 mM and 50 mM biotin.

Purified gluebodies - both MPB-Hiss-tagged and strep-tagged — then underwent
dimerisation into di-Gluebodies. Gluebodies were first diluted to < 0.5 mg/mL to avoid
precipitation, and 350 yL of 20 MM HEPES-NaOH (pH 9.5) were added to every 3.5 mL
of Gb solution and the resulting solution supplemented with a final concentration of
50 pM CuSO0.. The resulting solution was incubated in a 37 ° C incubator for 30’ and left
overnight at room temperature. The formation of di-Gluebodies was confirmed both by
means of an SDS-PAGE gel, and (in the case of the streptavidin-tagged di-Gluebody) a
western blot. Size-exclusion chromatography usingan S7510/300 increase GL column
was carried out where mixed populations of gluebodies and di-gluebodies were
observed. Fractions containing di-Gluebodies were pooled and flash-frozen in liquid

nitrogen, and stored at -80°C.
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2.3. Protein Analysis

2.3.1. SDS-PAGE

Protein purity was confirmed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Briefly, proteins were incubated with Laemmli sample
buffer (with added B-mercaptoethanol (reducing agent) unless explicitly stated) for 5
minutes at 95° C. The denatured proteins were loaded onto 4 - 12.5 % precast gradient
gels (Invitrogen) and separated by means of electrophoresis in a Mini Gel Tank
(Invitrogen) using MES buffer (Invitrogen) until the dye running front reached the end of
the gel. Unless otherwise stated, Precision Plus Dual Protein Ladder (Bio-Rad) was
used to estimate molecular weight of analyte proteins. Proteins were visualised by

staining with Coomassie Instant Blue protein stain (Abcam).

2.3.1.1. Silver Staining

In cases where protein concentration was below the sensitivity limit of Coomassie
staining (e.g. when working with viral lysate or purified vVRNPs), silver staining was
instead used. In these cases, proteins were visualised by silver staining using

SilverXpress (Invitrogen) according to the manufacturer’s instructions.

2.3.2. Western Blot

Where detection of proteins was required by antibodies to confirm protein identity,

proteins were first separated by means of SDS-PAGE and then transferred onto a
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nitrocellulose membrane using a Mini Blot Module (Invitrogen) following the
manufacturer’s instructions. After a 1 h transfer run at 10 V, the membrane was
incubated in blocking solution for 1 h (5 % milk in phosphate-buffered saline (PBS) +
0.2 % TWEEN-20, PBS-T). The membrane was then washed three times with PBS-T
before primary antibody incubation, with the required dilution of primary antibody
depending on instructions from antibody manufacturer. The primary antibody was
incubated with the membrane with shaking for 1 h. The bound membrane was then
washed twice with PBS-T and then again twice with PBS. Where a secondary antibody
was required, the secondary antibody was added and incubated for 1 h, following
which the membrane was washed twice with PBS-T and twice with PBS. Clarity
Enhanced Chemiluminescence (ECL) substrate (Bio-Rad) was prepared and
incubated on the membrane for 5 minutes. The chemiluminescent film was then

immediately imaged using an iBright system (Invitrogen).

2.3.3. Size-Exclusion Chromatography (SEC)

SEC was carried out using specified SEC buffers on equilibrated Superdex 200
Increase 10/300 GL, Superdex 75 Increase 10/300 GL, or in the case of analytical SEC,
Superdex 200 Increase 5/150 GL columns using an AKTA pure chromatography system
(Cytiva) at 4° C with a flow rate at 0.5 mL/min (0.25 mL/min for the analytical Superdex
200 Increase 5/150 GL). In every case, column backpressure was monitored and
maintained below 1.5 mPa by the AKTA pure system’s variable flow rate. Between 250
and 1000 pL of sample was applied to the column for SEC, and 100 — 250 L for

analytical SEC. 280 nm UV absorbance was plotted against elution volume (mL) in
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resulting SEC traces processed using Unicorn 7 (Cytiva) and GraphPad Prism 10
(GraphPad). 500 pL fractions were collected in an isocratic column elution of 1.5
column volumes in 500 pL volume in the case of SEC, and 70 pL volume in the case of

analytical SEC. Fractions of interest were analysed by means of SDS-PAGE.

2.3.3.1. Size-Exclusion Chromatography — Multi-Angle Light

Scattering (SEC-MALS)

SEC-MALS was performed by Dr. David Staunton at the Department of Biochemistry,
University of Oxford. A Superdex 200 HR 10/300 column (GE) was equilibrated in
specific SEC buffers and sample flown at a flow rate of 0.5 mL/min using a Shimadzu
liguid chromatography system. Elution was monitored by on-line light scattering
(DAWN - HELEOS 8+, Wyatt Technology), differential refractive index (Optilab T - rEX,
Wyat Technology), and UV (SPD - 20A, Shimadzu) detectors. Proteins were prepared
at stated concentrations and data were analysed using the ASTRA software package

v6 (Wyatt Technology).

2.3.4. Protein Interaction Analyses

2.3.4.1. Resin-Based Pull-Down Studies

Where resin-based pull-down studies were carried out, the choice of resin used for
ligand immobilisation was based on ligand tag — Ni-NTA resin (Quiagen) for Hise-tagged
proteins, and Glutathione Sepharose 4B resin (Cytiva) for GST-tagged proteins. Resin

was equilibrated with binding buffer, rotating at 4° C for 30 minutes and collected by
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centrifugation (800 g, 3 minutes, 4°C) and supernatant tipped off into waste. Ligand
was added and the total volume in the Eppendorf tube made up to 1 mL with selected
binding buffer. Binding was allowed to occur for 1 hour, rotating at4° C and bound resin
collected by centrifugation. Flow-through was collected and SDS-PAGE samples
made. Analyte was added in between 1-5 fold molar excess, the volume made back up
to 1 mLwith binding buffer, and analyte binding was allowed to occur for a further hour.
Bound ligand sample was collected by centrifugation as above and flowthrough
fraction taken for SDS-PAGE analysis. The bound resin was washed three times with
binding buffer in 1 mL volumes. Bound resin samples were taken for SDS-PAGE

analysis.

2.3.4.2. SEC-Based Interaction Studies

Where SEC was used to evaluate interaction partners, each individual protein was run
on a Superdex 200 Increase 5/150 GL column at 0.25 mL/min to obtain a ‘blank’ peak
in order to identify unbound protein sample (without fraction collection). Putative
interaction partners were then incubated for 30 minutes at 4° C in SEC buffer (25 mM
HEPES-NaOH (pH 7.0), 150 mM NaCl). 100 - 250 uL of incubated sample were then
applied to the column and a 1.5 column volumes isocratic elution followed. 280 nm
UV absorbance was plotted against elution volume (mL) in resulting SEC traces
processed using Unicorn 7 (Cytiva) and GraphPad Prism 10 (GraphPad). Fractions of
70 pyL were collected and fractions of interest identified, and SDS-PAGE gels run to

analyse the proteins present in these samples.
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2.3.4.3. Bio-Layer Interferometry (BLI)

Quantitative and qualitative analyses of the interaction kinetics between recombinant
his-tagged immune factors (MxA, BTN3A3 B30.2 domain) and monomeric GST-tagged
influenza virus nucleoproteins (S09, Tk, NT60) were performed using an Octet Red 96e
system (ForteBio). Proteins were diluted in a standard BLI assay buffer (20 mM HEPES-
NaOH (pH 7.5), 0.2 % BSA, 0.2 % Tween-20, 2 mM DTT and 150 mM NaCl). A standard
concentration (20 pg/mL) of ligand was immobilised on Anti-GST BLI tips (Sartorius)
and a series of five 1:2 serial dilutions of analyte (from 60 pg/mL of analyte to 3.75
pg/mL of analyte) were flown over the tips to determine binding kinetics. Where non-
specific binding of analyte to tip was detected, an optimisation screen was run with
increased BSA and salt concentrations to determine the best conditions for interaction
kinetics determination with minimal background binding. Where non-specific binding
of analyte was present, a blank experiment was run in tandem with no ligand but
varying analyte concentrations according to the concentration of analyte in the
tandem experiment to determine non-specific binding response. This was then
subtracted from the tandem experiment to remove background binding signal. The
final condition used in each experiment — reflected in the assay buffer — was
determined by considering the effect of salt and on the interaction. BLI curves were
fitted using a 1:1 binding model and Kds were calculated using ForteBio Data Analysis

software. Salt concentrations were varied as stated in experiments.
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2.4. Viral Cell Culture

2.4.1. Influenza Virus Reverse Genetics

Influenza A viruses were generated by means of the 8-plasmid system (Hoffmann et
al., 2000) using the wild type WSN (Influenza A/WSN/1933 (H1N1)) reverse genetics
plasmids (pHW2000-WSN-PB1/PB2/PA/NP/HA/NA/M/NS). Where chimeric WSN
backbone S09 (A/Green-Winged Teal/Ohio/175/1966) NP virus was generated, 7 WSN
plasmids were used (the above, minus pHW2000-WSN-NP) and instead, pCAGGS-
NP_S09 and pHH21-NP_S09 were used to produce the chimeric avian NP-containing
virus. Approximately 0.6 x 105 HEK293T cells were transfected with 0.5 ug of each
plasmid using Lipofectamine 2000 Transfection Reagent (Thermo Scientific) following
the manufacturer’s instructions and plated in a 6-well plate. The cells were incubated
at37°C, 5 % CO, for 6 h before replacing DMEM media supplemented with 10 % (v/v)
FCS with fresh DMEM media supplemented with 0.5 % (v/v) FCS. The cells were
incubated for an additional 48 h before supernatant was collected, and cell debris
removed by brief centrifugation at 2,800 x g (Hettich ROTINA 420, rotor 5624). The virus

stock was stored at -80° C until further use.

2.4.2. Influenza Virus Propagation

Strains of influenza were propagated by infecting 80 % confluent MDBK cells at a
multiplicity of infection (MOI) of 0.01. Supernatant was collected 48 h post-infection

(hpi), and cell debris was removed by brief centrifugation at 2,800 x g (Hettich ROTINA
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420, rotor 5624) for 10 minutes at 4° C. Virus stock was aliquoted and stored at -80°C

until further use. Viral titres were measured by a standard plaque assay.

2.4.3. Virion-Derived Influenza Virus VRNP Isolation

Virion-derived VRNPs were prepared as per previous published literature (Vreede and
Brownlee, 2007). Infected MDBK cell culture supernatant 48 hpi was harvested and
cell debris removed by brief centrifugation at 2,800 x g (Hettich ROTINA 420, rotor 5624)
for 10 minutes at 4° C. A5 mL cushion of 30 % sucrose in resuspension buffer (10 mM
Tris-HCL, pH 7.4, 100 mM NaCl, 1 mM EDTA) was added to thick-walled ultracentrifuge
tubes and clarified infected cell supernatant was carefully added on top of the sucrose
cushion and the resultant mixture was separated by ultracentrifugation in an SW32
rotor at 100,000 x g for 1 h 30 at 4° C. The supernatant and cushion were aspirated and
80 L of chilled resuspension buffer added (10 mM Tris-HCL (pH 7.4), 100 mM NaCl, 1
mM EDTA) and the tubes were sealed and incubated at 4°C overnight for virion
resuspension. The virion suspension was added into a microfuge tube and a 1:1 ratio
of 2 x disruption buffer was added to lyse virions (200 mM Tris-HCL (pH 8.0), 200 mM
NaCl, 10 mM MgCl,, 2 % Triton X-100, 10 % (v/v) glycerol, 1 % IGEPAL). The resulting
solution was incubated at 31 ° C for 30 minutes with vigorous shaking in a thermomixer
to ensure complete virion lysis. 1 mL of each 70 %, 50 %, 40 %, and 33 % glycerol in
NM buffer (50 mM Tris-HCL (pH 7.4), 150 mM NaCl) were added to a thin-walled
ultracentrifuge tube to form a glycerol gradient. 1 mL of lysed virus was added on top
of the glycerol gradient and balanced. The gradient was spun in a Beckman

Ultracentrifuge using an SW 55 rotor (200,000 x g, 3 h 45 min, 4° C). A hole was pierced
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with a thin needle in the base of the ultracentrifuge tube and approximately 250 pL
fractions collected into chilled Eppendorf tubes. These were vortexed and SDS-PAGE
samples taken for silver staining. The fractions were stored at -20° C until further use.
In some cases, VRNPs were further concentrated using an Optimax-XP bench top
ultracentrifuge and a TLA 100.3 fixed angle rotor (with 3.5 mL volume thick-walled
polycarbonate tubes. VRNPs were concentrated by pelleting vRNP-containing
fractions for 4 h at 500,000 x g at 4° C. vVRNPs were resuspended overnight at4°C in 25

ML 20 mM Tris-HCL (pH 8.0), 150 mM NaCl.

2.4.3.1. Influenza Virus VRNP Coating with Binding Partners

In some cases, after the virion lysis step outlined above, recombinantly produced
VRNP binding partners (Nb170, MxA) were added in excess. Their binding to vVRNPs was

validated by SDS-PAGE, silver staining and western blot as appropriate.

2.5. Structural Biology Techniques

2.5.1. Macromolecular Protein Crystallography

Crystallisation trials were carried out using 96-well vapour diffusion sitting drop format
crystal trays (either Greiner Bio-One, or SWISSCI) in the first instance, using the full
range of crystallisation screens available at the Division of Structural Biology (both
Hampton Research screens and personalised screens established by Dr. Thomas
Walter). Screening was performed by mixing 100 nL of reservoir solution with 100 nL of

protein solution (between 5 - 10 mg/mL) in the central shelf of CrystalQuick 96-well
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Greiner plates (Greiner) or similarly with SWISSCI 3 lens crystallisation plates
(SWISSCI) using a Cartesian Technologies robotics system (Genomic Solutions)
(Walter et al., 2005). Crystal screen reservoirs contained 95 pyL of mother liquor.
Crystallisation conditions were improved by carrying out optimisation screens by
varying concentrations of key precipitation solutions in the mother liquor. To cryo-
protect crystals, solutions of mother liquor were supplemented with 15 % (v/v)
ethylene glycol and added to the crystal drop before mounting on crystal loops.
Crystals were mounted onto appropriately sized crystal loops (MiTeGen) and rapidly
flash-cooled by plunging into liquid nitrogen. All crystal diffraction data were collected
at Diamond Light Source, Didcot, UK. Diffraction data were auto processed with
xia2_dials (Gildea et al.,, 2022), autoPROC (Vonrhein et al., 2011),
autoPROC+STARANISO (Vonrhein et al., 2018), and xia2_multiplex (Gildea et al., 2022).
In general, programs built into the PHENIX suite (Phenix 2.21.2) (Liebschner et al., 2019)
were used for structure solution, refinement, and analysis. AlphaFold3 models
(Abramson et al., 2024) were used for initial molecular replacement, and manual
model building was performed using Coot (0.9.6) (Emsley and Cowtan, 2004). More
detailed information, including beamline and software information, as well as

crystallographic tables, is found in the relevant sections in chapter 3.

2.5.2. Cryo-Electron Microscopy (cryo-EM)

Cryo-EM experiments were carried out at the Oxford Particle Imaging Centre (OPIC)
unless stated. Unless stated otherwise, Dr. Loic Carrique was present to carry out data

collection.
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As standard, EM grids were glow discharged and then mounted on a Vitrobot Mark IV
(FEI). 3.5 yL of sample between 0.3 and 0.6 mg/mL as standard was applied to each
grid and the grids were blotted for 5.5 seconds in a humidity-controlled environment
(95 - 100 %) at 6°C. Following blotting, grids were plunge frozen into a cryo-cooled
liguid ethane cup and subsequently kept in liquid nitrogen. Screening of cryo-EM grids
was carried out using a Thermo Fisher Glacios 200 keV Transmission Electron
Microscope at OPIC, equipped with a Falcon 3 direct electron detector. Large dataset
collection at either OPIC or the electron Bio-Imaging Centre (eBIC) was carried out on
a Thermo Fisher Titan Krios 300 keV Transmission Electron Microscope equipped with
a Falcon 4i direct electron detector and Selectris-X energy filter (in the case of OPIC),
or a Gatan K3 direct electron detector (in the case of eBIC). Data were recorded using
EPU software (Thermo Fisher) at defocus and magnification values were selected in a
sample-dependent manner. Further data processing was mostly carried out in
CryoSPARC (Punjani et al., 2017) but also to a limited extent in Relion 5.0 (Zivanov et
al., 2018). More detailed information, including on specific data collection parameters

and software used is found in the relevant sections of chapters 3 and 5.

2.5.2.1. Cryo-EM Structure Model Building

Initial structure models were generated using AlphaFold3 (Abramson et al., 2024) or
ModelAngelo (Jamali et al., 2024), as stated. Programs built into the PHENIX suite
(Phenix 2.21.2) (Liebschner et al., 2019) were used for structure refinement and model

validation. Iterative rounds of manual model building and refinement were performed

75



using Coot (0.9.6) (Emsley and Cowtan, 2004) and PHENIX to yield the final reported

structure. More detailed information is found in the relevant sections in chapter 3.

2.5.3. Functionalised Electron Microscopy Grids

2.5.3.1. Functionalisation of Electron Microscopy Grids

Functionalised EM grid preparation was carried out by Dr. Gangshun Yi.

DOPC (18:1 (A9-Cis) PC) (DOPC, Avanti) and DOGS (Avanti) was mixed to the final
concentration of 2 mg/mL. Polymerase (Nb8210) or NP (Nb170) nanobodies were
prepared in a buffer containing 50 mM HEPES-NaOH (pH 7.2), 150 mM NaCl. 28.4 yL
of nanobody-containing solution of either 0.02 mg/mL or 0.06 mg/mL, as reported, was
added into a Teflon well (on ice) and 0.9 pL of lipid mixture was added onto the surface
of the nanobody solution. The Teflon block was incubated in a humidity chamber and
incubated for 2 hours. Holey carbon grids (Quantifoil 1.2/1/3 or 2/2, without glow
discharging) were laid onto the surface of the Teflon well (C-face down) for 2 minutes
to establish a lipid monolayer on the grid. The grid was washed with three 120 yL drops
of sample buffer to remove free nanobody. 5 - 10 yL of sample was added and
incubated for 15 minutes prior to washing with one 120 yL drop of sample buffer to
remove unbound particles. Grids were subsequently plunge frozen using a Thermo
Fisher Vitrobot IV (time: 2.5 s, force: -20, temperature: 20°C, humidity: 100 %).
Screening was caried out on a Thermo Scientific Glacios Transmission Electron
Microscope, operating at 200 keV. The images shown in the relevant sections of

chapter 5 were captured at a pixel size of 2.0 A/pixel and a total dose of 50 e/A2.
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2.5.3.2. Immobilisation of Influenza Virus Genome Segments on

Electron Microscopy Grids

Influenza A vRNP samples were pooled and added to holey carbon grids which had
been charged with a lipid monolayer and a nanobody of choice. The grid was washed
as above to remove unbound particles before blotting, plunge freezing and screening
on aThermo Fisher Glacios TEM. Upon positive assessment of grid and sample quality,
grids were either collected on as a single particle cryo-EM dataset or tilt series

collected for cryo-ET data processing.

2.5.4. Cryo-Electron Tomography (cryo-ET)

Cryo-ET data collection was carried out by Dr. Loic Carrique and data processing was

greatly aided by Misha Le Claire.

Cryo-ET data were collected using SerialEM — PACE-tomo (Eisenstein et al., 2023). A
dose-symmetrical tilt scheme covering +/- 54° range with 2° steps was used to collect
data. Tilt series were recorded at a nominal magnification of 105,000 x resulting in a
pixel size of 1.187 A, with a dose of 3 e/A2 per tilt, resulting in a total dose of 138.6 e
/A2. Data were pre-processed using Warp (Tegunov and Cramer, 2019). EER files were
motion corrected using MotionCorr2 within Warp (Zheng et al., 2022) using half map
creation from frames for downstream denoising. CTF estimation was carried out using
Warp and initial tilt series alignment and subsequent tomogram reconstruction was

carried out using AreTomo (Zheng et al., 2022). Tomograms were then assessed for
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quality in IMOD (Mastronarde and Held, 2017). Tomograms which had good sample
but were not well aligned were realignhed manually using patch-based tracking in
Etomo (Mastronarde and Held, 2017). Tomograms were denoised using cryoCARE
(Buchholz et al., 2019) and downstream sub-tomogram averaging was carried out

using Relion 5.0 (Zivanov et al., 2018).

2.5.5. Structural Figures

Figures of structures were made in ChimeraX (Pettersen et al., 2021) unless explicitly
stated, with protein models not solved in this work sourced from the Protein Data Bank

(PDB) (www.rcsb.org) and electron density maps not solved in this work sourced from

the Electron Microscopy Data Bank (www.ebi.ac.uk/emdb).
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3. Methods to Study Influenza Nucleoprotein

Structure

3.1. Introduction

3.1.1. Structural Studies of the Influenza Nucleoprotein

The biological mechanisms of proteins are intrinsically linked to their three-
dimensional structure. This underlies the necessity of high-resolution structure
determination in order to elucidate information on the molecular mechanisms of
protein action. At 56 kDa, the influenza nucleoprotein is an ideal candidate for high-
resolution structure determination by X-ray crystallography (XCR). This technique
relies on the formation of well-ordered protein crystals to achieve atomic resolution

structural information.

When initial crystallisation attempts prove unsuccessful, several established
strategies can improve the success rate of further crystallisation trials, including
flexible loop truncation (Malawski et al., 2006), buffer and additive optimisation for
improved protein stability (Boivin et al., 2013), and systematic crystal screening
approaches (Budziszewski et al., 2023). Provided that the protein forms an ordered
crystal lattice capable of high-resolution X-ray diffraction, routine structural
determination is achievable (Su et al., 2015; Maveyraud and Mourey, 2020). However,

inherent protein structural heterogeneity can hinder the formation of protein crystals,

79



making successful crystallisation uncertain even for proteins with high sequence

identity to proteins whose structures have been solved by XCR before.

Another now common approach to determine protein structure is single particle
analysis (SPA) cryogenic electron microscopy (cryo-EM). SPA enables the structural
determination of proteins in a near-native state. In SPA, particles are applied to a cryo-
EM grid, plunge frozen into liquid ethane, and suspended in a thin layer of vitreous ice
between 50 — 200 nm thick. The grid is loaded into a cryo transmission electron
microscope under vacuum and data are collected. Data collection employs low-dose
conditions (around 40 - 60 e'/ﬁ@) distributed across multiple frames to enable motion
correction while minimising radiation damage. Due to the low electron dose, thereis a
low sighal to noise ratio (SNR) in the images obtained. Given an ideal sample, there will
be random orientation of protein samples in the vitreous ice layer. This is useful to
tackle the low SNR, as particles — assumed to be identical — are computationally
averaged across their many different orientations, improving the SNR of the data.
However, high-resolution 3D structure determination relies on high particle number
and good sampling of all possible orientations. Two problems that commonly occurin
SPA are preferential orientation and adsorption onto the liquid-air interface. These
arise as proteins, especially those with exposed hydrophobic patches, readily adsorb
at the liquid-air interface, suspending the protein in a preferred orientation, and so
limiting the number of different views of the protein. This impacts the 3D
reconstruction of the sample, leading to resolution anisotropy in the final map. These
two challenges are overcome by a number of methods including obtaining thicker ice

to allow the protein sample to occupy more orientations by blotting for less time or
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with less force, by using detergents to coat the air-water interface and reduce protein
adsorption, or by using support film-coated grids to adsorb proteins onto the support

films (e.g. carbon, gold).

One key stipulation is that, while the final reconstructed map is often called an
“electron density map?”, it is in fact an “electron potential map” (or more correctly, a
Coulomb potential map), which is distinct from the electron density maps produced
by X-ray crystallography. In XCR, incident X-rays are scattered by the electrons of
atoms in the crystalline sample, producing maps of electron density. In cryo-EM,
incident electron beams are scattered by their interaction with the electrostatic
potential field created by nuclei and electrons in the sample. Transmitted electrons
are detected, and contrast is produced between areas with higher and lower
electrostatic (Coulombic) potential, yielding a Coulomb potential map, commonly

called a density map (Marques et al., 2019).

Cryo-EM SPA has the benefit of potentially enabling the structure determination of the
different states of a protein in the acquired dataset. Heterogeneity in the acquired data,
often due to differing conformational states of proteins, can be separated in 2D and
3D classification. This allows for selection of specific classes of particles which adopt
a certain conformation without having polluting conformers of the protein or complex
in the particle stack. The cost to this is that the greater the number of potential
conformational states of the protein, or the greater the flexibility of the protein, the

lower the numbers of particles will be in a given conformational class, and as such,
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the harder it is to determine protein structure to a high-resolution given the lack of

homogeneous data to average.

In 2022, fewer than 3 % of human protein entries in the Electron Microscopy Data Bank
(EMDB) below 100 kDa achieved resolutions better than 4.0 A (Wentinck et al., 2022)
despite nearly 75 % of the proteins in the known human proteome being less than 50
kDa (Brocchieri and Karlin, 2005). A size of 38 kDa represents a likely theoretical
minimum molecular weight for structure elucidation (Henderson, 1995). Current
practical limitations restrict high-resolution determination of protein structure by
cryo-EM SPA to proteins above approximately 50 kDa (Herzik et al., 2019). These
constraints primarily arise from low signal-to-noise ratios, which can limit robust
reconstructions. Consequently, high-resolution structure determination by cryo-EM

SPA becomes challenging for proteins of a molecular weight below 100 kDa.

3.1.2. Current State of Knowledge of Influenza

Nucleoproteins

The focus of this thesis is on the RNA-binding nucleoprotein of Influenza virus,
introduced fully earlier, which can be found in multiple oligomeric states in a salt-
dependent, or phosphorylation dependent manner (Chenavas et al., 2013). Crystal
structures of recombinantly-expressed influenza A nucleoproteins have been solved
both as monomers (Knight et al., 2021) (PDB: 7NT8), and as trimers (even with the
putative R416A monomeric mutation included) (Ye et al., 2006) (PDB: 2IQH) (Ng et al.,
2008) (PDB: 2Q06) (Chenavas et al., 2013) (PDB: 3ZDP); (Hanke et al., 2016) (PDB:
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5TJW). Nucleoprotein oligomerisation can also be observed to a greater extent in both
the absence and presence of RNA (Ye et al., 2006) using negative stain electron
microscopy, with a bias for higher order oligomers with the addition of RNA (Ng et al.,
2008). One tetrameric influenza B nucleoprotein structure has been reported using X-
ray crystallography (Ng, Lam, et al., 2012) (PDB: 3TJ0O), and one tetrameric influenza D
nucleoprotein has also been similarly determined (Donchet et al., 2019) (PDB: 5N2U).
Only two crystal structures exist of an influenza nucleoprotein (of any genus) with RNA
bound, published in 2021 with three nucleotides bound to the putative RNA-binding

groove (Tang et al., 2021) (PDB: 7DKG, 7DXP).

At the beginning of this work, structural information on influenza nucleoproteins was
limited to low-resolution models of purified VRNP complexes (Coloma et al., 2020)
(PDB: 6154, 6185). However, in 2025, two important studies were published which
reported the high-resolution structure of the non-physiological pseudo-vRNP complex
(Chenavier et al.,, 2025) (PDB: 9GAS), and the high-resolution structure of
reconstituted influenza D RNP (Peng et al., 2025) (PDB: 9BWV). However, to date, no
monomeric influenza nucleoprotein structure has been reported to high-resolution
when studied using cryo-EM SPA. The challenges of determining the high resolution
structure of such a small, flexible protein have been outlined above. However, this
poses an interesting challenge and offers potential in studying the structure of
monomeric nucleoproteins and their binding partners, provided a stable scaffold is

able to be produced.
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3.1.2.1. RNA Binding to the Influenza Nucleoprotein

The nucleoprotein has been recognised for decades to be important for influenza virus
transcription and replication. While the influenza polymerase complex alone is able to
efficiently transcribe short RNA templates, the nucleoprotein is required for the
synthesis of longer vRNAs (Turrell et al., 2013). This requirement establishes the vVRNP
complex, rather than the naked vRNA, as the functional template for influenza virus
transcription and replication (Bishop et al., 1971; Honda et al., 1988). The observation
that nucleoprotein-associated RNA remains susceptible to Rnase treatment indicates

that RNA binds to the nucleoprotein’s solvent-exposed surface (Baudin et al., 1994).

Many investigations have helped to map nucleoprotein — RNA contacts residues. UV
crosslinking and chemical fragmentation studies by Elton and colleagues identified
key interaction-disrupting residues: W120, W139, R267, S314, W330, A332, W386,
F412, and R416 (Elton et al., 1999). The first nucleoprotein crystal structure, solved by
Ye and colleagues in 2006 (figure 3.1, panel A), revealed a prominent surface groove
enriched in basic residues including R65, R150, R152, R156, R174, R175, R195, R199,
R213, R214, R221, R236, R355, K357, R361 and R391. This positively charged groove
was proposed to mediate RNA binding through electrostatic interactions with the
negatively charged RNA phosphodiester backbone (Ye et al., 2006) (PDB: 2QIH).
Surface Plasmon Resonance (SPR) studies by Ng and colleagues provided quantitative
validation of these structural predictions (Ng et al., 2008). They found the residues
R174, R175, and R221 in the NP-G1 groove to be essential for RNA binding by

mutagenesis. Where these residues were mutated to alanine, there was almost a
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complete abolition in RNA binding. Additionally, mutations of residues R150, R152,

R156, and R162 in the NP-G2 groove reduced RNA affinity five-fold.

Comprehensive mutational analysis of conserved residues across the nucleoprotein
found the following individual mutations to lead to nonviable mutant virus, which
supports their proposed critical roles in RNA binding: D72A, G93A, K113A, Y148A,
R150A, R152A, R156A, R174A, R195A, R199A, R208A, R213A, E254A, A260R, K273R,
K325A, A337R, E339R, R355A, R361A, R387A, Q405A, F412A, R416A, FA88A, and
F489A. The tail loop region was shown to be indispensable for both replication and

transcription (Li et al., 2009).

It is known that RNA binding occurs in a sequence non-specific manner (Williams et
al., 2018) with the wild-type nucleoprotein exhibiting high-affinity binding in the low
nanomolar range (Labaronne et al.,, 2016). However, monomeric nucleoprotein is
known to bind RNA with much reduced affinity (Elton et al., 1999; Turrell et al., 2013;
Chenavas et al.,, 2013), indicating that oligomerisation is prerequisite for RNA

association.

Tang and colleagues solved the first structure of an influenza nucleoprotein with RNA
bound (figure 3.1, panel I), revealing three nucleotides bound within the predicted
binding groove given a tail-loop deletion (A402-428) and an additional K87E mutation.
Using microscale thermophoresis, Tang and colleagues also demonstrated that a

synthetic peptide of the C-terminal 8 residues of the nucleoprotein (DNAEEYDN)
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competitively inhibits nucleoprotein-RNA interactions, reducing binding affinity eight-

fold in tail-loop truncation mutants (Tang et al., 2021).

Structural analysis of monomeric nucleoprotein reveals that the C-terminus adopts a
conformation that occludes the RNA-binding groove (Knight et al., 2021). This has also
been observed in the monomeric, but not the oligomeric WSN R416A structure. It has
been suggested that this mechanism reduces the positive charge in this groove, and
thus, prohibit RNA binding (Chenavas et al., 2013). Hence, this model suggests the tail-
loop as a critical regulatory element controlling nucleoprotein — RNA interactions

through oligomerisation-dependent conformational switching.

3.1.2.2. Oligomerisation of the Influenza Nucleoprotein

Deletion of the conserved C-terminal loop of the influenza nucleoprotein (A402-428),
or simply individual point mutations of either E339A, or R416A, have been shown to
abolish influenza A nucleoprotein oligomerisation (Ye et al., 2006). This dependence
on tail-loop mediated interactions establishes the tail-loop binding pocket as a

compelling target for antiviral drug development (Taft et al., 2025).

Structural investigation by Ng and colleagues revealed that the nucleoprotein homo-

oligomerisation proceeds through insertion of the tail-loop into a complementary

groove within the body domain of the adjacent nucleoprotein (Ng et al., 2008).
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Chan and colleagues elucidated the molecular determinants of this criticalinteraction,
demonstrating that oligomerisation depends on a salt bridge formed by residues E339
in the body domain of one nucleoprotein, and R416A of the tail loop of the
neighbouring nucleoprotein (Chan et al.,, 2010). Through systematic point
mutagenesis and RNP reconstitution assays, they showed that the E339-R416 ion pair
form an essential inter-subunit contact. Additionally, hydrophobic interactions
mediated by residues V408, P410, L418, and P419 provide crucial stabilising contacts
for nucleoprotein homo-oligomerisation. Disruption of these interactions through
mutations E339A, R416A, and V408S, L418S, P419S resulted in complete loss of

oligomerisation capacity while preserving the structural integrity of the tail-loop.

These findings demonstrate that tail-loop insertion into the neighbouring
nucleoprotein is absolutely required for oligomerisation, and that individual point
mutations in highly conserved residues can completely abolish this interaction
despite maintaining overall structural architecture (Chan et al., 2010). The strict
conservation and functionalimportance of these molecular contacts underscore their

potential as targets for structure-based antiviral drug design.

The figure below (figure 3.1) and accompanying table (table 3.1) illustrate all structures
of influenza nucleoproteins deposited in the PDB solved by either X-ray crystallography
(the vast majority of such examples) or cryo-EM to a resolution better than 8.5 A. Only
one of the solved crystal structures was complexed with RNA, and in this structure
(PDB: 7DXP), only one of the two copies of the nucleoprotein in the asymmetric unit

has the three nucleotides of RNA bound. All of the structures solved by cryo-EM have
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RNA bound, be they authentic influenza RNAs from a reconstituted RNP or purified
VRNP in the case of the work published by Peng and colleagues (Peng et al., 2025), or
synthetic 18-mer RNA fragments in the case of the work published by Chenavier and
colleagues (Chenavier et al., 2025). In all cases, the solved nucleoprotein structures
are highly similar in terms of overall protein structure, whereas the significant

differences in protein structure come from flexible loops.

At the outset of this work, only structures in figure 3.1 panels A-G had been deposited

inthe PDB, and no structure of RNA bound to influenza nucleoprotein had been solved

by either structural method presented, X-ray crystallography or cryo-EM SPA.

88



Figure 3.1: Published Structures Determined of Influenza Nucleoproteins.

This figure illustrates example structures of influenza nucleoproteins previously determined (and
deposited in the PDB, solved to a resolution of better than 8.5 A) to demonstrate the globally conserved
structure of nucleoproteins across influenza virus genera. All nucleoproteins are shown in the
oligomeric context of their deposition on the PDB - be that as a physiological oligomer or a result of
crystal packing — with one copy of the nucleoprotein coloured using the rainbow colour command (N-
blue, C- red), and any nucleotides shown in magenta. Other copies (if present) are coloured in grey at 50
% transparency with the head and body domains of the rainbow coloured nucleoprotein monomer
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pointing to the right, and the coloured nucleoprotein aligned between figure panels. The specific genus
of influenza (A, B, or D) is annotated in bold on the right hand side of each panel. Annotation of these
structures is shown in table 3.1.

Table 3.1: Annotation of Published Influenza Nucleoprotein Structures.

This table is used for the annotation of the above figure, with PDB codes of the corresponding structures
above, the source influenza strain, the resolution to which the structure was determined, the method by
which the structural determination was carried out, the biologically-relevant oligomeric form of the
structure, whether RNA was present in the structure, and the reference paper in which the structure was

published.
PDB Panel Strain Resolution | Method Oligomeric RNA Reference
Code in (Mutations) (A) Form Present?
figure
3.1
2IQH A A/WSN (H1N1) | 3.20 X-ray Trimer No (Ye et al.,
(wt) 2006)
2Q06 B A/Hk (H5N1) (wt) | 3.30 X-ray Trimer No (Ng et al,,
2008)
3TJO C B/Hk (wt) 3.20 X-ray Tetramer No (Ng, Lam,
et al.,
2012)
4IRY D A/WSN (H1N1) | 2.80 X-ray Monomer No (Ye et al.,
(A402-428) 2012)
3ZDP E A/WSN (H1N1) | 2.69 X-ray Monomer No (Chenavas
(R416A) et al.,
2013)
5TIW F A/WSN (H1N1) | 3.23 X-ray Trimer No (Hanke et
(wt) al., 2016)
5N2U G D/bovine/France | 2.40 X-ray Tetramer No (Donchet
(wt) et al.,
2019)
6J1U H A/WSN (H1N1) | 2.80 X-ray Trimer No (Yang et
(wt) al., 2021)
7DXP | A/Hk (H5N1) | 2.30 X-ray Monomer Yes, (Tang et
(A402-428, three al., 2021)
K87E) ntd’s
7NT8 J A/NT60 (H3N2) | 2.22 X-ray Monomer No (Knight et
(R416A) al., 2021)
8PZQ K A/WSN (H1N1) | 5.30 Cryo-EM | Reconstruct | Yes (Chenavier
(wt) ed Trimer et al.,
2023)
8TWP L A/Aichi  (H3N2) | 2.90 X-ray Monomer No (Yoon et
(A2-7,  P283S, al., 2024)
R416A)
9GAS M A/WSN (H1N1) | 3.08 Cryo-EM | Pseudo- Yes (Chenavier
(A1-14) VvRNP et al.,
Filament 2025)
Monomer
Reconstructi
on
9BWV N D/swine/Oklaho | 5.10 Cryo-EM | Reconstruct | Yes (Peng et
ma (wt) ed Tetramer al., 2025)
9BX1 (0] A/Hk (H5N1) (wt) | 8.00 Cryo-EM | Reconstruct | Yes (Peng et
ed Tetramer al., 2025)
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3.1.3. Rationale of Influenza Nucleoprotein Strains Used

Nucleoproteins from multiple influenza A virus strains were used in this study. The
rationale of their use is outlined in the table below (table 3.2) where two human-
adapted strains of influenza, NT60 (A/Northern Territory/60/1968 (H3N2)), and WSN
(A/Wilson-Smith/1933 (H1N1)) are noted for use in recombinant expression work (in
the case of NT60), and live influenza A work (in the case of WSN). These two strains of
influenza A nucleoprotein are known to have resistance mutations to both immune
factors used and reported later in this thesis (MxA and BTN3A3), which is highlighted
in the sequence alignment below (figure 3.2, panel B). Two avian influenza A strains
were used in this study, S09 (A/Green-Winged Teal/Ohio/175/1966 (H2N1)) which was
utilised for both recombinant protein expression and live virus work, and Tk
(A/turkey/Turkey/1/2005 (H5N1)) which was used for recombinant protein expression.
These two strains are of particular interest, as, being avian influenza strains, they carry
the sensitivity mutations to both immune factors used. These mutations are
highlighted in the sequence alignment below (figure 3.2, panel B). The sequence
identity of these nucleoproteins is shown below (table 3.3), where it can be seen that
the two most similar proteins are S09 nucleoprotein and Tk nucleoprotein, at 97.6 %
sequence identity. Comparably, NT60 and WSN are 93.4 % sequence identical, with
NT60 and S09 being 92.4 % sequence identical and NT60 and Tk being 92.0 %
sequence identical. WSN is slightly more similar to the two avian nucleoproteins, with

94.6 % and 94.2 % sequence identity to S09 and Tk respectively.
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Table 3.2: Nucleoproteins of Influenza A Virus Strains Used in this Thesis, and the Rationale behind

their Use.

Influenza A Strain

Use Rationale

NT60 (A/Northern Territory/60/1968 (H3N2))

Standard human-adapted influenza A virus strain
used for recombinant protein expression (resistant to
MxA and BTN3A3 restriction).

WSN (A/Wilson-Smith/1933 (H1IN1))

Standard live influenza A virus strain used in lab work
(resistant to MxA and BTN3AS restriction).

S09
(H2N1))

(A/Green-Winged

Teal/Ohio/175/1966

Standard avian-adapted influenza A virus strain used
for both recombinant protein expression and live virus
work (sensitive to MxA and BTN3AS restriction). No
structure of a H2N1 avian nucleoprotein has yet been
solved.

Tk (A/turkey/Turkey/1/2005 (H5N1))

Novel avian-adapted influenza A virus strain used for
recombinant protein expression (sensitive to MxA and
BTN3AS restriction).

Table 3.3: Sequence Identity of Nucleoprotein Strains Used.

Sequence identity compared between NT60, WSN, S09, and Tk influenza A virus strain nucleoproteins
used in this thesis. Protein sequence identity calculated by SIM (https://web.expasy.org/sim/) by direct
comparison of amino acid code.

NT60 100 %

WSN 93.4% 100 %

S09 92.4% 94.6 % 100 %

Tk 92.0% 94.2 % 97.6 % 100 %
NT60 WSN S09 Tk
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Figure 3.2: Nucleoprotein Structure and Sequence Alighment.

(A) Structural diagram using a previously solved crystal structure of Influenza A NT60 nucleoprotein
(Knight et al., 2021) (PBD: 7NT8) highlighting amino acids involved in the formation of the two RNA
binding grooves, the reported BTN3A3, and the reported MxA sensitivity sites. Residues are coloured as
in the sequence alignment above, except for residue 16, which was not resolved in the crystal structure.
(A) Alignment was carried out using ESPript 3.0 (Robert and Gouet, 2014) and sequence similarity was
depicted by calculating percentage amino acid equivalence, which is computed considering physico-
chemical properties with a global similarity threshold score of 70 %, as standard. The alignment was
coloured using the ‘flashy’ option, where white characters on red background illustrate strictly
conserved residues (strict identity), black characters on a yellow background illustrate chemically
similar residues (where bold characters in these instances show strict identity, and normal emphasis
characters show chemically similar residues). Black text on a white background illustrates physico-
chemically divergent amino acid residues, which are less than 70 % similar. The Greek characters a
accompanied by a helical line represent alpha helices, B accompanied by a solid black arrow represent
beta sheets, and n accompanied by a helical line represent 3, helices. TT represents strict B turns.
Secondary structure prediction was carried out and annotated above each line of sequence alignment
by importing the PDB file for an NT60 strain nucleoprotein (PDB: 7NT8). RNA binding grooves G1 74-5,
174-5 and G2 150-63 (Fangzheng Wang et al., 2022) are boxed in black (G1) and dark blue (G2); Innate
immune factor sensitivity residues for BTN3A3 alone are boxed in blue (52), for both BTN3A3 and MxA
are boxed in purple (313), and for MxA alone are boxed in green (16, 100, 283). Residues determining
sensitivity to BTN3AS3 restriction are taken from recent work (Pinto et al., 2023) and are reported to be Y
52 NHQ, and F 313 YV. Residues determining sensitivity to MxA are taken from earlier work (Gétz et al.,
2016) and are reportedtobe G16 D,R100V, L 283 P, and F 313 Y. (Residues reported before the residue
number are taken to be avian mutations which are sensitive to restriction, and residues reported after
the residue number are taken to be human adaptations which are resistant to restriction). Residues
involved in either RNA or immune factor binding are also shown as atoms.

3.1.4. Nanobody-Derived Tools for Structural Biology

Where proteins which require structural study are smaller than the broad 50 kDa cutoff
for cryo-EM SPA (described above) or are too flexible to enable protein crystals to be
successfully grown or collect cryo-EM SPA datasets, any number of binding partner
complexes may be formed with the protein of interest and a specifically binding
scaffold proteins to increase the protein size, reduce preferential orientation within
vitreous ice (in the case of cryo-EM), and/or decrease the target protein’s overall
flexibility. Some such examples used in cryo-EM SPA are outlined in the figure below

(figure 3.3).
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Nanobody-binding
Nanobody (Nb) Fab (NabFab)

Figure 3.3: Example Protein Scaffold Technologies used for Structural Determination.

This figure illustrates example use cases of small, engineered proteins used as scaffolds to aid structure
determination of proteins of interest. The protein scaffolds are coloured in red; the proteins of interest
are coloured in green and are shown fitinto the cryo-EM map at a transparency of 25 %. (A) The structure
of a 19 kDa oncogenic GTPase, KRAS, involved in signal transduction in human cell proliferation
pathways, bound to a validated mutant 5-repeat DARPIn (18 kDa) forming a rigid scaffold, which is then
bound to a rigid protein cage to increase size further (965 kDa complex) (Castells-Graells et al., 2023)
(PDB: 8G4H). (B) The structure of the 255 kDa influenza polymerase stabilised by a 15 kDa nanobody
(Nb) (Keown et al., 2022) (PDB: 7NKA). (C) The structure of a 23 kDa signal cascade-initiating membrane
protein, KDEL, bound to a nanobody-binding Fab (NabFab), a nanobody which is recognised by a
nanobody-stabilised Fab (antigen binding fragment from antibody), which additionally binds to maltose
binding protein (MBP) to form a 120 kDa so-called ‘Legobody’ (Wu and Rapoport, 2021) (PDB: 7RXC). (D)
The structure of a = 720 kDa complex of homopentameric 3 GABA4R receptor, with each monomer
bound by a % 60 kDa Megabody (Mb) (Uchanski et al., 2021) (PDB: 6QFA). (E) The structure of two copies
ofthe 49 kDa DNA helicase, RECQL5, bound to a 30 kDa di-Gluebody (dGb) (Yiet al., 2025) (PDB: 8RL5).
Importantly, nanobodies are shown in this figure not only because they aid in structural determination
but also because they are the building blocks from which other protein scaffold technologies have been
produced, e.g. (D) Megabodies, (E) di-Gluebodies.
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3.1.4.1. Nanobodies (Nb)

Conventional human monoclonal antibodies (mAb) are composed of two heavy
chains and two light chains (Woof and Burton, 2004; Chiu et al., 2019). The two heavy
chains are linked together by disulfide bonds in the hinge region of the protein (Moritz
and Stracke, 2017). The association of the light chain to the heavy chain is stabilised
by both disulfide bonds between the CH1 and CL constant domains, and by a
hydrophobic interface between the VH and VL variable domains. The minimal antigen
binding domain of a conventional human mAb is composed of the two variable
domains VH and VL, where in each variable domain, three peptide loops named
complementarity determining regions (CDRs) form the binding interface between the
mAb and its antigen (figure 3.4, panel A). By comparison, camelid-derived antibodies
have only two heavy chains, and are thus called heavy chain antibodies (hcAb) (Jin et

al., 2023) (figure 3.4, panel B).

Similarly, the two heavy chains are joined by disulfide bonds in the hinge domains. The
variable antigen binding domain (VHH) contains the CDRs, and importantly where the
binding interface in mAbs are constituted of CDRs from both the VH and the VL domain,
in hcAbs, as there is no light chain, the CDR is made only of one copy of the VHH
domain. Camelid VHH domains can be isolated and recombinantly produced. These
isolated VHH domains are commonly called nanobodies (Nbs). They are small,
approximately 15 kDa proteins which are highly soluble and very stable in solution

(Hamers-Casterman et al., 1993; Muyldermans, 2013) (figure 3.4, panel C).
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(A) 150 kDa (B) 75 kDa (C) 15kDa

VHH
Nb
CH2
Fc
CH3
Human mAb Camelid hcAb Nanobody

Conventional Antibody Heavy Chain Antibody

Figure 3.4: Diagrammatic Representation of Antibodies and their Relation to Nanobodies.

Diagrammatic representation of (A) conventional human monoclonal antibodies (mAb), (B) camelid
heavy chain antibodies (hcAb), and (C) camelid-derived nanobodies (Nb). (A) The 150 kDa mAb is
composed of two copies of two chains. The heavy chain is composed of complementarity determining
regions (CDRs) (red) at the tip of the heavy chain variable domain (VH), and three heavy chain constant
regions (CH1, CH2, CH3). The two heavy chains are bound by disulfide bonds in the hinge region
(denoted by two horizontal lines between the CH1 and CHZ2 domains). The light chain is composed of
CDRs (red) at the tip of the light chain variable domain (VL) and a light chain constant region (CL). The
light chain is associated with the heavy chain by disulfide bonds (denoted by one horizontal line between
the CH1 and CL domains) and additionally by hydrophobic interactions between the VH and VL domains.
(B) The 75 kDa camelid heavy chain antibody (hcAb) is composed of two copies of one chain linked by
disulfide bonds in the hinge domain (denoted by horizontal lines between the VHH and CH2 domains).
The heavy chain is similar to that of the human mAb, with two constant domains (CH2, CH3), but a
simplified variable domain. The variable antigen binding domain (VHH) is the variable domain of the
hcAb and contains the CDRs (red). In A and B, the crystallisable fragment (Fc) is also denoted. This
region is formed entirely by constant heavy chain domains and mediates downstream immune effector
functions. (C) The 15 kDa camelid-derived nanobody (Nb) is composed of the VHH domain of the hcAb
and contains the antigen-binding CDR regions of the donor hcAb. Figure adapted from (Bannas et al.,
2017).

Nanobodies contain nine beta sheets (A, B, C, C’, C”, D, E, F, and G), and three CDR
loops: CDR1 (between beta sheets B and C), CDR2 (between beta sheets C’ and C”’)
and CDRS3 (between beta sheets F and G) (Uchanski et al., 2021) (figure 3.5). The CDR3
loop is known to play the most significant role in target binding, given its longer length

compared to the CDR1 and CDR2 loops. Do to its longer length, it is also known to be
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able to access otherwise inaccessible cavity-like epitopes which are often more

structured and conserved (Tohidi et al., 2024).

CDR3

"00C

Figure 3.5: Diagram of Nanobody Domain Organisation.

The nanobody is composed of nine beta sheets (red arrows labelled with sheet identifier at the
arrowhead) andthree CDR loops (coloured and labelled: CDR1 in blue, CDR2 in green, and CDR3 in red).

In order to produce nanobodies, camelids (typically llamas, but also dromedary
camels and alpacas) undergo an immunization regime of multiple doses of the purified
antigen of choice (Fridy et al., 2014). Camelid serum is taken, and lymphocytes are

isolated. In one method of recombinant protective nanobody screening against
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influenza virus infection (Schmidt et al., 2016), mRNA was extracted from purified
lymphocytes, and VHH coding sequences were each cloned into a lentiviral vector.
This vector library was transfected into cells and expression of nanobodies induced
prior to a lethal challenge with influenza virus. Genomic DNA libraries from surviving
cells were produced and VHH sequences amplified by PCR to determine protective

VHH sequences.

Nanobodies have a range of uses including as therapeutics (Bannas et al., 2017), in
nanobody mediated protein purification (Stevens et al.,, 2024), and in multiple
structural biology approaches. Nanobodies are able to stabilise flexible domains of
proteins, reducing conformational heterogeneity in the protein sample of interest.
Nanobodies can also be utilised as crystallisation chaperones, promoting crystal
packing conditions which are otherwise not explored by the protein on its own
(Rasmussen et al., 2011). In cryo-EM, nanobodies and their derivatives are able to
reduce conformational heterogeneity, but additionally, they can be used to change the
distribution of particles embedded in vitreous ice. In virology, nanobodies have shown
great promise as therapeutics, showing potent neutralisation against viruses including
SARS-CoV-2, influenza A, and respiratory syncytial virus, among others (Bhattacharya
etal., 2023; Yang et al., 2024). Recent studies using nanobodies against influenza virus
have demonstrated their use in the elucidation of viral protein structures and their
identification of potential antiviral targets (Schmidt et al., 2016; Hanke et al., 2016; Fan

etal., 2019).
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The nanobodies used in the research reported in this chapter (and their gluebody and
megabody derivatives) originate from the work of Schmidt and colleagues (Schmidt et
al., 2016), where a phenotypic lentiviral screen was used to identify nanobodies which

target the influenza nucleoprotein.

3.1.4.2. (di-)Gluebodies (dGb)

As demonstrated in figure 3.3, panel E, and in figure 3.7 below, gluebodies represent
an engineered nanobody variant incorporating a strategically positioned disulfide
bond on the non-CDR surface (specifically before in the A strand, the end of the E
strand, and after the G strand of the nanobody) to enable covalent dimerisation
without compromising antigen recognition. These engineered disulfide bridges
facilitate either homo- or hetero-dimerisation at sites distant from the antigen-binding

interface.

The primary advantage of this design is the creation of protein complexes with
artificially imposed C2 symmetry, effectively doubling the molecular weight of target
proteins while potentially also reducing conformational flexibility. Crucially, unlike the
megabody platform which incorporates a large, well-ordered scaffold protein, the di-
gluebody does not introduce a large protein, and so, maintains the focus of
computational alignment on the protein of interest rather than the auxiliary framework.
This design principle preserves native protein features as the primary determinants of
structural reconstruction, while providing the molecular weight enhancement

necessary for improved cryo-EM analysis.
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The versatility of this platform has been validated across multiple applications,
demonstrating successful implementation in both X-ray crystallography (Ye et al.,
2024), and cryo-EM SPA (Yi et al., 2025). This dual compatibility underscores the broad
utility of the di-gluebody approach for structural biology investigations requiring

enhanced molecular stability and size augmentation.

3.1.4.3. Megabodies (Mb)

Megabodies are nanobody derivatives which are grafted onto a larger scaffold protein
with two short peptide linkers. The nanobody is joined to the larger scaffold protein
after the first beta sheet (labelled A in figure 3.6), and the rest of the nanobody is then
encoded after the scaffold protein from the second beta sheet (labelled B in figure 3.6).
The two scaffold proteins chosen for the development of the megabody system were
both large, secreted bacterial proteins which were found to be stable, rigid, efficiently
folded in the cell, amenable to genetic manipulation, and contain accessible beta
strands for the required grafting. These were the Helicobacter pylori HopQ protein (45
kDa, PDB: 5LP2), and the E. coli YgjK protein (86 kDa, PDB:3W7T) (Uchanski et al.,

2021).

The resulting chimeric megabody complex retains the full ability of the nanobody to
bind its target, whilst having the benefit of further increased molecular weight and the
ability to combat issues of preferred orientation on EM grids at the air-water interface.

Megabodies have been used to solve structures of membrane proteins (Uchanski et
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al., 2021), human serum albumin (De Felice et al., 2024) and have been applied to the
study of components of influenza virus replication including the polymerase and the

nucleoprotein by a previous DPhil student in this laboratory (Zhu, 2024).

-00C -00C

Figure 3.6: Diagram of Scaffold Protein Grafting onto a Nanobody to produce a Megabody.

The nanobody is composed of nine beta sheets (red arrows labelled with sheet identifier at the
arrowhead) andthree CDR loops (coloured and labelled: CDR1 in blue, CDR2 in green, and CDR3 in red).
In the grafting process, the first beta turn (connecting nanobody beta strands A and B) is disrupted, and
a mutant bacterial scaffold protein (HopQ or YgjK, here depicted as a blue rectangle, not to size) is linked
via an exposed beta hairpin to the end of the nanobody A strand, with the rest of the nanobody (strands
B through G) grafted onto the end of the selected scaffold protein through PCR amplification. This cloned
constructis inserted into a megabody expression vector for recombinant expression.

102



Table 3.4: Nanobody Strand Boundaries of Nanobodies compared to Megabodies.

Nanobody strand boundaries from two proteins, 5TJW (Hanke et al., 2016) of an influenza nucleoprotein
bound to a nanobody, and 6XUX (Uchariski et al., 2021) of a megabody, with the domains of each beta
strand (A-G) or CDR loop (CDR1-3) based on predicted protein secondary structure in ChimeraX.

Strand / Loop Residues (PDB: 5TJW, Nb) Residues (PDB: 6XUX, Mb)
A 5-13 3-11

B 19-25 789-796
CDR1 26-33 797 - 803
C 34-40 804-810
(03 47 -53 827-823
CDR2 54-58 824 -827
c” 59-61 828 -831
D 69-73 839-844
E 79-84 849-854
F 93-100 863-870
CDR3 101-112 872-885
G 113-122 886 -894

Nanobody derived protein production methods pertinent to this thesis are displayed

in a cartoon below (figure 3.7).
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Figure 3.7: Nanobody-Based Protein Scaffolds in this Thesis.

A nanobody (Nb, red, AlphaFold3 prediction of Nb170 used in this study) is converted into a megabody
(Mb, Nb, red, Mb scaffold, blue. AlphaFold3 prediction of Mb151 used in this study) by grafting of a larger
scaffold protein, in this case the E. coli YgjK protein, via the loop between beta sheets A and B of the
nanobody. A nanobody is converted into a (di-)Gluebody (dGb, Nb portions in red with the second copy
setto 25 % transparency, taken from (Yi et al., 2025) (PDB: 8RL5) by addition of the five mutations noted
in the diagram, and incubation in the conditions noted in the diagram. All Nb-derived protein scaffolds
are similarly oriented, with complementarity-determining regions (CDRs) annotated.

3.1.5. Chapter Aims

In the work reported in this chapter, | aimed to express and purify recombinant
influenza A nucleoproteins. | also aimed to determine the structure of the S09 avian
influenza nucleoprotein bound to RNA using both X-ray crystallography and cryo-EM
approaches. | additionally aimed to develop the di-gluebody and megabody systems
to study the structure of the influenza A nucleoprotein and the binding of innate
immune factors to the nucleoprotein by cryo-EM SPA. A platform to study influenza
nucleoprotein and binding partner structure is of particular interest given the potential
to be able to study influenza nucleoprotein binding partner structures. This will both
improve our understanding of the mode of immune factor binding to monomeric
nucleoprotein, and also enable future structure determination of binding partners to

improve therapeutics targeting the nucleoprotein.
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3.2. Results

3.2.1. Expression and Purification of Influenza

Nucleoproteins

In this work, the monomeric nucleoprotein mutant, R416A, was used for structural
studies. The behaviour of this mutant has been well documented, with a number of
structures of this protein as a monomer (or lower order oligomer than compared to

wild type) (Tarus et al., 2012; Chenavas et al., 2013; Knight et al., 2021).

The expression and purification of nucleoprotein constructs are described in the
materials and methods chapter (section 2.2.2.). Briefly, the cloned nucleoprotein
constructs were affinity purified via an N-terminal GST tag, with elution by cleavage of
the GST tag where untagged nucleoprotein was required for structural studies, or
elution by L-reduced glutathione where tagged nucleoprotein was required for
interaction studies. There was then a size exclusion chromatography (SEC) step to
provide a homogeneous protein stock for further structural and biophysical
experiments. The purification was carried out until the SEC step in high salt(1-1.5M
NaCl) to ensure no residual binding to bacterial RNA. The example chromatogram (fig.
3.8, panel C) illustrates a high level of monodispersity, and the elution corresponds to

a 56 kDa protein.
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Figure 3.8: Expression and Purification of S09 NP R416A Monomeric Mutant Influenza A Virus
Nucleoprotein.

(A) SDS-PAGE gel of expression and purification steps to elution from GST resin. (B) SDS-PAGE of SEC
fractions. (C) Chromatography trace of a SEC run of this protein on a Superdex S200 (10/300) increase
GL column.
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As shown above (figure 3.8, panel C), Influenza nucleoproteins expressed and purified
as described eluted in a monodisperse peak at around 14.8 mL on a Superdex S200
10/300 GL increase column, consistent with the expected elution volume of a 56 kDa
protein. Fractions with a star (*) above on the chromatogram were run on an SDS-PAGE
gel (figure 3.8, panel B), illustrating good separation of SEC input products. During SEC,
the salt concentration was reduced to 150 mM NaCl, which would allow

oligomerisation of the nucleoprotein.

3.2.2. Crystallography of Nucleoproteins

The nucleoprotein construct was subjected to crystallisation trials. 96 well trays of
concentrated nucleoproteins (= 10 mg/mL) were set up as described in the materials
and methods chapter using a Cartesian Technologies robotics system (Genomic
Solutions) (Walter el.,, 2005) and monitored over time using the standard
commercially-available crystallisation screens available —these included Index, PACT,
PEGRXx, JCSG (all Hampton Research), and other custom screens assembled by Dr.
Thomas Walter of the Oxford Protein Production Facility. Both types of 96-well crystal
tray available (CrystalQuick Greiner and SWISSCI 3) were used given varying reports of
crystal production in types of commercial trays. The plates were imaged by a
Formulatrix Rock Imager (Formulatrix) daily by visible light, and the plates were
monitored for up to three months. Where precipitate was observed, optimisation
screens around these conditions were attempted. Unfortunately, no crystals were
found of nucleoproteins either alone or with added RNA (at 2-fold molar excess of

either 14-mer RNA (Knight et al., 2021) or 18-mer RNA (Chenavier et al., 2025)).
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3.2.3. Nucleoprotein in Complex with Nanobody

In a further attempt to grow nucleoprotein crystals, a nucleoprotein nanobody was
used to increase the chance of forming protein crystals. Nb170 (Schmidt et al., 2016)
is a nucleoprotein-binding nanobody which is observed not to interfere with vVRNP
nuclear import, nucleoprotein nuclear import, or vRNP activity (either replication or
transcription). Since no structure has been obtained of this nanobody in complex with
the nucleoprotein, and the binding interface is unknown, it poses an interesting
biological question as it may be helpful in further studies of the influenza genome in

situ.

3.2.3.1. Expression and Purification of Nanobody Nb170

The nucleoprotein nanobody, Nb170 was expressed and purified as described in the
materials and methods chapter (section 2.2.5.). Briefly, the nucleoprotein nanobody
was expressed in BL21 strain E. coli. As the nanobody construct contains a PelB signal
sequence, which is known to direct recombinant proteins to the E. coli periplasm after
cleavage of the PelB sequence (Power et al., 1992; Su et al., 2015; Shi et al., 2021a),
the protein purification was carried out initially with a bacterial osmolysis step, rather
than a bacterial lysis step, which leads to the release of pure protein from the bacterial
periplasm. After osmolysis, the periplasmically-expressed nanobody was affinity

purified via its C-terminal Hise tag.
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Eluted nanobody was then purified further via size-exclusion chromatography. As
shown in the SEC trace and accompanying SDS-PAGE gel (figure 3.9, panels C and D),
the purified nanobody eluted from the SEC column with a sharp, peak ataround 15 mL,

and pure protein on the SDS-PAGE gel with a molecular weight of 15 kDa.
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Figure 3.9: Nb170 Purification.

(A) Nb170 purification SDS-PAGE gel from bacterial pellet through to eluted resin. (B) SDS-PAGE gel of
elution fractions from Nickel-NTA resin. (C) SDS-PAGE gel of SEC fractions from SEC run of Nb170. (D)
Chromatogram from SEC run of Nb170 on S200 10/300 GL Increase column.
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3.2.3.2. Complex Formation

A complex was formed between the monomeric nucleoprotein (S09 NP R416A) and an
influenza nucleoprotein nanobody which is known not to interfere with the influenza
lifecycle (Schmidt et al., 2016), Nb170 by incubating the two proteins in a 1:1 molar
ratio on ice for 30 minutes. Control SEC experiments of the nucleoprotein alone and
nanobody alone were carried out to determine the positions of these peaks on a SEC
chromatogram without complex formation occurring and are shown in the below figure
(figure 3.10, panel B). This mixture was then separated by SEC and the resulting peaks

analysed with SDS-PAGE.

All complex formation reported in this chapter was analysed using an analytical
Superdex S200 5/150 GL Increase column. The nanobody and the nucleoprotein
eluted at volumes of 2.7 mL and 2.2 mL respectively. When allowed to incubate
together on ice for 30 minutes, the resulting complex that formed eluted at a volume
of 2.0 mL. Analysis of peak fractions by SDS-PAGE shows the formation of a broadly
equimolar complex between the two proteins. These peak fractions were pooled for

further structural studies.
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Figure 3.10: Complex Formation of Nucleoprotein and Nanobody.

(A) SDS-PAGE gel of SEC input, with NP and Nb170 annotated, and SEC fractions resulting from the
incubation of SO9 NP R416A and Nb170. (B) SEC profiles overlayed of Nb170 alone (red), SO9 NP R416A

alone (green), and the resulting complex (blue).
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3.2.3.3. BLI Analysis of S09 NP R416A and Nb170

The affinity of binding between the nucleoprotein and nanobody was investigated with
Bio-Layer Interferometry (BLI) (introduced in detail in section 4.1.3.). BLI experiments
were carried out as detailed in the materials and methods chapter (section 2.3.5.3.)
Briefly, SO9 NP R416A was immobilised on anti-GST tips as the ligand, and Nb170 was
used as the analyte. Aconstant concentration of nucleoprotein ligand (20 ug/mL=0.36
MM) was used in this experiment, with a five point dilution series of Nb170 protein
analyte — 60 pyg/mL (= 4 uM), 30 pyg/mL (= 2 uM), 15 pg/mL (= 1 uM), 7.5 pg/mL (= 0.5
MM), and 3.75 pg/mL (= 0.25 uM). A baseline was run in parallel, where no ligand was
immobilised with the highest concentration of analyte flown over the tips to determine
a background response due to ligand. This was negligible, suggesting no background
binding of Nb170 to the anti-GST tips, but the background reading was still subtracted

from the signal.

Kinetic parameters were calculated for the interaction and are displayed below (figure
3.11). The determined Kp value for the interaction between S09 NP R416A and Nb170
was 290 nM, suggesting a moderate to weak binding interaction between the
nucleoprotein and the nanobody. The model demonstrates an acceptable fit to the
data, given an R? value of 0.9296, and a x? value of 0.0013. However, the clustering of
low concentration data points in the steady-state analysis plot, and R? value of 0.9296,
suggest that the data could be improved by repeating this experiment with more data
points over a greater concentration range. Taking the data in its current form, this
confirms that the nanobody binds the nucleoprotein, with a Kp value of 290 nM, but

this should not be considered to be a strong nanobody-target interaction, as the Kp of
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ultra-tight nanobody-antigen binding has been reported to be in the low picomolar
range (Schedler et al., 2023), and to be in the low nanomolar range for high affinity

binders (Vasylieva et al., 2019).

These binding data provide the first biophysical quantification of the binding kinetics
of Nb170 to any influenza nucleoprotein, although they suggest that the binding
interaction with the nanobody is weak compared to other more tightly-binding
nanobodies (Vasylieva et al., 2019; Schedler et al., 2023). This experiment could be
repeated with other influenza nucleoproteins and nanobodies to compare the relative
affinities of interaction, giving a rational way of selecting nucleoprotein — nanobody

combinations for downstream structural work.
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Figure 3.11: Nucleoprotein Nanobody Complex Kinetic Analysis.

Steady-state analysis plot of the BLI experiment with S09 NP R416A immobilised as the ligand and
Nb170 used as the analyte. Key kinetic parameters are reported on the steady-state analysis plot.
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3.2.3.4. Crystal Trials

The S09 NP R416A + Nb170 complex was concentrated to 10 mg/mL and RNA was
added in a 2-fold molar excess (14-mer RNA (Knight et al., 2021)). Ten 96-well crystal
trays of different commercially available crystallisation screens were set up, and one
crystal was obtained from the Morpheus screen in well E4, corresponding to a
condition of 0.12 M di/tri/tetra/penta-ethylene glycol, 0.1 M Imidazole/MES buffer (pH
6.5), 37.5 % (v/v) MPD (2-methyl-2,4-pentanediol), PEG1000, PEG3350). This crystal
first appeared 1 day after the crystal tray was set up and stopped growing 4 days after
the crystallisation experiment was set up. The crystal grew to an approximate length of
315 um (figure 3.12). The well was opened, and cryo-protectant (15 % (v/v) ethylene
glycol) was added to the drop prior to mounting on an appropriately sized MiTeGen
loop and cryo-cooling. The crystals were soaked in the cryoprotectant for one minute
prior to mounting on crystal loops. Ethylene glycol was chosen as a cryoprotectant
because it was present in the crystallisation condition, and therefore it was
rationalised that further addition of ethylene glycol would not cause chemical damage

to the crystal through dissolving the protein crystal or osmotic shock.
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(B)

Figure 3.12: Images of S09 NP R416A + Nb170 Crystal.

(A) Image of crystal at its longest in the crystal drop from its source tray. Scale bar = 200 um. (B) Image
of crystal mounted in MiTeGen crystal loop maintained at 100 K at the Diamond Light Source, at

beamline 104.

116



3.2.3.5. X-Ray Diffraction Data Collection and Processing

Diffraction data were obtained at 100 K at the Diamond Light Source, using beamline
104. 360° of diffraction data were collected as a series of 3600 images with an
oscillation of 0.10° per image. The data were auto processed using xia2 dials (Gildea
et al., 2022). The crystal belonged to space group P6, with unit cell measurements of
a=b=133.09A, c=102.64 A and angles a = B = 90.00°, y = 120.00°. Analysis of
intensity statistics in PHENIX XTRIAGE suggested that the data were severely twinned,
with a twin operator of h, -h-k, -1, and an estimated twin fraction of 0.490. Additionally,
the data were very weak beyond 3.5 A (table 3.5), and I/cl values were very low beyond
4.08 A (table 3.6). For this reason, data beyond 3.5 A were not considered for phasing
by molecular replacement (MR) or further refinement. Based on packing
considerations for a complex of one nucleoprotein bound to one nanobody in an

asymmetric unit, this would give a solvent content of 65 %

Table 3.5: Completeness of X-Ray Diffraction Data Collected.

Resolution Range (A) Completeness (%)
115.22-18.41 100.0
18.37-14.50 100.0
14.50-11.43 100.0

11.41-8.99 100.0

8.98-7.08 100.0

7.08-5.58 100.0

5.57-4.39 100.0

4.39-3.46 92.8

3.46-2.62 14.6
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Table 3.6: Completeness and Intensity for X-Ray Diffraction Data Collected.

Values of | / ol are reported giving a measure of the strength of signal at various signal-to-noise ratios.

ResolutionRange(A) 1/0l>1 1/cl>2 1/01>3 1/cl>5 1/01>10 1/0l>15
115.33-6.47 99.9 99.6 99.0 98.2 93.6 87.7
6.47-5.14 98.5 96.6 93.9 88.0 67.6 50.7
5.14-4.49 98.0 95.3 92.0 82.2 60.2 42.0
4.49-4.08 96.1 91.2 85.2 69.5 41.8 25.9
4.08-3.79 84.6 75.2 62.0 421 20.7 12.2
3.79-3.56 69.4 52.0 39.1 21.8 9.3 5.2
3.56-3.38 42.2 28.3 20.6 11.2 4.3 1.5
3.38-3.24 29.1 20.3 13.9 7.9 2.9 1.1
3.24-3.11 17.9 12.0 7.8 3.6 0.7 0.6
3.11-3.00 11.4 7.3 3.8 1.2 0.1 0.0
3.00-2.91 8.9 5.9 3.3 0.7 0.1 0.0
2.91-2.83 4.5 2.3 1.1 0.2 0.1 0.0
2.83-2.75 2.4 1.3 0.6 0.1 0.0 0.0
2.75-2.69 1.1 0.4 0.1 0.0 0.0 0.0

The structure was solved by molecular replacement using PHASER (McCoy et al., 2007)
using crystal structures PDB: 7NT8 (NT60 NP R416A nucleoprotein) (Knight et al., 2021)
and the nanobody present in crystal structure PDB: 5TJW (Influenza A virus
nucleoprotein in complex with inhibitory nanobody) (Hanke et al., 2016) which found
one copy of the nucleoprotein and one copy of the nanobody in the asymmetric unit
with a log likelihood gain (LLG) score of 200 and a translation function Z score (TFZ) of
10.8, metrics which suggests a correct molecular replacement solution. These final
solution scores were reported in the Phaser-MR log file, and the best solution was
confirmed to have two components — one copy of the nucleoprotein, and one copy of

the nanobody.

Although the packing of the nanobody to the nucleoprotein appears sensible, with the
CDR3 loop of the nanobody binding to the nucleoprotein, refinement of the two
proteins, initially as rigid bodies followed by atomic positions, grouped B-factors, and

TLS refinement gave an R-factor and R-free score of 36.92 % and 38.56 % respectively
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with correspondingly poor maps. The geometry of the final model was validated using

MOLPROBITY (Chen et al., 2010).

To ensure that the good LLG and TFZ scores were not erroneous, molecular
replacement was attempted in the same way with an unpublished structure of the
approximately 50 kDa polymerase acidic (PA) C-terminal domain of the influenza
polymerase (Dr. Cecilia Rocchi, personal communication). The molecular
replacement search finished with an LLG value of 14 and a TFZ value of 5.8, which
suggests that molecular replacement of the S09 NP R416A nucleoprotein + Nb170
complex was indeed successful using the published structures, as outlined. Data
quality was further assessed by considering multiplicity and precision-indicating

merging R-factor values (table 3.7).

Given that the overall multiplicity of the data was high and the Rpim values were good,
the data are likely reliable at low and medium resolution. Furthermore, as the
nanobody is oriented such that the CDR3 loop is the binding interface with the
nucleoprotein, knowledge which PHENIX does not consider in its refinement, the
initial molecular replacement solution presented here (figure 3.13), is likely to be
correct. The severe twinning of the data (49 %) may account for the pathology of the
refinement (even though the twin factor was used in the refinement). This twinning may
potentially be caused by disordered packing of the complex which cannot be modelled

in the refinement, thus causing the poor refinement statistics.
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Table 3.7: X-Ray Diffraction Data Collection Parameters.

Data collection parameters for the S09 NP R416A + Nb170 crystal. Values in brackets represent the
outer shell of data collected. Data collected using Diamond data collection software (ISPyB) and
REFMAC and PHENIX statistics.

Data Collection

Wavelength (A) 0.954
Number of Images 3600
Q Oscillation per Image (°) 0.10
Exposure Time per Image (s) | 0.06
Beam Size (um) 107 x100
Transmission (%) 100
Space Group P6,
Unit Cell Dimensions

a, b, c(A) 113.092, 113.092, 102.64

a,B, v (") 90.0, 90.0, 120.0
Total Reflections 319,780
Unique Reflections 15,660
Resolution Range (A) 115.2-2.6 (2.8 - 2.6)
CC(1/2) 1.0 (0.6)
Rmerge 0.045 (0.242)
Mean |/ ol 14.2(1.9)
Rpim (1) 0.064 (1.070)
Completeness (%) 100 (14.6)
Multiplicity 21.0(20.7)
Wilson B-factor (A2) 68.82

The putative molecular replacement solution is shown in figure 3.13. In this solution,
the nanobody CDRS3 loop is positioned at the interface of the nanobody and the
nucleoprotein. The interface it interacts with is across two alpha helices from
approximate residues 224 to 240. Residues in close enough proximity for interaction
are foundto be from the CDR3 loop, with additional putative contacts contributed from

the A and G strands of the nanobody.
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Figure 3.13: Initial Molecular Replacement Solution of S09 NP R416A + Nb170.

(A) The nucleoprotein used in molecular replacement (PDB: 7NT8) (Knight et al., 2021) is coloured using
ChimeraX’s rainbow colouring scheme, and the nanobody (PDB: 5TJW) (Hanke et al., 2016) is coloured
in magenta with its CDR3 loop facing the nucleoprotein, labelled. (B) Image of molecular replacement
solution in Coot. Nb170 is coloured by Ca backbone in green and S09 NP R416A is coloured in brown,
with the CDR3 loop of the nanobody annotated. (C) Zoomed-in view of molecular replacement solution
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in Coot with electron density overlayed. Nb170 is coloured by Ca backbone in green and S09 NP R416A
is coloured by Ca backbone in brown, with the CDR3 loop of the nanobody annotated.

3.2.4. Nucleoproteins in Complex with (di-)Gluebodies

A new technology for presenting two copies of the same protein in a two-fold
symmetric dimer was developed during this work, the di-Gluebody. The benefit of this
technology is that the imposed symmetry, whereby two identical protein molecules
are held by a rigid scaffold at a set angle and distance apart, gives a C2 symmetry
function between the two monomers. This allows for the imposition of symmetry
during cryo-EM data processing: improving signal to noise ratio, aiding particle
alignment, and improving the resolution achievable. It was rationalised that complex
formation between dimeric nanobodies (di-Gluebodies) and nucleoproteins would
form a readily-producible complex sufficiently large and rigid for high-resolution
structure determination both of the nucleoprotein of interest alone, and in complex

with any number of binding partners.

In order to produce (di-)Gluebodies, five amino acid mutations must be made to the
scaffold region of the nanobody (i.e. not affecting the nanobody CDR loops) to
facilitate the formation of a disulfide bond under certain conditions (Ye et al., 2022; Yi
et al., 2025). The nanobody scaffold is highly conserved, with only the CDR region
varying between different nanobodies. The mutations required are S7N, L12C, Q14K,
K84E, and T125M, corresponding to mutations in the A strand (residues 7 and 12), the
A-B loop (residue 14), the E strand (residue 84) and the C-terminal loop after the G

strand (residue 125) (as reported in table 3.4). As the amino acid sequence of
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nanobodies is conserved, they can be easily alighed and equivalent residues across
varying nanobodies can be identified. This is carried out using the ANARCI web server
(Antigen receptor Numbering And Receptor Classification) (Dunbar et al., 2016), and
the numbering scheme with which the nanobody is numbered is the IMGT scheme (the
international ImMunoGeneTics information system) (Manso et al.,, 2022).
Subsequently, synthetic gene fragments were ordered for Gibson assembly into a

nanobody expression vector.

For clarity in nomenclature, the nanobody is the single-domain antibody to which
mutations are added. The gluebody is the nanobody with the five required mutations
added (as per above). The di-gluebody (dGb) is the dimeric gluebody (post-

dimerisation).

3.2.4.1. (di-)Gluebody Expression and Purification

(di-)Gluebodies are expressed and purified as described in the materials and methods
chapter. Briefly, synthetic gene fragments of nanobodies produced by Schmidt and
colleagues (Schmidt et al., 2016) with the added five mutations required for di-
gluebody formation were ordered from Twist Bioscience. Bacterial codon-optimised
nucleoprotein-binding nanobody fragments (with the required mutations for di-
gluebody formation) were used in Gibson assembly reactions to form bacterial
expression plasmids with a range of nucleoprotein-binding gluebodies. The bacterial
expression backbone was either pNIC_MBP (containing an MBP-Hiss tag), or

pNIC_NHS (containing a streptavidin tag). The choice of expression vector for each
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gluebody was arbitrary, with half cloned into the pNIC_MBP vector, and half cloned into
the pNIC_NHS vector, with the idea that they would be tested in parallel and the most

successful backbone chosen for all further experiments.

In figure 3.14, below, the results of an expression test are shown whereby 1 mL of
transformed competent KRX E. coli (Promega) was induced to express gluebodies by
the addition of 1 mM IPTG, and then at 3 h post-induction, SDS-PAGE fractions were
taken of whole cell lysates by boiling 10 puL of the transformed bacteria in 10 yL SDS

loading dye, and the relative expression of gluebody construct was compared.

From this expression test, two gluebodies were chosen to carry out further
experiments: 50M as it was the best-expressed gluebody, and 54S as it is based on a
nanobody which does not interfere with the influenza replication cycle (Nb170), and
as such, may be more amenable to use with innate immune factors of interest. (A
complete list of nanobodies, gluebodies, and their reported effect on the influenza

virus lifecycle is found in appendix 1).
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Figure 3.14: SDS-PAGE of Gluebody Expression Test.

Whole cell lysate of bacteria expressing 16 different gluebodies with a black box around bands
corresponding to proteins expressed in a pNIC_MBP vector (MBP-Hise-tagged proteins, labelled #M, top)
or proteins expressed in a pNIC_NHS vector (streptavidin-tagged proteins, labelled #S, bottom). Details
of the nanobody each gluebody was produced from are found in Appendix 1.
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Having chosen two candidate gluebodies with which further experiments were to be
carried out, both gluebodies were both purified as detailed in the materials and
methods chapter (section 2.2.6.). Briefly, MBP-Hiss-tagged gluebodies were affinity
purified by their N-terminal Hiss tag, thoroughly washed, and eluted in wash buffer
supplemented with 300 mM imidazole. The imidazole was removed with the use of a
PD-10 desalting column before cleaving the MBP-Hise tag overnight with the addition

of 0.5 mg Hise-tagged TEV protease to the pooled eluate sample.

The following morning, the protein — protease mix was purified by reverse immobilised
metalion affinity chromatography (IMAC), whereby fresh Ni-NTA resin was used to bind
the Hises-tagged TEV protease and the MBP-Hiss tag cleaved from the gluebody
construct. Streptavidin-tagged gluebodies were affinity purified by their N-terminal
twin-strep tag, thoroughly washed, and eluted with three elution washes of 10 mM, 25
mM, and 50 mM biotin. Affinity-purified gluebodies from either tagging system then
underwent dimerisation into di-gluebodies (if spontaneous dimerisation had not
occurred already). Briefly, gluebodies were diluted to < 0.5 mg/mL to avoid
precipitation and dimerised by increasing pH from 7.0 to 9.5 and adding Cu(l1)SO, to
catalyse the formation of disulfide bonds. Where required, gluebody samples were

also incubated at 37° C for 30 minutes to improve dimerisation efficiency.

Where a mixture of gluebody and di-gluebody was present in the resulting sample, size
exclusion chromatography was carried out to separate the resulting mixture. The
example purification of gluebody 50M is shown below (figure 3.15). It is of note that
between the SDS-PAGE gel fractions being taken from the TEV cleavage (figure 3.15,
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panel B) to the size exclusion chromatography experiment being carried out (figure

3.15, panels C, D), the gluebody underwent spontaneous dimerisation.
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Figure 3.15: 50M Purification.

(A) SDS-PAGE gel of 50M protein through nickel affinity purification to eluted MBP-tagged protein. (B)
SDS-PAGE gel lanes of 50M post-cleavage. The elution fractions were pooled and cleaved with TEV
protease overnight to produce free MBP and gluebody. (C) Post-reverse IMAC, the cleavage product was
concentrated and injected on a size exclusion column which was able to separate MBP from dGb and
Gb. (D) Chromatography trace of the 50M SEC run.

Gluebodies and di-gluebodies, where found in a mixed sample, can be separated by

size-exclusion chromatography (figure 3.16, panel A). Additionally, the use of 700 mM
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beta-mercaptoethanol (the standard concentration of beta-mercaptoethanol used in
the reducing SDS-loading dye used in this work) is sufficient to break the disulfide bond
formed between the two gluebodies in a di-gluebody, reversing the dimerisation of the
gluebody into a di-gluebody, and thus resulting in the formation of a homogeneous

population of gluebody (figure 3.16).
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Figure 3.16: Separation and Monomerisation of di-Gluebodies.

(A) SDS-PAGE gel of size exclusion chromatography run of 54S. The input is a mixture of dimer and
monomer and is clearly separated into a di-gluebody peak and a gluebody peak. (B) SDS-PAGE gel lanes
showing di-gluebodies can be efficiently monomerised by the addition of the reducing agent [3-
mercaptoethanol.

3.2.4.2. Complex Formation

The two di-gluebodies, 50M and 54S, were complexed with the S09 NP R416A mutant
nucleoprotein by equimolar incubation on ice for 30 minutes prior to separation by
size-exclusion chromatography. Complexing and separation of nucleoprotein-di-

gluebody complexes from the input mixture was carried out by Dr. Gangshun Yi.
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Representative SEC traces are shown in figure 3.17 panels (B) and (C). Itis notable that
there is a band beneath the nucleoprotein band. This is a commonly observed
degradation product from long-term storage of influenza A nucleoprotein. Since the
vast majority of the complex was with full-length nucleoprotein, this sample was
deemed appropriate to be applied to EM grids. A shift in SEC elution volume is
observed when complexed with the di-gluebody consistent with complex formation

greater than 100 kDa.

Samples of each fraction were taken, and grids were made by Dr. Gangshun Yi. Data
collection was carried out by Dr. Loic Carrique. Downstream data processing was

carried out independently.
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Figure 3.17: Nucleoprotein-di-Gluebody Complex Formation.

Example complex formation between S09 NP R416A mutant nucleoprotein and 50M di-gluebody. (A)
SDS-PAGE gel showing consecutive SEC fractions of nucleoprotein — di-gluebody SEC experiment in
panel C. (B) Chromatography trace of S09 NP R416A SEC experiment alone on an S200 5/150 column.
(C) Comparative chromatography trace of the SEC experiment containing the S09 NP R416A
nucleoprotein — 50M di-gluebody complex.

3.2.4.3. Cryo-EM Data Processing

Two datasets were collected of nucleoprotein — di-gluebody complexes: one with 50M
bound, and one with 54S bound. The first (with 50M) was a full dataset, with over
12,000 exposures recorded. The second (with 54S) was a smaller dataset during a time
of attempted optimisation of complex formation. Data collection and data processing
parameters are outlined in table 3.8, below. Data collection was carried out by Dr.

Gangshun Yi, but all data processing was carried out independently.

Table 3.8: Data Collection and Data Processing Statistics of Nucleoprotein-di-Gluebody
Complexes.

Data collection and data processing statistics of the two nucleoprotein - di-gluebody complexes formed,
with processing statistics relevant to the final round of density maps obtained.

Data Collection
NP -50M Dataset | NP -54S Dataset

Microscope Titan Krios
Voltage (keV) 300
Detector Falcon 4i
Magnification 165,000
Pixel Size (A) 0.7303
Total Dose (e 7A?) 50
Defocus Range (um) -0.5t0-2.5
Frames / Movie 50

Data Processing
Number of Movies 12,373 | 4,160
Box Size (Pixels) 384
Final Number of Particles 102,397 32,168
Resolution (FSC 0.143) 3.29 >7
Symmetry C1 C1/C2

A standardised processing pipeline was implemented for both datasets, incorporating

multiple rounds of 2D classification coupled with iterative Topaz training for particle
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selection (Bepler et al.,, 2020). This was followed by ab-initio reconstruction,
heterogeneous refinement, and non-uniform refinement to generate final density
maps. This systematic approach was carried out to ensure a large selection of
homogeneous particle populations containing both di-gluebody and at least one copy

of the nucleoprotein.

3.2.4.3.1. NP -50M Dataset Analysis

Comprehensive analysis of 2D class averages revealed an unexpected stoichiometry,
with only single nucleoprotein copies observed to be bound to the 50M di-gluebody,
rather than the anticipated 2:1 nucleoprotein:di-gluebody stoichiometry.
Consequently, only 2D classes containing one copy of the nucleoprotein and the di-

gluebody were selected to obtain a homogeneous particle stack of 103,000 particles.

Promisingly, 2D class averages exhibited clear secondary structure signatures,
indicating a robust particle alignment, and good signal quality with the potential for
high-resolution reconstruction. The best nucleoprotein — di-gluebody map was the
output of a non-uniform refinement job with 103,000 input particles. The nominal
resolution of this reconstruction was 4.25 A, however, upon examination of the
resulting density map, this is likely an overestimate due to the lack of high-resolution
detail. Because of this, unambiguous fitting of a nucleoprotein and subsequent model

building of the structure were not possible (figure 3.18).

An attempt at further processing was made using particle subtraction. This was

attempted as the lowest resolution area of the density map was at the interface
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between the nucleoprotein and the di-gluebody. It was therefore rationalised that
conformational flexibility at the binding interface was limiting the resolution of the
reconstruction. By computationally removing the nanobody density and carrying out
focussed refinement using a mask around the nucleoprotein, the effect of low-
resolution density may be reduced, and the overall reconstruction may be improved.
Particle subtraction of density representing the nanobody was carried out and one
final local refinement job was run with the density subtracted particles. This approach
improved the overall map quality, resulting in a nominal resolution of 3.21 A, which
facilitated unambiguous fitting of the nucleoprotein into the density, and also a broad
understanding of the epitope to which this specific nanobody binds. Further
processing did not improve the overall density map, and the final reported map was of
insufficient quality to carry out model building due to a lack of clear secondary

structure elements and map anisotropy (figure 3.20).
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Figure 3.18: Cryo-EM SPA Data Processing Pipeline of 50M dGb + S09 NP R416A Dataset.

3.2.4.3.2. NP - 54S Dataset Analysis

The NP -54S dataset yielded 2D classes containing the expected 2:1 nucleoprotein:di-
gluebody stoichiometry, suggesting differential binding characteristics between the

two di-gluebodies tested in this work. The same processing strategy of iterative 2D
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classification and Topaz training was maintained to ensure homogeneous particle
selection. However, reduced secondary structure visibility in 2D classes suggested a

diminished potential for high-resolution reconstruction compared to the 50M dataset.

Despite fewer total exposures, comparable numbers of particles were observed
throughout data processing. While some 2D classes retained secondary structure
signatures, final density maps lacked sufficient quality for unambiguous
nucleoprotein fitting. Multiple computational strategies were explored, including ab-
initio reconstruction with imposed C2 symmetry to exploit inherent sample symmetry,

but failed to yield improved reconstructions (figure 3.19).

It is likely that data processing was hindered by a flexible binding interface between
the two gluebodies, and additionally between the gluebodies and nucleoprotein,

leading to difficulty in accurate particle alignment.

These results highlight the technical challenges inherent in structural characterisation
of nucleoprotein - di-gluebody complexes, likely reflecting conformational
heterogeneity and dynamic binding interfaces that limit achievable resolution in single

particle analysis.
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Figure 3.19: Cryo-EM SPA Data Processing Pipeline of 54S dGb + S09 NP R416A Dataset.

3.2.4.3.3. 50M dGb + S09 NP R416A Complex

The final density map obtained of the S09 NP R416A nucleoprotein bound to the 50M
di-gluebody allowed for the unambiguous rigid body fitting of the influenza A
nucleoprotein into the density. This was carried out with the NT60 NP R416A mutant
(PDB: 7NT8). The rigid body fitting of this nucleoprotein into the focussed refinement
density map is illustrated below (figure 3.20, panel A). Maintaining the same
orientation, the nucleoprotein is additionally illustrated when fitted into the final

nucleoprotein — di-gluebody complex map below (figure 3.20, panel B).
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Figure 3.20: Rigid Body Fitting of NT60 NP R416A into Final 50M + S09 NP R416A Density Map.

Rigid body fitting of NT60 NP R416A mutant (PDB: 7NT8) into final density maps. (A) The nucleoprotein
rigid body fitted into the final nucleoprotein density map. (B) The nucleoprotein rigid body fitted into the
final nucleoprotein - di-gluebody 50M density map. In both panels, the nucleoprotein is coloured using
ChimeraX’s rainbow colouring scheme.

When the canonical sensitivity residues for MxA and BTN3A3 are considered (residues
16, 52, 100, 283 and 313, as introduced earlier in this chapter), then the 50M di-

gluebody is observed to bind to a nearby site (figure 3.21) which likely means that
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forming a complex with both 50M and MxA, or 50M and BTN3AS3, would not be possible

due to steric clashes.

Figure 3.21: 50M dGb Binding Interface.

The 50M di-gluebody is observed to bind to the nucleoprotein at a site close to the understood sensitivity
sites for MxA and BTN3A3 restriction. The density map for the nucleoprotein — di-gluebody is shaded in
light grey with 25 % opacity. The nucleoprotein structure of NT60 NP R416A (PDB: 7NT8) is rigid body
fitted into the density map, as above, and coloured in grey. The understood sensitivity sites for BTIN3A3
restriction are coloured in blue (residue 52), for both MxA and BTN3A3 restriction are coloured in purple
(residue 313), and for MxA restriction are coloured in green (residues 100 and 283). All sensitivity
residues are additionally shown as atoms.

Given that firstly no 2D class averages of two nucleoproteins were found bound to the
50M di-gluebody, that secondly there is likely to be significant flexibility present at the
binding interface of 50M and S09 NP R416A, and thirdly that the binding site of this
gluebody and the immune factors of interest are very close (leading to potential steric
clashes), it is not advisable that work with this gluebody is continued. Thus, other
nanobody binding sites should be characterised in pursuit of a doubly-occupied di-
gluebody whose nucleoprotein binding site does not occlude potential interactions

with immune factors of interest.
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3.2.5. Nucleoprotein in Complex with Megabody Mb151

As an alternative method of determining the structure of the nucleoprotein, a larger
protein scaffold was used, a megabody (Mb), in an attempt to produce a stable
complex of SO9 NP R416A nucleoprotein in complex with Mb151, a megabody (Mb)
derived from a nucleoprotein nanobody (VHH151). The nanobody on which the
megabody was designed was again produced by Schmidt and colleagues (Schmidt et
al., 2016), and the megabody derivative was cloned and produced by a previous DPhil
student, Dr. Amanda Zhu, and donated for use in this study. This nanobody is known
to block VRNP nuclear import and transcription/translation, but not to block nuclear
import of the nucleoprotein. Here, | demonstrate the formation of an S09 NP R416A

complex, and present cryo-EM SPA data processing of the resulting sample.

3.2.5.1. Complex Formation

A complex was formed between S09 NP R416A and Mb151 by incubating the two
proteins in a 1:1 molar ratio on ice for 30 minutes. The resulting mixture was then
separated by size-exclusion chromatography and the peak fractions analysed by SDS-
PAGE. A control SEC run of the nucleoprotein alone was carried out to determine the

position of the nucleoprotein in comparison to the complex.

The resulting SEC chromatogram and SEC fraction SDS-PAGE gel are illustrated below
(figure 3.22). The starred fraction (*), which corresponded to the top of the top of the
left-most peak illustrated in figure 3.22, panel B, was taken and concentrated to 0.6

mg/mL before cryo-EM grids of the complex were made using freshly glow-discharged
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Quantifoil Cu 1.2/1.3 300 mesh grids. This specific fraction was chosen given the
similar intensity of staining of both the megabody and nucleoprotein where earlier
fractions had more intense staining for the megabody, and later fractions had more
intense staining for the nucleoprotein. This suggested that the starred fraction may
contain more equal amounts of both component proteins in complex than compared

to earlier or later fractions.

Screening was carried out independently on a 200 keV Thermo Fisher Glacios
microscope to identify good grids, and data collection was carried out on a 300 keV
Thermo Fisher Krios microscope by Dr. Loic Carrique. Downstream data processing

was carried out independently.
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Figure 3.22: S09 NP R416A + Mb151 Complex Formation.

(A) SDS-PAGE gel of SEC input and consecutive SEC fractions from the complex formation experiment.
The gelis splitinto two to allow for clear labelling of the ladder. The starred fraction (*) was used to make
cryo-EM grids of the complex and corresponds to the first red peak. (B) SEC chromatogram of
experiments with either SO9 NP R416A alone (in black) or SO9 NP R416A in complex with Mb151 (in red).
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3.2.5.2. Cryo-EM Data Processing

Tabular information on data collection, data processing, and model refinement is

found in the table below (Table 3.9).

Table 3.9: Cryo-EM Data Collection, Data Processing, and Model Refinement Statistics.

Data collection parameters, key data processing values, and model refinement statistics for the S09 NP
R416A + Mb151 composite map structure.

Data Collection - Mb151 + S09 NP R416A
Microscope Titan Krios
Voltage (keV) 300
Detector Falcon 4i
Magnification 165,000 x
Pixel Size (A) 0.7303
Total Dose (e 7A?) 50
Defocus Range (um) -0.5t0-2.5
Frames / Movie 60
Data Processing - Mb151 + S09 NP R416A
Number of Movies 12,864
Box Size (Pixels) 350
Final Number of Particles 38,054
Resolution (FSC 0.143) Mb Core =2.85A, Nucleoprotein = 3.15 A
Map Resolution Range (A) 1.50-46.00
Symmetry C1
Model Refinement - Mb151 + S09 NP R416A

Initial Model Used ModelAngelo
Model Resolution (A) (FSC =0.143) 3.1
FSC model-map (FSC = 0.5) 0.287
Map Sharpening B Factor (A2) 81.6
Composition

Non-Hydrogen Atoms 9785

Protein Residues 1229
Protein B Factor (Az) (max/mean) 131.27/85.74
RMSD from Ideal

Bond Lengths (A) 0.006

Bond Angles (°) 0.889
Validation

MolProbity Score 1.83

Clashscore 10.10

Rotamer Outliers (%) 1.27
Ramachandran

Favoured (%) 96.55

Allowed (%) 3.45

Outliers (%) 0.00

Following motion correction, CTF correction, and blob picking, 6.8 million (m) particles
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were extracted from 12,408 curated micrographs with a box size of 350 pixels (px)
(binned to 128 px, = 2.7 x bin factor). Specific box sizes were chosen in considering the
maximum dimensions of the particle of interest, with added room around this to
ensure little data were lost to allow for accurate CTF (Contrast Transfer Function)
estimation and correction. Specific box sizes were chosen in accordance with advice
in the EMAN2 documentation

(https://blake.bcm.edu/emanwiki/doku.php?id=eman2:boxsize) to minimise

processing power required in initial ab-initio processing.

An initial round of 2D classification was run to select particles in classes resembling
the Mb-nucleoprotein complex, and these 2D class averages were fed into a template
picker job to find more, similar particles. 18,000,000 (18 m) such particles were found.
Inspect picks was used to ensure bona fide particles were being selected, not ice and
not samples on carbon, after which the particles were extracted from their
micrographs and put through 2D classification again. 246,000 (246 k) particles were
selected in the select 2D class job, and the same round of template picker, inspect
particle picks, extract from micrographs, 2D classification, and select 2D classes
workflow was run to select 246 k genuine particles in 27 promising classes (as shown

in figure 3.23, below).

Ab-initio reconstruction was then carried out with 5 classes (due to the flexibility of
both the Mb and nucleoprotein). The best class had 89 k particles, and clear regions of
Mb and nucleoprotein. Iterative Topaz training was used three times until a point where

less than a 50 % increase in particle number was observed. After this, 9 rounds of
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iterative heterogeneous refinement were used on the binned particles (Haas et al,,
2025). Each round had one ‘good’ class from the previous refinement job and three

‘junk’ classes from an earlier refinement job of a bad particle set.

The particles from the one good class were then fed into the next heterogeneous
refinement job and this process repeated until fewer than 10 % of the particle set was
being removed at each step. A local refinement step was then carried out prior to un-
binning of the particles in an extract from micrographs job. A final non-uniform
refinement job was carried out on the resulting 38 k particles, with the resulting map
corresponding to the Mb core (and some flexible information from the nanobody and
nucleoprotein) being reported to 2.85 A (see figure 3.24, below). As there was little to
no genuine signal for the nucleoprotein, a strategy of particle subtraction and local
refinement was carried out in order to focus the refinement on the nucleoprotein
molecule. After the final local refinement step, the nucleoprotein volume was reported

to 3.15 A (see figure 3.24, below).

A composite map of the best Mb core and best nucleoprotein maps was created in

PHENIX for model building and refinement.
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Figure 3.23: Cryo-EM Processing Pipeline for S09 NP R416A + Mb151 Complex.

Pipeline for EM processing of SO9 NP R416A + Mb151 data from micrographs through to final composite
map production. All data processing steps were carried out in cryoSPARC unless otherwise stated.
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Figure 3.24: Local Resolution Maps and Accompanying Resolution and View Distribution
Information for Final S09 NP R416A + Mb151 Complex Density Map.

(A) Mb core local resolution map. (B) Mb core gold-standard Fourier Shell Correlation curve. Nominal
resolution (FSC =0.143) =2.85 A. (C) Mb core particle Angular Distribution Plot. (D) Nucleoprotein local
resolution map. (E) Nucleoprotein gold-standard Fourier Shell Correlation curve. Nominal resolution
(FSC =0.143) =3.15 A. (F) Nucleoprotein particle Angular Distribution Plot. (G) Composite map of Mb
core and nucleoprotein at the same threshold value coloured with the same local resolution scale.

3.2.5.3. Structure of S09 NP R416A + Mb151 Complex

With the processing and refinement strategy outlined above, ModelAngelo (Jamali et
al., 2024) was used to build initial models of both the S09 NP R416A nucleoprotein and
Mb151 by providing the composite map and sequences of the two component proteins
to a centrally installed version of ModelAngelo on the Biomedical Research Computing

(BMRC) cluster.

Initial ModelAngelo model production did not include the first and final beta strands of
the nanobody domain of the megabody (strands A and G, residues 3-13 and 880-885
based on the predicted secondary structure of the Mb151 AlphaFold3 prediction in
ChimeraX). Rather, the modelwas built from residue 15 (after the first beta strand) until
residue 871 (before the final beta strand). This is likely due to relatively poor density of
these strands compared to others in the nanobody domain, as well as the flexible
nature of the linker regions connecting the nanobody domain to the megabody core.
Being flexible, these regions were poorly resolved in the experimental density map and
this likely lowered the ModelAngelo confidence score of these regions, leading to their
absence in the initial model (figure 3.25). As a result, the nanobody domain of the
megabody was rebuilt by fitting reference structures and predictions to assess optimal

nanobody placement within the visible density.
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Figure 3.25: Missing Chains from Initial ModelAngelo Model of Mb151 Nanobody.

(A) Initial ModelAngelo model of constituent nanobody of Mb151 (yellow). * Indicates the start of the
ModelAngelo model, at residue number 15. (B) Constituent nanobody domain of a solved megabody
structure (PDB: 6XUX) (grey) aligned with the ModelAngelo model in panel (A) using the matchmaker
command in ChimeraX. The start of the first beta strand, A, and the end of the final beta strand, G, are
annotated. (C) Superimposition of the ModelAngelo model and the matchmaker aligned nanobody
domain of the megabody structure 6XUX. The missing chains from the ModelAngelo model are labelled
as in panel (B), and the start of the ModelAngelo at residue 15 is again annotated by *. (D) The
superimposition displayed in panel (C) fitted into the experimentally determined density map, displaying
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the fit of strands A and G of the solved structure 6XUX into the density observed in this experimental
density map.

A series of rigid body fitting experiments with various predictions was carried out in
order to attempt to determine the quality of the initial ModelAngelo model, and to
assign density to the first and last beta strands which were missing. Structural models
of the nanobody based on which the megabody was produced again using

ModelAngelo with a map which had been auto-sharpened in PHENIX.

A model given the sequence of the nanobody from which the megabody was designed
alone, and a model of the megabody alone were observed to contain the last beta
strand but not the first beta strand. AlphaFold3 predictions of the original nanobody
and megabody either alone or in complex with the nucleoprotein predicted all beta
sheets and were highly similar to the solved structure of the megabody with the same
cYgjK backbone (Uchanski et al.,, 2021) (PDB: 6XUX). The structural models,
AlphaFold3 predictions, and solved megabody structure were all superimposed onto
the initial ModelAngelo model nanobody domain and nanobody structure was

compared.

Cross-validation against the ModelAngelo models, AlphaFold3 predictions and PDB
structure confirmed the accuracy of the initial ModelAngelo model and provided both
missing strands. Both missing beta strand were consistently positioned within a gap
which corresponded to the solved megabody nanobody domain structure. This rigid
body fitting was well-supported by the density in the experimental map, as shown

(figure 3.26).
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Figure 3.26: Nanobody Missing Chain Replacement.

(A) The initial ModelAngelo model of the megabody displayed in the initial map. (B) The rigid body fitted
solved structure of the megabody (PDB: 6XUX) superimposed onto the auto-sharpened map. (C) The
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second ModelAngelo model of the megabody displayed in the auto-sharpened map. In each panel, the
density for strands A and G are annotated.

As a result, the AlphaFold3 prediction of the constituent nanobody domain of the
megabody was used to rebuild the nanobody section of the initial ModelAngelo model
of the megabody. The final structure was refined with iterative rounds of PHENIX
(Adams et al., 2010) real-space refinement and manual model inspection and
improvement in Coot (Emsley et al., 2010). The final model was validated with
MOLPROBITY (Chen et al., 2010) and refinement statistics are additionally reported in

table 3.9.

The overall structure of the megabody — nucleoprotein complex is displayed below

(figure 3.27).
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Figure 3.27: Overall Cryo-EM Structure of the Mb151 Megabody in Complex with the S09 NP R416A
Nucleoprotein.

The megabody is displayed in yellow and the nucleoprotein is displayed in pink. The structure is fit into
the density map at a transparency of 30 % in the bottom half of the figure.
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Figure 3.28: Example Density Fitting of the Mb151 Megabody in Complex with the S09 NP R416A
Nucleoprotein.

(Left) Example density fitting within the megabody core centred around residue W652 (labelled). (Right)
Example densityfitting at the nucleoprotein — megabody interface centred around nucleoprotein residue
E107 (labelled). The proteins modelled are coloured by heteroatom, with the backbone coloured by
chain (nucleoprotein — green, megabody — brown).

The observed density of the S09 NP R416A + Mb151 complex does not support a
significant CDR3 loop interaction. Instead, the interaction is mediated through
residues involved in two beta sheets. The beta sheet from the nucleoprotein
implicated in the interaction from the nucleoprotein is composed of residues 106-112.
The beta sheet from the megabody implicated in the interaction is composed of
residues 828-832. When comparing predicted secondary structure elements, this
corresponds to residues 57-61 of a nanobody, which relates to the C”’ strand of the

nanobody (with some potential overlap with the end of the CDR2 loop).
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CDR1

Figure 3.29: Interaction Interface between Mb151 and S09 NP R416A.

The interface between the Mb151 megabody (yellow) and the S09 NP R416A nucleoprotein (pink) is
made predominantly of the C” strand of the constituent nanobody of Mb151, with some potential
contribution from the CDR2 and CDR3 loops.
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The binding interface of the resulting structure was analysed using PISA (Krissinel and
Henrick, 2007). This analysis showed that six hydrogen bonds and two salt bridges
were present stabilising the interaction between S09 NP R416A and Mb151 (figure 3.30;
table 3.10) . The residues implicated in the interaction interface on the nucleoprotein
were all within the residue range 106 — 115, which corresponds mostly to a predicted
beta sheet. The residues implicated in the interaction interface on the megabody were
mostly localised to the residue range 827 — 833, which corresponds to the end of the
CDR2 loop, the length of the C” strand, and one residue of the subsequent loop of the
constituent nanobody. The salt bridges were both contributed by R871, which belongs
to the CDR3 loop - the only residue from this hypervariable loop detected to form a

stabilising interaction at the interface.

153



Figure 3.30: Residues Contributing to the Binding Interface of S09 NP R416A and Mb151.

Residues identified by PISA analysis to contribute to the binding interface of SO9 NP R416A and Mb151.
Mb151 displayed in yellow, S09 NP R416A displayed in pink. Residues determined to be contributing to
the binding interface are shown as atoms, coloured by heteroatom, and labelled. Residues from the
nucleoprotein are always coloured in pink. Residues from the Mb151 nanobody core are always
coloured in yellow. Residues from the Mb151 CDR loops are coloured blue (CDR1), green (CDR2), or red
(CDR3).
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Table 3.10: Residues Contributing to the Binding Interface of S09 NP R416A and Mb151.

Table indicating residues identified by PISA analysis to contribute to the binding interface of S09 NP
R416A and Mb151 by either forming hydrogen bonds or salt bridges. No disulfide or covalent bonds were
present at the interaction interface.

Hydrogen Bonds
Nucleoprotein Megabody Distance (A)
R106 (O) R833 (N) 3.89
E107 (OE2) R871 (NH2) 3.30
E107 (OE2) R871 (NH1) 3.37
L108 (O) Y831 (N) 3.78
L110 (O) T829 (N) 3.28
D112 (N) 1827 (O) 2.71

Salt Bridges
E107 (OE2) R871 (NH2) 3.30
E107 (OE2) R871 (NH1) 3.37

Whilst CDR3 is understood to be the main contributor to binding partner interactions
in nanobody binding, whereas CDR1 and CDR2 are reported to assist in the binding
strength (Mitchell and Colwell, 2018b; Mitchell and Colwell, 2018a; Zavrtanik et al.,
2018; JovCevska and Muyldermans, 2020), it is also known that antigen binding can be
assisted by residues form the nanobody core (i.e. non-CDR regions) (Zavrtanik et al.,
2018). In this study, Zavrtanik and colleagues determined that, from 105 nanobody -
antigen complexes deposited on the protein data bank, although 50.6 % of interaction
interfaces were mediated by the CDR3 loop, 16 % of all nanobody — antigen contacts
were mediated by non-CDR loop residues. Although uncommon, there is clear density
for this interaction interface, and the mode of binding is supported by multiple
AlphaFold3 predictions of this megabody, or the original nanobody, binding to the S09

NP R416A nucleoprotein in this manner.

The buried surface area between the nucleoprotein and nanobody is approximately

540 A2, This is less than the standard interface of binding between nanobodies and
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their targets, commonly around 600 — 800 A2 (Beghein and Gettemans, 2017). However,
the buried surface area of nanobodies (and sybodies, synthetic nanobodies) and their
targets are also observed between a range of 585 A2 and 1663 Azin one study (Ahmad
et al., 2021), and the only solved structure of an influenza nucleoprotein bound to a
nanobody also found a buried surface area of 542 A2 (Hanke et al., 2016) (PDB: 5TJW).
The interface in the published structure however is seen to use residues from all three
CDRs, whereas in the megabody-bound structure presented in this chapter, the main
interactions between the nanobody and nucleoprotein originate from the C” sheet of
the nanobody, supplemented by one additional residue from each the CDR2 and CDR3

loops.

The low buried surface area observed in this megabody — nucleoprotein complex is
likely explained due to the relatively short CDR3 loop, 10 amino acids (residues 869 —
879). This is within the expected range of the CDR3 loop, between 3 and 28 amino acids

(Bannas et al., 2017), but shorter than others observed.

In figure 3.31, the nanobody domain of Mb151 (yellow) is shown overlaid with the
nanobody domain of the megabody in the PDB deposition 6XUX (grey). Here, the CDR3
loops are both coloured in red. The CDRS3 loop length of the nanobody domain of the
deposited structure 6XUX is 14 residues (871 — 885) which offers a greater range of

flexibility to the CDR3 loop to form more interaction contacts with its binding partner.
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Figure 3.31: Comparison of CDR3 Loops from Nanobody Domains of Megabodies.

The nanobody core of the deposited structure (PDB: 6XUX) is displayed in grey, and the nanobody core
of the solved structure in this chapter, Mb151, is displayed in yellow. The CDR loops are coloured by
chain, with the CDR loops from the deposited structure being lighter than that of the determined
structure: CDR1 is blue (Mb151) or light blue (PDB: 6XUX), CDR2 is green (Mb151) or light green (PDB:
6XUX), and CDR3 is red (Mb151) or orange (PDB: 6XUX). The CDR3 loops corresponding to both
structures are labelled for clarity.

Where no density was present to clearly model peptide backbone, protein residues
were deleted. Therefore, the nucleoprotein was only modelled from residue 22.
Residues 83 — 86 were not resolved, and thus, were not modelled. Additionally, the C-
terminal of the protein (residues 391 to 498) was not resolved and also not modelled.

As such, the flexible C-terminal 402 — 428 loop was not presentin the solved structure.
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The mutated residue, A416, was therefore not modelled, but the other required residue
for oligomerisation, E339 (in the well-ordered body domain of the nucleoprotein) was

resolved.

The overall structure of the solved nucleoprotein is very similar to that of the crystal
structure of the NT60 NP R416A mutant (PDB: 7NT8), with only marginal differences in
secondary structure elements. The RNA binding grooves between the two structures
adopt a similar conformation, and the major difference between the two proteins is

observed to be the unresolved C-terminal tail loop (figure 3.32).

No density for RNA was observed, as expected with the R416A monomeric
nucleoprotein (Knight et al., 2021). This is likely to be due to the fold of two flexible
loops — earlier identified as the D72-K90 and G490-N498 loops. Here, only the former
is resolved (figure 3.32), but it adopts a very similar conformation to that observed in

the previously solved crystal structure (PDB: 7NT8).
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Figure 3.32: Comparison of S09 NP R416A and NT60 NP R416A.

Comparison of the S09 NP R416A structure described in this chapter with the solved NT60 NP R416A
structure (PDB: 7NT8). (A) The solved S09 NP R416A structure in pink. (B) The previously solved NT60
NP R416A structure overlayed in green, with the RNA binding groove and 490 — 498 loop annotated. The
reported RMSD when aligning the two structures in ChimeraX is 0.844.

3.3. Discussion

The motivation of this work was first to solve the structure of a H2N1 avian influenza
nucleoprotein, which had not been done prior to this work. This nucleoprotein would
then be used to develop a scaffold system, such that routine high resolution structural
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determination of the nucleoprotein in complex with binding partners of interest would
be possible. This would improve our understanding of the molecular basis of
nucleoprotein binding partner interactions, including partners required for the viral

lifecycle, immune factors of interest, and potential therapeutics.

This chapter presents a comprehensive structural investigation of S09 NP R416A
influenza virus nucleoprotein, employing multiple complementary approaches: X-ray
crystallography, cryo-EM, and nanobody-assisted structural determination strategies.
The work encompasses the expression and purification of S09 NP R416A
nucleoprotein, nucleoprotein-binding nanobody Nb170, engineered gluebodies, and

a megabody construct, all integrated into systematic structural biology workflows.

3.3.1. X-Ray Crystallography of Influenza Nucleoproteins

X-ray crystallography is a powerful technique to study the high-resolution structure of
macromolecular proteins. It has been successfully used for the determination of
multiple influenza nucleoprotein structures since 2006 at resolutions ranging from 2.2
to 3.3 A, as reviewed in the introduction to this chapter. While nucleoprotein
crystallisation on its own proved intractable in this work, the use of a nucleoprotein
nanobody (Nb170) facilitated the reproducible formation of protein crystals. This
crystal diffracted to a reported 2.6 A resolution, but due to crystal pathologies outlined
in this chapter, the structure was not able to be refined to produce an accurate model.
Nonetheless, a convincing molecular replacement solution was obtained from the

nucleoprotein — nanobody complex, validated by the positioning of the nanobody in
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such a position where the CDR3 loop provides the largest contribution to the predicted

binding interface.

The nanobody used (Nb170) is known not to interfere with influenza virus replication
or transcription (Schmidt et al., 2016), suggesting that the observed nanobody binding
site is on an exposed surface in the biological context of the VRNP, which will be further

explored in chapter 5.

3.3.2. Di-Gluebodies as a Tool to Study Influenza

Nucleoprotein Structure

The application of the novel di-gluebody platform represents an innovative approach
to nucleoprotein structural determination. At 56 kDa, the nucleoprotein represents an
ideal test case for this technology, positioned at the current practical limit of routine

cryo-EM SPA (Herzik et al., 2019).

Size-exclusion chromatography confirmed stable nucleoprotein - di-gluebody
complex formation; however, cryo-EM analysis revealed significant heterogeneity.
Only one dataset exhibited fully occupied di-gluebodies, suggesting differential
binding characteristics between the two different di-gluebodies tested. This
observation warrants further investigation of affinity-driven effects on binding to the

di-gluebody scaffold.

161



While the di-gluebody platform has demonstrated utility in both X-ray crystallography
and cryo-EM applications (Ye et al., 2024; Yi et al., 2025), the conformational flexibility
observed at binding interfaces described in this study prevented successful structure
determination even with fully occupied complexes. Combined with the reduced
expression yields compared to conventional nanobodies, these technical challenges

represent significant hurdles that must be addressed for broader platform adaptation.

Future optimisation should focus on reducing interface flexibility and improving
stoichiometric occupancy to fully realise the platform’s potential for small protein

structure determination.

3.3.3. Megabodies as a Tool to Study Influenza

Nucleoprotein Structure

Megabody Mb151 provided the most successful approach for nucleoprotein structural
characterisation in this study. Stable nucleoprotein-megabody complexes were
readily formed via size-exclusion chromatography and maintained structural integrity

during cryo-EM sample preparation.

Single particle analysis yielded high-quality reconstructions suitable for atomic
modelling through focussed refinement strategies. A composite map approach was
employed, generating two complementary reconstructions: the megabody core region

at 2.85 A resolution and the nucleoprotein — nanobody interface at 3.15 A resolution.
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Initial model building was facilitated using ModelAngelo (Jamali et al., 2024), followed

by iterative refinement to produce the final structure.

This structure represents a significant achievement as the first monomeric
nucleoprotein structure solved by cryo-EM. Remarkably, the reconstruction reveals an
unconventional nanobody - target binding mode, with interactions predominantly
mediated through the C” strand, rather than the canonical CDR loops. Only two
additional CDR contacts were observed — one each from the CDR2 and CDR3 loops -

highlighting the unique binding mechanism employed by this nanobody.

This atypical binding mode expands our understanding of nanobody - target
interactions and demonstrates the structural diversity achievable through nanobody

engineering approaches.

3.3.4. Resolved Nanobody Binding Interfaces on the

Influenza Nucleoprotein

Prior to this work, only one nanobody-bound influenza nucleoprotein structure had
been solved and reported in the literature. This structure employed nanobody VHH1,
which was shown to inhibit replication and transcription of long RNA segments (Hanke
etal., 2016) (PDB: 5TJW). In the figure below, this structure is overlayed with the Mb151
— S09 NP R416A nucleoprotein structure solved in this chapter, and the putative

molecular replacement solution of the Nb170 + SO9 NP R416A crystal (figure 3.33).
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This chapter presents two additional nanobody-nucleoprotein complexes: the high-
resolution structure of the Mb151 megabody bound to S0O9 NP R416A, and the putative
molecular replacement solution of Nb170 bound to S09 NP R416A. Figure 3.33 shows
these three structures superimposed to reveal their distinct binding sites on the

nucleoprotein.

The nanobodies exhibit markedly different functional properties that correlate with
their binding sites. Mb151 is derived from nanobody VHH151. This nanobody inhibits
nuclear import of vYRNPs and blocks transcription and replication of influenza A virus
(Schmidt et al., 2016). The solved structure displays a binding interface close to the

top of the head domain of the nucleoprotein.

VHH1, as reported (Hanke et al.,, 2016) binds to the head domain and inhibits
replication and transcription of long RNA segments, similar to Nb151 but at a distinct

site on the head domain.

Nb170 is uniquely placed among the nanobodies tested by Schmidt and colleagues,
showing no detectable effects on influenza A virus VRNP nuclear import,
nucleoprotein nuclear import, or on VRNP activity (replication and transcription)
(Schmidt et al., 2016). The molecular replacement solution positions the nanobody at

the base of the body domain of the nucleoprotein.
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Figure 3.33: Superimposition of Nanobody and Nanobody-Derived Structures and Predictions on
one Central Nucleoprotein.

The published structure of WSN nucleoprotein (PDB: 5T/W) bound by VHH1 (green), the molecular
replacement structure of S09 NP R416A + Nb170 presented in this chapter (lilac), and the solved
structure of S09 NP R416A + Mb151 presented in this chapter (yellow) all coloured with 50 %
transparency with one central nucleoprotein, SO9 NP R416A (pink) presented in this chapter solved in
complex with Mb151 displaying the binding sites of the one previously solved nucleoprotein nanobody
in comparison with the structure solved and molecular replacement solution presented in this chapter.
Sections are additionally displayed zoomed in to demonstrate the interaction interfaces of the
nanobodies with the nucleoprotein.

As discussed by Hanke and colleagues (Hanke et al., 2016), VHH1 used in their study
of the structure of the nucleoprotein overlaps significantly with regions that determine
sensitivity to MxA. When these residues are additionally highlighted (figure 3.34), this
overlap is clear. In contrast, both Nb151 and Nb170 do not directly overlap with this
binding site, suggesting both may be suitable candidates for the study of MxA and

BTN3A3 interactions with the nucleoprotein without interference.
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Figure 3.34: Immune Factor Sensitivity Residues and Nanobodies Bound to one Central
Nucleoprotein.

S09 NP R416A structure solved in this chapter (pink) with sensitivity residues for MxA (100, 283), BTN3A3
(52), and both MxA and BTN3A3 (313) drawn as atoms in dark green, blue, and purple respectively. The
mode of binding of Mb151 (yellow), VHH1 (green, PDB: 5TJW), and Nb170 (light purple) are overlayed.

By superimposing the nanobody onto low-resolution structures of the vRNP, Hanke
and colleagues also reason that in one model (Moeller et al., 2012), the VHH molecule
would block the major groove of the VRNP complex. This would reduce accessible
surface area of the vVRNP and hence limit interactions of the vVRNP with other host and
viral proteins. In another model (Arranz et al., 2012), the VHH molecule would clash
with the head domain of an adjoining nucleoprotein molecule and additionally
occlude the NLS2 (nuclear localisation signal 2) of the nucleoprotein, explaining the

observed inhibition of VRNP nuclear import.
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The NLS’s of the nucleoprotein are illustrated in the figure below (figure 3.35). It is
observed that NLS2 is at the base of the body domain of the nucleoprotein and given
the top-to-bottom packing of nucleoproteins in early vVRNP models (Arranz et al., 2012;
Moeller et al., 2012 - both introduced fully in section 5.1.2), this would indeed restrict
access to NLS2 in the context of the VRNP and likely disrupt physiological vRNP

packaging.

Figure 3.35: Nanobodies bound to one Central Nucleoprotein with NLS2 Displayed.

S09 NP R416A structure solved in this chapter (pink) with NLS2 (residues 198 — 216) shown as atoms,
coloured as heteroatoms, and labelled at the base of the body domain of the nucleoprotein. The start of
the resolved structure, beginning at residue 22 is shown by a star (*). This is the closest location on the
resolved protein of NLS1 (residues 3 — 13). The mode of binding of Mb151 (yellow), VHH1 (green, PDB:
5TIW), and Nb170 (light purple) are overlayed.
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Since the conceptualisation of this work, two recent studies have been published
whichyield interesting data on vVRNP and vVRNP-like complexes (Chenavier et al., 2025;

Peng et al., 2025), which are both further discussed in chapters 5 and 6.

In the prior paper, Chenavier and colleagues employ N-terminal nucleoprotein
truncation mutants (A1-14) and the use of a synthetic piece of RNA ((UC):s-fluorescin®
(FAM)) to form a pseudo-vRNP made of recombinant truncated nucleoprotein and
synthetic RNA (Chenavier et al., 2025). The resulting complex was observed to form an
antiparallel double helix with the canonical major and minor grooves observed of

influenza vVRNPs.

Chenavier and colleagues were able to obtain a 3.04 A reconstruction of the
nucleoprotein by employing a focussed refinement strategy on a nucleoprotein dimer.
However, the physiological relevance of this structure must be called into question, as
varying nucleoprotein truncations or synthetic RNA lengths were observed to lead to
the production of highly variable helical assemblies — from single helices to parallel

double helical assemblies with no major or minor grooves.

In the latter paper, Peng and colleagues use an influenza D reconstitution system to
purify the shortest segment of the influenza D genome, NS. They carried out cryo-EM
SPA and cryo-ET on the reconstituted influenza D RNPs, and additionally, cryo-ET on

native influenza A vVRNP segments.
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In their cryo-EM SPA pipeline, they were able to obtain a 5.1 A reconstruction of a 4-
mer of influenza D nucleoproteins, and further lower resolution information for the

influenza D helical RNP.

Both studies converge on a consistent architectural model of the influenza RNA: an
antiparallel double helix with RNA encapsidated in the minor groove, where individual
nucleoprotein subunits are connected by flexible tail loops. This conservation across
the two experimental approaches provides strong support for this being the

physiologically relevant vVRNP architecture.

Because a consistent architectural model of nucleoprotein packaging was agreed
upon across both studies, and the helical reconstruction of the influenza D RNP
offered significantly more information across one whole turn (compared to much less
in other reconstructions), comparisons were made between the helical packaging of
the influenza D RNP and the nanobody interaction interfaces presented in earlier
figures in order to analyse the mode of binding of each of the nanobodies presented to

the native VRNP (figure 3.36).
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Molecular Replacement Solution
of Nb170 + S09 NP R416A

Figure 3.36: Comparison of Nanobody Interaction Sites with the Structure of the Helical Influenza
D Virus RNP.

Comparison of nanobody interaction sites with the influenza D helical RNP structure recently published
(Peng et al., 2025). Briefly, the density map of the influenza D virus helical RNP (EMDB: 44980) was
displayed in grey at 40 % transparency and the associated influenza D helical RNP structure (PDB: 9C4H)
is displayed in this density in magenta. The three structures presented earlier: the molecular
replacement solution for the S09 NP R416A + Nb170 crystal (A) was displayed in magenta with the
bound nanobody displayed in lilac, the structure solved for the Mb151 megabody in complex with the
S09 NP R416A nucleoprotein (B) was displayed in magenta with the bound megabody displayed in
yellow, and the deposited VHH1 nanobody bound to the WSN nucleoprotein (C) was displayed in
magenta with the bound nucleoprotein in green (broadly maintaining the colour palate from the
preceding figure).
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As expected for a megabody, Mb151 (figure 3.36, panel B) would cause significant
steric clashes if the vVRNP were fully coated. However, the nanobody domain itself is
not observed to clash with neighbouring nucleoproteins. The inhibition of vRNP
nuclear import and activity are likely results from steric interference with host and viral

protein interactions rather than with neighbouring nucleoproteins or NLS occlusion.

In the case of VHH1 (figure 3.36, panel C), the overlay suggests that this nanobody
does not directly clash with neighbouring nucleoproteins, calling into question the
proposed mechanism of VRNP nuclear import via the occlusion of NLS2 on
neighbouring nucleoprotein molecules. Instead, the functional effects may be the
result of a similar global vVRNP conformational perturbation or reduced accessibility

for binding partner interaction when multiple copies of the nanobody bind to the vRNP.

Finally, the molecular replacement solution of Nb170 bound to S09 NP R416A (figure
3.36, panel A) places the nanobody directly in density occupied by neighbouring
nucleoproteins, which leads to a direct contradiction of the functional data showing

no effect on vRNP activity.

Given this apparent contradiction, an AlphaFold3 prediction was performed for the
S09 NP R416A + Nb170 complex. In 4 out of 5 predictions, the binding interface was
positioned on the back / head domain of the nucleoprotein, rather than the body

suggested by the molecular replacement solution (figure 3.37, panel A).
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When this predicted binding site is similarly mapped onto the solved structure of the
influenza D helical RNP published, Nb170 would bind to a highly exposed portion of
the head domain that would allow complete coating of the vRNP without structural
perturbation. This positioning is consistent with the observed lack of functional effects
on VRNP nuclear import and activity. However, when the mode of binding of the
AlphaFold3 prediction of Nb170 to the nucleoprotein is examined, it is observed that
there are two alpha helices present in the AlphaFold3 prediction which do not exist in
experimentally-solved structures of nanobodies, and that the residues corresponding
to the CDR3 loop are not implicated in binding to the nucleoprotein, but rather,

residues in the C strand, the C-C’ loop, and the E-F loop.

These findings suggest that the molecular replacement solution may be incorrect
despite favourable data processing statistics (good LLG and TFZ scores) and
biologically reasonable placement of the CDR3 loop. Because of this, further
molecular replacement and data processing is necessary to correctly solve the

structure of the nucleoprotein in complex with the nanobody in this crystal.

To investigate other potential modes of binding of Nb170 to the S09 NP R416A
nucleoprotein, AlphaFold3 predications were made. Both AlphaFold2-Multimer and
AlphaFold3 can be used as helpful screening tools for nanobody binding, and have
been able to predict binding interfaces which have been shown to be correct given
experimental data. However, the overall success rate of such predictions can be lower

than 50% (Eshak and Goupil-Lamy, 2025; Sachdev et al., 2025).
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AlphaFold3 predictions demonstrate a binding site which would fit with the
observation that influenza virus replication and transcription aren’t affected by this
nucleoprotein, but highlight issues in a dependence on structural predictions, given
the incorrect fold of the nucleoprotein observed. This highlights the importance of

validating structural solutions experimentally (figure 3.37, panel B).

The reported pTM score of 0.75 suggests an overall accurate structure of the
component proteins in the prediction, whereas the low ipTM score of 0.13 suggests
that this prediction, too, may be wrong. Therefore more work must be carried out to

verify the mode of Nb170 binding to the nucleoprotein.

ipTM=0.13
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Figure 3.37: Comparison of Molecular Replacement Solution and AlphaFold3 Prediction of Nb170
Binding Site.

Comparison of nanobody interaction sites with the influenza D helical RNP structure recently published
(Peng et al., 2025). Briefly, (A) an AlphaFold3 prediction of Nb170 bound to the S09 NP R416A
nucleoprotein was carried out and this was aligned to the molecular replacement solution introduced
earlier to compare predicted nanobody binding sites. Then, the density map of the influenza D virus
helical RNP (EMDB: 44980) was displayed in grey at 40 % transparency and the associated influenza D
helical RNP structure (PDB: 9C4H) is displayed in this density in magenta. The molecular replacement
solution for the S09 NP R416A + Nb170 crystal was displayed, the nucleoprotein coloured in magenta
and the bound nanobody coloured in lilac (MR Solution). Additionally, the AlphaFold3 prediction of
Nb170 boundtothe SO9 NP R416A nucleoprotein was displayed, the nucleoprotein coloured in magenta
and the bound nanobody coloured in maroon (AF3 Prediction). The molecular replacement solution and
AlphaFold3 prediction were aligned in ChimeraX to one copy of the nucleoprotein in the published
influenza D helical RNP structure (PDB: 9C4H).

Whilst Nb170 was chosen as it does not interfere with the replication cycle of influenza
virus, and Mb151 was used as it was a well-expressing megabody available in the
laboratory, these nanobody and nanobody-derived proteins may not be ideal. This is
due either to weak binding affinity, or to the epitope targeted on the influenza virus
nucleoprotein. It may be possible to develop tighter binding nanobodies which target
either similar exposed epitopes, or epitopes which have not yet been targeted by our

current repertoire of nanobodies.

Future work in this area of research should consider the possibility of going back to the
camelid source of nanobodies, and producing more nanobodies which may perform
better in structural and functional experiments. By producing a new, broader panel of
nanobodies, other epitopes may be exploited either to study the virus in situ, or used
as a therapeutic (e.g. to block nucleoprotein oligomerisation). Such nanobodies may

be able to be developed for both research and therapeutic purposes.
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4. Nucleoprotein Interaction Partners of the Human

Innate Immune System

4.1. Introduction

In order for the successful replication of influenza virus to occur in the host cell, the
virus must be able to evade host immune restriction, as detailed in chapter 1. The
nucleoprotein is both critical in the context of the viral lifecycle — protecting the viral
genome from recognition by the host immune response and acting as a processivity
factor for viral transcription and replication — and critical in the context of the immune
response. Being so abundant in viral infection, the nucleoprotein is also necessarily
exposed to the host cell, forming a common target for the host immune system. For
this reason, there are a number of antiviral targeting mechanisms of both the innate

and adaptive immune response to the nucleoprotein, including MxA and BTN3A3.

Due to this targeting by the host immune system, there is an evolutionary pressure to
evade the host immune response. Regions of the nucleoprotein targeted by the host
immune response necessarily mutate to evade host immune factor restriction, and to
lead to more productive infection cycles. These mutations, observed across different
influenza virus strains, provide insights into mechanisms of host factor restriction and
viral immune evasion strategies. Therefore, comparative studies of the binding of
human innate immune factors to nucleoproteins from different influenza virus strains
are informative on the effects of specific nucleoprotein mutations on the ability of the

immune factors to bind to the nucleoprotein.
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Two innate immune factors known to interact with the influenza virus nucleoprotein

are MxA and BTN3AS3, as introduced in chapter 1.

MxA is a well-studied protein of the innate immune system, and the specific residues
involved in the MxA — nucleoprotein interaction are well-understood (Gotz et al., 2016),
with clear evidence for the MxA L4 loop being the determinant of antiviral specificity

(von der Malsburg et al., 2011; Patzina et al., 2014; Verhelst et al., 2015).

Given this wealth of understanding, a reasonable model has been proposed of MxA
binding to VRNPs by forming higher order oligomeric complexes including rings around
VRNPs in order to restrict their transport into the host cell nucleus (Gao et al., 2010;
Haller et al.,, 2010; Gao, von der Malsburg, et al.,, 2011), and a similar binding to
nascently-produced vRNPs inducing their clustering followed by transport and
sequestration atthe MTOC (McKellar et al., 2025). Additionally, it is suggested that MxA
dimers bind nascently produced influenza nucleoprotein in the host cell cytoplasm,
and inhibit their transport into the host cell nucleus (Haller et al.,, 2015; Nigg and
Pavlovic, 2015). However, there is a lack of structural data to support the proposed

model of restriction.

BTN3A3 has been recently identified as an innate immune factor important in the
restriction of avian influenza A virus infection (Pinto et al., 2023). This work is
fundamental in the emerging understanding of the butyrophilin family of proteins and

theirroles in the innate immune response. In their work, Pinto and colleagues describe
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the specific restriction of avian influenza A infection as a result of BTN3A3, showing
the localisation of BTN3A3 to the nucleus by immunoblotting. The mechanism
underlying this nuclear localisation remains unclear. Furthermore, the direct
biochemical interaction between avian influenza A virus nucleoprotein and the
expected domain of interaction, B30.2, has not been demonstrated, nor has the mode

of binding of BTN3A3 to the nucleoprotein been explained.

The widespread resistance of human-adapted influenza virus to restriction by the
innate immune factors outlined underscores the critical evolutionary importance of
immune factor evasion in influenza pathogenesis and host adaptation. While
interactions between these immune factors and susceptible avian-origin influenza A
virus strain nucleoproteins have been suggested, in both cases, no direct binding
interactions have been biochemically demonstrated. Systematic biochemical
characterisation across multiple sensitive and resistant influenza A virus strains using

quantitative and biochemical techniques are therefore lacking.

Improved knowledge of these interactions on the molecular level is essential for fully
understanding the mechanisms of immune factor action and additionally
understanding the importance of specific residues in immune evasion of these

proteins.

This chapter presents the production and biophysical characterisation of MxA and the
BTN3A3 B30.2 domain. Interactions with multiple influenza A nucleoprotein strains are
characterised by complementary biochemical methods. This chapter attempts to
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address gaps in our understanding of host innate immune factor binding to the avian
influenza nucleoprotein to establish direct interactions and quantitative binding

parameters.

4.1.1. Protein Choice Rationale

4.1.1.1. Influenza A Virus Nucleoproteins

Three influenza A virus strain nucleoproteins were selected to examine immune factor
binding across strains which are predicted to be sensitive and resistant to restriction
by MxA and BTN3A3. Two avian-adapted nucleoproteins were chosen based on their

predicted sensitivity to both MxA and BTN3AS restriction.

The S09 strain (A/Green-Winged Teal/Ohio/175/1966 (H2N1)) and Tk strain
(A/turkey/Turkey/1/2005 (H5N1)) both contain the canonical sensitivity residues for
these immune factors and share 97.6 % sequence identity, with identical RNA binding

and immune factor sensitivity sites (see chapter 3, table 3.3, and figure 3.2).

The Tk strain was specifically selected as a representative H5N1 highly pathogenic
avian influenza (HPAI) virus, which are of particular global concern due to their
enhanced pandemic potential. H5N1 viruses are classified as HPAI based on their
multibasic cleavage site (MBCS) in the HA protein, which enables cleavage by
ubiquitous proteases across tissue types, enhancing their pathogenicity (Joseph et al.,
2017; Mostafa et al., 2024; Neumann et al., 2025). The recent widespread zoonosis of

H5N1 in cattle (Neumann and Kawaoka, 2024; Mostafa et al., 2024), increased
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pandemic potential, and currently limited human spillover (Garg et al., 2024; Uyeki et
al., 2024) has heightened surveillance interest in this strain. It was studied in this work
to compare the differences in restriction between two avian influenza strain

nucleoproteins.

The NT 60 strain nucleoprotein (A/Northern Territory/60/1968 (H3N2)) was chosen as
a negative control, representing a human-adapted influenza A virus strain expected to
be resistant to restriction by both innate immune factors. This nucleoprotein contains
the canonical resistance mutations to MxA and BTN3AS3 and shares 92.4 % and 92.0 %
sequence identity with the S09 and Tk strain nucleoproteins respectively, providing an
ideal comparative framework to assess the functional impact of specific resistance

mutations.

Table 4.1: Sequence Identity of Nucleoprotein Strains Used.

Amino acid sequence identity of S09, Tk, and NT60 influenza A virus nucleoproteins. The two avian-
adapted influenza A virus strain nucleoproteins differ in 11 surface-exposed residues: (33, 34, 77, 105,
371, 373, 377, 408, 417, 450, and 482) which are not clustered in any one location, and are instead
spread around the head and body domains of the nucleoprotein. Aside from the sensitivity sites to MxA
and BTN3AS3, differences between the two avian influenza A virus strain nucleoproteins and the human-
adapted NT60 influenza A virus nucleoprotein are predominantly surface-exposed (with some in the
interior of the protein), and located in the head and body domain of the nucleoprotein, with some
residues additionally located in the G1 and G2 RNA binding regions: (16, 31, 61, 98, 100, 109, 114, 127,
136, 146, 214, 217, 283, 293, 305, 313, 334, 344, 351, 353, 357, 372, 375, 411, 421, 422, 423, 442, 452,
455, 456, 472).

S09 100 %

Tk 97.6 % 100 %

NT60 92.4% 92.0% 100 %
S09 Tk NT60
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4.1.1.2. Innate Immune Factors

4.1.1.2.1. MxA

The interferon-stimulated innate immune factor MxA is known to restrict influenza
virus through binding and inhibiting the nuclear import of vRNP complexes, as well as
by sequestering nascent nucleoprotein molecules produced in the host cell
cytoplasm. MxA is thought to function primarily as a dimer capable of forming higher-
order oligomeric structures around vRNPs to prevent their nuclear transport (Gao et
al., 2010; Haller et al., 2010; Gao et al., 2011; von der Malsburg et al., 2011; Haller et
al., 2015; Nigg and Pavlovic, 2015). Within this mechanism, the MxA L4 loop serves as
the key determinant of antiviral specificity across multiple viral targets (von der

Malsburg et al., 2011; Patzina et al., 2014; Verhelst et al., 2015).

Asintroduced in section 1.5.2. and in figure 1.9, the MxA L4 loop is located at the tip of
the stalk domain of MxA. Its function is highly conserved across species, acting as the
primary determinant of antiviral action (Verhelst et al., 2015), however it is not well-
conserved at the amino acid sequence level — especially among primates (Mitchell et

al., 2012).

To characterise MxA — nucleoprotein interactions, an L4 loop peptide was used in an
initial pull-down experiment to verify that the L4 region alone is sufficient for specific
nucleoprotein recognition. Subsequently, full-length wild-type MxA protein was

employed in a pull-down assay and size exclusion chromatography with a susceptible
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avian influenza strain nucleoprotein to study physiologically relevant interactions of

MxA with the nucleoprotein.

Quantitative binding analysis was performed using BLI, where GST-tagged influenza A
nucleoproteins were immobilised on sensor tips and MxA was used as the analyte
across a wide concentration range. This experimental design allowed for MxA
oligomerisation to occur in solution while measuring direct binding kinetics with
immobilised nucleoproteins, allowing the determination of kinetic parameters for MxA

—nucleoprotein binding events across three nucleoprotein strains.

4.1.1.2.2. BTN3A3

Also recently identified as an interferon-stimulated innate immune factor against
influenza A virus (Pinto et al., 2023), BTN3A3 has been reported to selectively restrict
avian origin influenza Avirus infection in humans. However, the molecular mechanism
underlying restriction of avian influenza A virus infection by BTN3A3 remains poorly

understood.

As introduced in chapter 1, BTN3A3 contains a cytoplasmic B30.2 domain, which
shares structural homology with other innate immune proteins known to interact with
viral components (Ozato et al., 2008; Pertel et al., 2011; D’Cruz et al., 2013; Tomar and
Singh, 2015). Given this domain architecture and its cytoplasmic localisation, the
B30.2 domain represents the most likely candidate for direct interaction with the

influenza A nucleoprotein.
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To test this hypothesis and provide evidence for direct interaction of the B30.2 domain
with influenza A nucleoprotein, the isolated B30.2 domain was used in pull-down
experiments with an example susceptible avian influenza nucleoprotein and was
subsequently studied by means of size exclusion chromatography. This approach
allows for the specific assessment of the B30.2 domain interaction with the
nucleoprotein without potential complications resulting from the use of the full-length

transmembrane protein.

Nucleoprotein — B30.2 domain interactions were studied as for MxA. GST-tagged
influenza A nucleoproteins were immobilised on sensor tips, and the B30.2 domain
was used as the analyte across multiple concentrations. This configuration enables
direct comparison between B30.2 interactions and the three influenza A virus
nucleoprotein strains used, providing quantitative insights into the affinity of BTN3A3-

mediated restriction.

4.1.2. Methodological Approach

In this chapter, three complementary techniques were used to identify binding
interactions between nucleoproteins and immune factors. First, resin-based pull-
down assays were carried out to investigate the hypothesised interaction between the
S09 avian influenza nucleoprotein and three interaction partners: the MxA L4 peptide,
the full-length wild-type MxA protein, and the BTN3A3 B30.2 domain. Subsequently,
the interaction was investigated between the S09 avian influenza nucleoprotein and

the full-length wild-type MxA and the BTN3A3 B30.2 domain by means of size-
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exclusion chromatography. Finally, the interaction between the S09 and Tk avian
influenza nucleoproteins and the NT60 human-adapted influenza virus nucleoprotein,
and the full-length wild-type MxA or the BTN3A3 B30.2 domain was investigated by

means of Bio-Layer Interferometry.

In all cases, the monomeric mutant influenza nucleoprotein, containing the R416A
mutation, was chosen to investigate interactions, as this simplified the model system.
Experimentally, this comes at the expense of studying higher order oligomeric
nucleoprotein interactions with their binding partners, but when using BLI or similar
techniques, one component must be immobilised in an assumed low-order

oligomeric state.

Resin-based pull-down assays serve as the foundational technique for the detection
of protein-protein interactions, allowing initial identification of binding partners
through specific binding interactions. In resin-based pull-down assays, one protein
(the bait) is immobilised by a specific affinity tag to resin which binds specifically
tagged protein —in this chapter, the immobilisation is carried out using a GST tag which
specifically binds glutathione sepharose resin —while the expected binding partner (or
prey) is added in solution and binding is allowed to occur. Following this incubation
and sufficient washing steps, proteins that remain bound to the resin are visualised by
means of SDS-PAGE, providing initial, qualitative, evidence for a direct binding

interaction.
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Size-exclusion chromatography enables characterisation of protein complexes in
solution in their native state by separating proteins and protein complexes based on
their hydrodynamic radii. Packed resin columns made of crosslinked polymers with
strictly controlled pore sizes allow smaller molecules to enter pores formed by the
polymer, causing smaller molecules to be retained for a longer time in the packed resin.
Larger molecules by comparison cannot enter the polymer-formed pores and are
retained for less time in the column, eluting earlier. When two proteins interact in
solution, they elute from the size exclusion column earlier than either individual
component, owing to theirincreased hydrodynamic radius. This technique is useful for
studying the oligomeric state of proteins and protein complexes in solution and
facilitates their separation into distinct homogeneous fractions. It is however a
limitation that if binding partner interaction is weak, the complex may not be able to

be observed by size-exclusion chromatography.

Bio-Layer Interferometry (BLI) is a biophysical method used to measure protein-
binding partner affinity and kinetics by immobilising a ligand (or bait) molecule on the
tip of a glass biosensor by a specific affinity tag or peptide linker. In this chapter, all
nucleoprotein bait molecules were immobilised via their GST tag to anti-GST-coated
biosensor tips. Once bait molecules have been successfully captured, a baseline
measurement is taken. Following this, the expected binding partner (also called the
analyte or prey), in this case the immune factors MxA or the BTN3A3 B30.2 domain, are

exposed to the ligand at varying concentrations and binding allowed to occur.
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White light is transmitted through the glass biosensor, which consists of an optical
layer and a biocompatible matrix where target molecules are immobilised (see figure
4.1, below). When light reflects from the sensor surface, interference occurs between
light reflected from the optical layer and light reflected from the biocompatible matrix.
Binding events alter the optical thickness of the biolayer, causing a shift in the
interference pattern that is proportional to the mass of the bound molecules. The
recorded difference in interference provides a direct readout of protein binding to the

biocompatible matrix layer and is recorded as the response signal (in nm).

The tips are then placed in fresh experimental buffer to allow dissociation of the bound
analyte from the ligand. By monitoring the response in both the binding and
dissociation stages of this experiment, binding kinetic parameters of the ligand and
analyte can be obtained (Shah and Duncan, 2014; Sultana and Lee, 2015; Petersen,

2017) (figure 4.1, below).
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Figure 4.1: Basic BLI Experimental Design

(A) The glass biosensor (or ‘tip’) is displayed in diagrammatic form with both the optical layer and
biocompatible matrix labelled. At the end of the tip (conjugated onto the biocompatible matrix) are
immobilised molecules (in this case, anti-GST antibodies). (B) An example BLI experiment sensogram
with the steps of the experiment labelled above. The first baseline step equilibrates the tips in the
reaction buffer. The ligand loading step is where a controlled amount of ligand is specifically added to
each tip by the conjugated biomolecule (in this case, GST-tagged proteins are immobilised by an anti-
GST antibody). The analyte association step is the point at which the tips are incubated in a dilution
series of analyte (in this case, MxA or BTN3A3 B30.2 domain).In this step, k, is calculated. The analyte
dissociation step is the point at which the tips are incubated in fresh reaction buffer and analyte
dissociation is allowed to occur. In this step, kq is calculated. The different coloured curves represent
different concentrations of analyte used in this example experiment. Figures adapted from Sartorius
Octet® documentation.
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Due to background binding of the immune factors to the tips, all experiments were
accompanied by ligand-free replicates, where the dilution series of analyte was flowed
over GST tips with no ligand bound. These data were then subtracted from each
concentration of experimental runs. Additionally, a 0 uM analyte sample run was
carried out in each experiment as a reference and subtracted from the analyte runs. In

the data processing, all curves were aligned to the average of the final 5 s of baseline.

Data analysis was carried out with the associated Octet® Data Analysis HT software
(Sartorius, Germany). Once kinetic data have been acquired, they are fit to a binding
modelin orderto derive kinetic parameters. In order to fit data to a kinetic modelin BLI,
multiple binding models can be used, where the aim is always to best fit the data
observed. The simplest model is the Langmuir model of binding, which describes a
simple 1:1 stoichiometric interaction, assuming a single binding site and no binding

cooperativity.

Other models of binding may also be considered if the Langmuir model does not
describe the data well. They include binding models which consider multiple states of
reactions, for example when binding induces a structural change in the resulting
complex, which leads to multiple kinetic parameters to consider, and also binding
models which consider higher order binding — whereby binding involves a non-

stoichiometric ratio of the two components being examined in the BLI experiment.
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In all cases presented in this chapter, the 1:1 binding model was the most accurate in
terms of fit to model and was always used. A global 1:1 binding model was used to fit
the association and dissociation phases of all curves, assuming a 1:1 mode of binding

between nucleoprotein and immune factor.

In an assumed 1:1 mode of binding between nucleoprotein (here, ligand, L), and

immune factor (here, analyte, A):

ka

A+L AL

kqy

The equilibrium dissociation constant, Kp (M), is calculated using the kinetic

parameters of the 1:1 binding model using the equation below:

K = [AI[L]  ky
D~ JAL] Kk

a

Where the parameters [A], [L], and [AL] correspond to the concentration of analyte,
ligand, and analyte:ligand complex respectively (M), and the parameters ks and k,
correspond to the dissociation rate constant (s™) and association rate constant (M's™)

respectively.

Notably, no kinetic parameters are reported for the experiments where NT60 NP was

used as the ligand, as no accurate values were able to be calculated due to the

minimal binding of the immune factors to the resistant nucleoprotein.
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4.2. Results

4.2.1. MxA and Nucleoprotein Interactions

In this section of the chapter, | demonstrate a direct interaction between the S09 avian
influenza A nucleoprotein and a synthetically-produced MxA L4 loop peptide. | then
demonstrate the bacterial expression and purification of recombinant full-length,
wild-type MxA protein, before characterising its oligomerisation in solution with Size
Exclusion Chromatographs — Multi Angle Light Scattering (SEC-MALS) and Dynamic
Light Scattering (DLS). | then demonstrate the interaction of this MxA construct with
the S09 avian influenza A nucleoprotein by means of a resin-based pull-down assay,
and size-exclusion chromatography, before characterising the binding of two avian
influenza A nucleoproteins and one human-adapted influenza A nucleoprotein to MxA

by BLI.

4.2.1.1. Interaction Studies of the MxA L4 Loop Peptide with Influenza

A Virus Nucleoprotein

A synthetic peptide of the MxA L4 loop was ordered and used in resin-based pull-down
assays to detect binding to S09 strain nucleoprotein, an influenza A nucleoprotein
which was hypothesised to bind to MxA. This was carried out to validate the L4 loop as
the domain required for direct interaction with the nucleoprotein in a minimal

biochemical system.
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4.2.1.1.1. Resin-Based Pull-Down Assay

In order to confirm the interaction between the MxA L4 loop and influenza
nucleoprotein, a resin-based pull-down was carried out, as described in the materials
and methods chapter. Briefly, GST-tagged monomeric S09 NP R416A was immobilised
by its GST tag using glutathione sepharose resin (Cytiva). Approximately 0.35 mg of S09
NP R416A was thawed and incubated with 50 L of glutathione sepharose resin which
was pre-equilibrated with binding buffer (25 mM HEPES-NaOH (pH 7.5), 150 mM NaCl)
and allowed to incubate on a rotating platform at 4 ° C for 1 hour. After binding, the resin
was washed three times with 1 mL of binding buffer. After washing, an approximate 2-
fold molar excess of MxA L4 loop peptide was added (10 uM of MxA L4 peptide in a final
volume of 1 mL) and incubated at 4° C on a rotating platform for 1 hour. After binding,
the resin was washed three times with 1 mL of binding buffer. After the final wash, the
resin was resuspended in 500 yL of binding buffer. SDS-PAGE samples were taken at

each stage of the pull-down assay and analysed.

In the pull-down assay carried out (figure 4.2, below) the S09 NP R416A input was seen
to bind the glutathione sepharose resin, with excess nucleoprotein being washed away
in the wash steps. Enriched impurities were washed away in subsequent wash steps.
Upon the addition of the approximate 2-fold molar excess of MxA L4 peptide loop,
much of the L4 peptide is observed to be removed in the wash steps. However, a weak
band of MxA L4 peptide is still present after thorough washing. Given the presence of
aweak band of L4 peptide and the difference in the intensity of the SO9 NP R416A band

and MxA L4 peptide band, this suggests that a direct interaction between the
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nucleoprotein and the L4 peptide has occurred, but there is not complete occupancy

of the nucleoprotein.

In order to confirm that this interaction was not due to a non-specific interaction of the
L4 peptide and the glutathione sepharose resin used, the L4 peptide was incubated
with the glutathione sepharose resin alone. The same binding and wash protocol as
detailed above was carried out, and the peptide was detected in both input and
flowthrough lanes, but crucially not in the bound resin lane, suggesting that the L4
peptide alone does not bind to the glutathione sepharose resin, and that the

interaction detected was indeed genuine (figure 4.2, panel B).
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Figure 4.2: SDS-PAGE Gel of Resin-Based Pull Down Experiment of S09 NP R416A Nucleoprotein
with MxA L4 Loop Peptide.

SDS-PAGE gel of resin-based pull-down experiment of S09 NP R416A with MxA L4 loop peptide
demonstrating interaction between the S09 NP R416A nucleoprotein and the synthesised MxA L4
peptide. (A) S09 NP R416A is first immobilised to glutathione sepharose resin (G), and the MxA L4
peptide is added and the resin washed. Flowthrough and bound resin fractions of SO9 NP R416A alone,
and S09 NP R416A plus MxA L4 peptide are shown, with the approximate molecular weights fo the bands
for MxA L4 peptide (L4 Peptide) and S09 NP R416A (NP) annotated. (B) A control experiment to confirm
that the MxA L4 peptide does not bind to the glutathione sepharose resin.

4.2.1.2. Expression and Purification of MxA

Bacterial expression systems are commonly used to produce recombinant MxA which
has been used to functionally characterise MxA, as itis observed to form varied orders

of oligomer in solution (Kochs et al., 2002; Gao et al., 2010; Gao, von der Malsburg, et
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al., 2011; von der Malsburg et al., 2011; Chen et al., 2017; McKellar et al., 2023),
establishing bacterial expression as the standard for MxA structural and biophysical

studies.

Given that MxA can be expressed in bacteria, the pET151 bacterial expression plasmid,
with an N-terminal Hiss tag and TEV cleavage site was chosen to express soluble MxA.
Expression and purification were carried out as described in the materials and
methods chapter. Briefly, MxA was affinity purified with the N-terminal Hise tag using

Ni-NTA resin and eluted with imidazole before a final SEC step.

As shown in the SDS-PAGE gels below (figure 4.3, panels A and B), a significant amount
of protein still remains in the bacterial pellet and could be optimised further for higher
protein yields. MxA (75 kDa) is seen to bind to the resin, but some protein is observed
to be removed in the subsequent wash steps. A high concentration of protein is
observed in the elution steps, and these elutions are pooled and applied to an S200

10/300 column.

The SEC run is observed to separate most impurities from the sample (figure 4.3, panel
B, ‘Non-Consecutive SEC Fractions’ lanes), and the resulting chromatography trace of
the SEC run (figure 4.3, panel C) demonstrates a major peak corresponding to the first
three SEC fraction lanes in figure 4.3, panel B. This peak is around the expected
molecular weight of 440 — 669 kDa (Cytiva documents). Given the one major protein
product in the SDS-PAGE, this suggests oligomers of MxA from around 6-mers to
approximately 9-mers are forming in solution.
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Given a lack of observed issues of aggregation, and a significant loss of protein when
cleavage and reverse-immobilised metal affinity chromatography was attempted in

order to purify cleaved MxA, the Hiss tag was decided not to be removed.
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Figure 4.3: Purification of MxA.

(A) SDS-PAGE gel of expression and purification steps to elution from Ni-NTA resin. (B) SDS-PAGE of SEC
fractions. (C) Chromatography trace of SEC run of this protein on a Superdex S200 (10/300) increase GL
column. The SDS-PAGE gels in each panel are one gel, but because of the lane the ladder was run on,
are split and the ladder lane repeated to allow for ease in interpretation of molecular weights according
to the ladder. Note: It may have been more appropriate to choose a column with a greater fractionation
range, e.g. a Superose 6 column, as MxA is present very early in the elution volume.

4.2.1.3. Characterisation of MxA

In an attempt to better understand the oligomeric state of the MxA sample produced,

a number of biophysical methods were chosen to characterise the protein.

4.2.1.3.1. Size-Exclusion Chromatography — Multi-Angle Light Scattering

SEC-MALS experiments were designed and carried out together with Dr. David
Staunton of the Molecular Biophysics Suite at the Department of Biochemistry,

University of Oxford.

In order to determine the characteristics of MxA oligomerisation, SEC-MALS of MxA
was performed at 0.6 mg/mL in a buffer of 25 mM HEPES-NaOH (pH 7.5) and either
150 mM NaCl - known to promote higher order MxA oligomerisation — or 500 mM NaCl
— known to abolish MxA oligomerisation (Kochs et al., 2002). Additionally, the
dependence of concentration on oligomerisation was investigated by carrying out
these experiments at three concentrations: 0.6 mg/mL, 0.3 mg/mL, and 0.15 mg/mL.
UV measurements (green) were used to determine protein concentration, rather than
light scattering (LS), or refractive index (Rl), and in doing so, the peaks shown in figure

4.4, below, are obtained. This data is tabulated in table 4.2.
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Figure 4.4: SEC-MALS Experiments of MxA.

Time (min)

MxA was studied by SEC-MALS to determine molecular weight of the MxA protein sample in two different
salt concentrations, 150 mM NaCl (left), and 500 mM NaCl (right), and in three different protein
concentrations, 0.6 mg/mL (top), 0.3 mg/mL (middle), and 0.15 mg/mL (bottom). UV absorbance peaks
(green) and molar mass traces (dotted black) are plotted.

Table 4.2: Observed Molecular Weight of MxA by SEC-MALS.

Observed protein molecular weights of MxA samples in 500 mM and 150 mM NaCl measured at 0.6, 0.3
and 0.15 mg/mL protein concentration. Observed protein molecular weight is reported in kDa with
corresponding oligomeric state reported in backets by dividing the observed molecular weight by the

molecular weight of MxA (75 kDa).

Observed Protein Molecular NaCl Concentration
Weight (kDa)

MxA Concentration 150 mM 500 mM
0.60 mg/mL 346.0 (4.61) 187.3(2.50)
0.30 mg/mL 291.1 (3.88) 161.5(2.15)
0.15 mg/mL 233.4 (3.11) 157.9(2.11)
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These data demonstrate differing predominant states of oligomericity in differing
protein and salt concentrations. For any given concentration of MxA, the observed
molecular weight was greater in 150 mM NaCl than in 500 mM NaCl, and in greater
concentrations of MxA up to 0.6 mg/mL, the observed molecular weight of MxA is

greater.

The starkest comparison of shift in oligomeric state being between 0.6 mg/mL MxA in
500 mM NaCland in 150 mM NaCl, with the reported molecular weight in the high salt
condition being 187.3 kDa compared to 346.0 kDa, thus suggesting that MxA
oligomerises to higher orders in a concentration-dependent manner. This

oligomerisation is inhibited in higher salt concentrations.

The expected oligomeric state is reported in brackets next to the observed molecular
weight and suggests that the highest detectable oligomeric order observed in the data
were approximately a 4.6-mer. This is likely due to the contributions of other order
oligomersin solution. Itis likely that higher order oligomers also exist, but their relative
abundance is less than the populations reported above. The predominance of an
approximate dimer in high salt and across the concentration range tested gives further

support that the likely building block for MxA oligomerisation is the MxA dimer.

These data demonstrate the successful production of MxA which is able to

dynamically oligomerise to varying orders dependent on protein and salt

concentration in solution.
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4.2.1.3.2. Dynamic Light Scattering

Dynamic light scattering was used to assess homogeneity and hydrodynamic diameter
of MxA protein solution at 0.6 mg/mL in a buffer of 25 mM HEPES-NaOH (pH 7.5) but
different salt concentrations: 150 mM, and 500 mM NacCl (figure 4.5, below) and
tabulated (below, table 4.3). DLS measurements were captured using an UNcle

machine with all DLS measurements being carried out at room temperature (24° C).

In the DLS size distribution plots (figure 4.5, below), it is clear that there is a change in
hydrodynamic diameter between the two salt conditions. In the higher salt condition
(500 mM NaCl), the protein has a smaller hydrodynamic diameter than in the lower salt
condition (150 mM NacCl), over an average of two reported datasets, a 191.7 nm
hydrodynamic diameter in the high salt condition compared to 298.0 nm
hydrodynamic diameter in the low salt condition. These data further support the above
SEC-MALS observations that MxA forms different sized oligomeric assemblies

dependent on salt concentration.
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DLS size distribution plot of MxA protein at 0.6 mg/mL concentration in two different salt concentrations
(A) 150 mM NaCl, and (B) 500 mM NaCl. Different colours demonstrate individual repeats, as presented
in the table below. Note: In future, it would be useful to carry out a control experiment using BSA to
determine whether the UNcle machine can distinguish between different oligomeric states of protein.

Table 4.3: Tabular Data of MxA DLS Experiment.

Tabular data of DLS experiment in figure 4.5, above. Duplicate experiments were run, where the results
of each experiment are displayed as different shades of green (150 mM NaCl condition) and blue (500
mM NaCl condition). Z diameter is a measure of hydrodynamic radius. SD diameter is the standard
deviation of the measured diameter. Polydispersity Index (PDI) is calculated as the square of the SD
diameter divided by the observed Z diameter, where a monodisperse population of molecules is taken
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to have a PDI of between 0.0 and 0.1, a moderate polydisperse population of molecules is taken to have
a PDI of between 0.1 and 0.4, and a broad polydisperse population of molecules is taken to have a PDI
of above 0.4.

Sample Z Diameter (nm) SD Diameter (nm) PDI

MxA 150 mM NaCl 1 251.7 135.1 0.288
MxA 150 mM NaCl 2 344.2 198.6 0.333
MxA 150 mM NaCl Average 298.0 166.9 0.311
MxA 500 mM NaCl 1 172.0 95.4 0.291
MxA 500 mM NaCl 2 211.3 114.0 0.308
MxA 500 mM NaCl Average 191.7 104.7 0.300

4.2.1.4. Interaction Studies of MxA with Influenza A Virus

Nucleoprotein

The interaction of MxA with SO9 NP R416A nucleoprotein was investigated by means of
resin-based pull-down assay, SEC-based interaction studies, and finally quantitively

with BLI.

4.2.1.4.1. Resin-Based Pull-Down Assay

In order to confirm the interaction between full-length wild-type MxA and S09 strain
avian influenza nucleoprotein, a resin-based pull-down was carried out, as described
in the materials and methods chapter. In this pull-down system, because GST-tagged
influenza nucleoproteins are approximately the same molecular weight as the
recombinantly produced MxA (= 75 kDa), MxA was immobilised to Ni-NTA resin
(Qiagen) by its Hise-tag as a ligand, and cleaved recombinant monomeric S09 NP
R416A nucleoprotein ( = 55 kDa) was used as an analyte. Briefly, 0.35 mg of MxA was
thawed and incubated with 50 pyL of Ni-NTA resin which was pre-equilibrated with
binding buffer (25 mM HEPES-NaOH (pH 7.5), 150 mM NaCl) and was allowed to
incubate on a rotating platform at 4° C for 1 hour. After binding, the resin was washed

three times with 1 mL of binding buffer. After washing, an approximate 2-fold molar
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excess of SO9 NP R416A nucleoprotein (cleaved, without its GST tag) was added (55 pL
of cleaved SO09 NP R416A at a concentration of 10 mg/mL in a finalvolume of 1 mL) and
incubated at 4° C on arotating platform for 1 hour. After binding, the resin was washed
three times with 1 mL of binding buffer. After the final wash, the resin was resuspended
in 500 pL of binding buffer. SDS-PAGE samples were taken at each stage of the pull-

down assay and analysed.

In the pull-down assay carried out (figure 4.6, below) the MxA input was seen to bind
to the Ni-NTA resin, with excess MxA being washed away in the wash steps. Other
unidentified bands were seen to be enriched and could not be removed in repeat
experiments. Upon the addition of the approximate 2-fold molar excess of cleaved S09
NP R416A, much of the added nucleoprotein sample is observed to be removed in the
wash steps. However, a protein band approximately equal in intensity to the protein
band for MxA was observed to be enriched in the final bound resin sample (figure 4.6).
This suggests a direct interaction between the full-length wild-type MxA protein and

the cleaved S09 NP R416A nucleoprotein.

In order to confirm that this interaction was not due to a non-specific interaction of the
cleaved nucleoprotein with the Ni-NTA resin used, the cleaved nucleoprotein was
incubated with the Ni-NTA resin alone. The same binding and wash protocol as
detailed above was carried out, and the nucleoprotein was detected in both the input
and flowthrough lanes, but crucially not significantly in the bound resin lane, which
suggests that the nucleoprotein alone does not bind to the Ni-NTA resin, and that the
interaction detected was indeed genuine (figure 4.6, panel B).
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Figure 4.6: SDS-PAGE Gel of Resin-Based Pull Down Experiment of S09 NP R416A Nucleoprotein
with MxA.

SDS-PAGE gel of resin-based pull-down of MxA and S09 NP R416A demonstrating interaction between
the S09 NP R416A nucleoprotein and full-length bacterially expressed MxA. (A) MxA is first immobilised
to Ni-NTA (N) resin, and then S09 NP R416A is added and the resin washed. Flowthrough and bound
resin fractions of MxA alone, and MxA plus S09 NP R416A are shown, with the approximate molecular
weights of the bands for MxA and S09 NP R416A (NP) annotated. (B) A control experiment to confirm
that the cleaved nucleoprotein does not bind to the Ni-NTA resin.
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4.2.1.4.2. Size-Exclusion Chromatography

Following the demonstration of direct SO09 nucleoprotein — MxA binding in pull-down
assays, size-exclusion chromatography was employed to reconstitute and analyse the
complex in solution. Insufficient amounts of sample from the pull-down assay
precluded downstream structural analysis, necessitating complex re-formation

through controlled stoichiometric mixing.

Equimolar amounts of Hiss-tagged MxA and untagged S09 NP R416A were incubated
together in 150 mM HEPES-NaOH (pH 7.5), 150 mM NaCl buffer for 30 minutes on ice
and injected in a 250 pL injection loop on an S200 5/150 increase GL analytical SEC
column for hydrodynamic radius-based separation. A single peak was obtained (figure
4.7, panel B) and fractions of this peak (starred) were taken and analysed by means of

SDS-PAGE (figure 4.7, panel A).

SDS-PAGE analysis revealed both nucleoprotein and MxA bands across all four peak
fractions. MxA distribution was non-uniform and sub-stoichiometric, with an
enrichment of MxA in the centre of the peak. This pattern is consistent with non-
equimolar interaction stoichiometry rather than stable 1:1 complex formation.
Repeated attempts to reproduce the results of this experiment were not successful,

yielding insufficient material for crystallisation trials or cryo-EM analysis.

The elution profile indicated a protein complex of between 440 kDa and 690 kDa. Given
that the nucleoprotein exists as a monomer in solution and MxA forms higher-order
oligomers, this size range likely reflects heterogeneous complexes with a variable MxA :
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nucleoprotein stoichiometry. The stronger nucleoprotein staining observed suggests
both incomplete MxA occupancy of nucleoprotein, and the presence of more

nucleoprotein than MxA in these fractions.

Attempts to reproduce these SEC results were unsuccessful. Combined with the non-
uniform protein distribution across the peak fractions, this suggests that the MxA —
nucleoprotein interaction represents a dynamic equilibrium rather than the formation

of a discrete, stable complex in solution.
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Figure 4.7: Analytical SEC of MxA and S09 NP R416A Complex.

(A) SDS-PAGE gel of peak fractions from analytical SEC run. (B) Chromatogram of analytical SEC run
using a Superdex S200 5/150 increase GL column, with SO9 NP R416A run alone (red) and in complex
with MxA (green). Starred peak fractions were run on the SDS-PAGE gel accompanying.
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4.2.1.4.3. Bio-Layer Interferometry

In order to further investigate the interaction between MxA and nucleoproteins, a set
of BLI experiments were carried out where S09 NP R416A, Tk NP R416A, and NT60 NP
R416A were immobilised on anti-GST tips as the ligand and MxA was used as the
analyte. S09 and Tk nucleoproteins were used as test avian influenza nucleoproteins,
assumed to be sensitive to MxA restriction, and thus, MxA binding. NT60 nucleoprotein
was used as a negative control. As NT60 is a human-adapted influenza virus, it is
known to have resistance mutations to both MxA and BTN3A3, and as such, no

response is hypothesised to be observed upon the addition of MxA.

In this experiment, recombinant GST-tagged nucleoprotein was immobilised on glass
anti-GST tips by the GST tag at a constant concentration of 20 ug/ mL (= 0.36 uM), as
suggested by the manufacturer. A five point dilution series of MxA analyte was
incubated with independent nucleoprotein — bound tips of 60 pug/ mL (0.8 uM), 30 pg/

mL (0.4 uM), 15 ug/ mL (0.2 uM), 7.5 ug/ mL (0.1 uM), and 3.75 pg / mL (0.05 uM).

Since background binding of MxA to the anti-GST tips was detected, each experiment
was run in parallel with an equivalent concentration gradient of analyte, with no ligand
bound to the tips. The resulting response of the control was subtracted from the

observed experimental values to account for the background binding.

In the experiment carried out, the three higher concentrations of MxA were not
reported due to errors with the tips, which lead to erroneous curves not fitting with the
concentration gradient used. As these experiments were carried outimmediately prior
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to writing this thesis, there was not time to repeat these experiments. For this reason,
kinetic parameters were not able to be derived from the observed data. However,
comparable experiments of the two lower concentrations of MxA used as an analyte

are reported for all three nucleoproteins.

In the processed sensograms below, over the period of 0 — 1000 s, varying
concentrations of MxA analyte were incubated with the nucleoprotein —bound tips and
binding is allowed to occur. Between 1000 — 2000 s, the tips are moved into fresh
experimental buffer (with no analyte), and the complex begins to dissociate. In each
case reported below, the top curve corresponds to a MxA concentration of 7.5 ug/ mL
(0.1 uM MxA) and the bottom curve corresponds to a MxA concentration of 3.75 ug /

mL (0.05 uM MxA).

The reported Rmax value corresponds to the maximum measured interference
between incident and reflected light transmitted through the biosensor tip,

representing the total amount of analyte bound at equilibrium.

While technical issues with tips corresponding to the three highest MxA
concentrations in all three experiments prevented the determination of kinetic
parameters of this interaction, the Rmax values of S09 = 1.15 nm, Tk = 0.39 nm, and
NT60 = 0.029 nm obtained using a constant concentration of immobilised
nucleoprotein and a constant MxA concentration of 20 pug / mL ( = 0.36 uM) suggest
differing binding affinities to different influenza A nucleoproteins. This is broadly

expected given both S09 and Tk influenza A virus nucleoproteins contain residues
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expected to make this virus sensitive to MxA restriction, whereas NT60 contains

residues expected to make this virus resistant to MxA restriction.

Future repeat experiments will be useful to determine full kinetic parameters of the

interaction between avian influenza nucleoproteins and MxA.
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Figure 4.8: Processed Sensograms of MxA + Nucleoprotein BLI Experiments.

Processed sensograms of BLI experiments with a constant concentration of nucleoprotein ligand (20
ug/mL) immobilised to each GST tip of SO9 NP R416A (top), Tk NP R416A (middle), and NT60 NP R416A
nucleoproteins (bottom), and a constant dilution series of MxA of 60 ug/mL, 30 ug/mL, 15 ug/mL, 7.5
ug/mL, and 3.75 ug/mL. In these sensograms, only the traces for 7.5 ug/mL (red) and 3.75 ug/mL (blue)
are shown. Analyte association is displayed on the left hand side of the red line (0— 1000 s), and analyte
dissociation is displayed on the right hand side of the red line (1000 — 2000 s). Recorded Rmax values
are annotated on each sensogram.
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4.2.2. BTN3A3 B30.2 Domain and Nucleoprotein Interactions

In this section of the chapter, | demonstrate the bacterial expression and purification
of recombinant BTN3A3 B30.2 domain protein. | characterise the produced protein by
SEC-MALS and DLS before demonstrating the interaction of this protein with the S09
avian influenza A nucleoprotein by means of a resin-based pull-down assay and size-
exclusion chromatography. | then characterise the binding of two avian influenza A
nucleoproteins and one human-adapted influenza A nucleoprotein to the B30.2
domain by BLI, extracting kinetic parameters of interaction for the two avian origin

influenza A virus nucleoproteins.

4.2.2.1. Expression and Purification of BTN3A3 B30.2 Domain

The B30.2 domain of human BTN3A3 was ordered as a synthetic gene in a bacterial
expression plasmid, pET-29b, with an N-terminal Hisg tag and TEV cleavage site (Twist
Bioscience, USA). This expression plasmid was chosen due to its commercial
availability and common use as a bacterial expression plasmid system. Expression
and purification were carried out as described in the materials and methods chapter.
Briefly, B30.2 was affinity purified with the N-terminal Hiss tag using a 5 mL HisTrap

column and eluted with imidazole (figure 4.9) before a final SEC step (figure 4.10).

The expression and purification figures below show that after bacterial lysis, there is
still some B30.2 protein insoluble in the bacterial pellet, and there is a significant
amount of protein which remains in the flowthrough after 2 column volumes of HisTrap

column loading. This reflects the high levels of expression of the protein in bacteria.
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The 5 mL HisTrap column used in the purification of the protein was subject to
thorough washing with the protein was buffer (50 column volumes) and then bound
protein was eluted with a linear gradient of imidazole in wash buffer up to a
concentration of 250 mM imidazole. The resulting elution fractions containing B30.2
domain protein were pooled and applied to an S200 10/300 SEC column and
separated. The major peak at 16.2 mL corresponds to a protein of around 27 kDa. The
fractions from the major peak (figure 4.10, panel B, starred) were run on an SDS-PAGE
gel (figure 4.10, panel A) and a protein of the expected molecular weight (27 kDa) was
obtained, with a minor product below which was present in each purification despite

more thorough washing attempted.
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Figure 4.9: Purification of BTN3A3 B30.2 Domain.

(A) SDS-PAGE gels of purification of B30.2 domain using a 5 mL HisTrap column including elution
fractions from HisTrap column. (B) SEC Chromatogram of B30.2 domain purification showing thorough
wash step and elution with imidazole.
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Figure 4.10: SEC of BTN3A3 B30.2 Domain.

SDS-PAGE gel (A) and SEC chromatograph (B) of BIN3A3 B30.2 domain purification.
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4.2.2.2. Characterisation of BTN3A3 B30.2 Domain

The B30.2 domain protein was, as with MxA above, characterised with a number of

biophysical methods to better understand the sample obtained.

4.2.2.2.1. Size-Exclusion Chromatography — Multi-Angle Light Scattering

SEC-MALS experiments were carried out together with Dr. David Staunton of the

Molecular Biophysics Suite at the Department of Biochemistry, University of Oxford.

SEC-MALS analysis of the B30.2 domain was performed at 5 mg/mL in a buffer
containing 25 mM HEPES-NaOH (pH 7.5) and 150 mM NaCl (figure 4.11). The
overlapping light scattering (LS, red), UV absorbance (UV, green), and refractive index
(RI, blue) traces demonstrate excellent sample homogeneity, while molar mass
determination across the elution peak confirmed a molecular weight of 28 kDa. This
experimental value corresponds closely to the theoretical monomeric mass,
indicating that the B30.2 domain exists as a stable, non-aggregated monomer under
these conditions in solution. These results confirm the production of monomeric
B30.2 domain protein suitable for subsequent biophysical characterisation and

structural studies.
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Figure 4.11: SEC-MALS of BTN3A3 B30.2 Domain Protein.

SEC-MALS peak trace of BTN3A3 B30.2 domain protein with light scattering (LS, red), UV absorbance
(UV, dashed green), and refractive index (Rl, blue), and molar mass traces (dotted black) plotted.

4.2.2.2.2. Dynamic Light Scattering

Dynamic light scattering experiments were carried out in triplicate using an UNcle
machine to assess sample homogeneity and hydrodynamic diameter. Here, BTN3A3
B30.2 domain protein was diluted to 5 mg/mL and DLS measurements were taken at

24°C.

The intensity distribution of triplicate B30.2 domain protein is displayed from a DLS
experiment (figure 4.12). The reported traces have multiple peaks, one major peak at
around 6 nm hydrodynamic diameter, similar to the expected particle diameter. In the
tabular data (table 4.4) it is clear that one of the three samples has biased the overall
data with a Z diameter of 56.15 nm compared to 6.14 nm and 6.22 nm. This data point

is not included in the calculated means.
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The majority of the intensity distribution is centred around the approximately 6 nm

hydrodynamic diameter peak, and the second measurement is therefore likely

erroneous, but reported for completeness.
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Figure 4.12: DLS of BTN3A3 B30.2 Domain Protein.

DLS size distribution plot of B30.2 domain protein at 5 mg/mL concentration in 150 mM NaCl. Different
shades of blue represent individual repeats, as presented in the table below. Note: In future, it would be

useful to carry out a control experiment using BSA to determine whether the UNcle machine can
distinguish between different oligomeric states of protein.

Table 4.4: Tabular Data of BTN3A3 B30.2 Domain Protein DLS Experiment.

Tabular data of DLS experiment in figure 4.12, above. Duplicate experiments were run, where the results
of each experiment are displayed in different shades of blue. Z diameter is a measure of hydrodynamic
radius. SD diameter is the standard deviation of the measured diameter. Polydispersity Index (PDI) is the
square of the SD diameter divided by the observed Z diameter, as defined in table 4.3 above. Note: the
second repeat is included in the reported data for completeness, but not included in the calculated

mean values. This data point is likely erroneous. In future, a calibration of the UNcle machine should be
used to ensure correct measurement of DLS data.
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Sample Z Diameter (nm) SD Diameter (nm) PDI

B30.2 1 6.14 3.35 0.298
B30.22 56.15 22.30 0.158
B30.23 6.22 3.34 0.311
B30.2 Mean 6.18 3.35 0.305

4.2.2.3. Interaction Studies of BTN3A3 B30.2 Domain Protein with

Influenza A Virus Nucleoprotein

The interaction of BTN3A3 B30.2 domain with S09 NP R416A nucleoprotein was
investigated with a series of resin-based pull-down assays, SEC-based interaction

studies, and finally quantitively with BLI.

4.2.2.3.1. Resin-Based Pull-Down Assay

In order to investigate the hypothesized interaction between the BTN3A3 B30.2 domain
and an influenza A nucleoprotein expected to be sensitive to BTN3A3 restriction, a
resin-based pull-down assay was carried out, as described in the materials and

methods chapter.

Here, GST-tagged S09 NP R416A influenza A nucleoprotein was immobilised to
glutathione sepharose resin (Cytiva) via its GST tag and recombinantly produced B30.2
domain protein was investigated as an analyte. Approximately 0.35 mg of S09 NP
R416A nucleoprotein was thawed and incubated with 50 pL of glutathione sepharose
resin which was pre-equilibrated with binding buffer (25 mM HEPES-NaOH (pH 7.5),
150 mM NaCl) and incubated on a rotating platform at 4°C for 1 hour. After binding,
the resin was thoroughly washed with 1 mL of binding buffer three times. After washing,

an approximate 2-fold molar excess of purified B30.2 domain protein was added (36
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uL of 10 mg/mL stock B30.2 domain protein at 10 mg/mL) and incubated at4°C on a
rotating platform for 1 hour. After binding, the resin was thoroughly washed three times
with 1 mL of binding buffer. After the final wash, the resin was resuspended in 500 pL

binding buffer and SDS-PAGE samples were taken and analysed.

In the pull-down assay (figure 4.13), the S09 NP R416A input nucleoprotein was
observed to bind to the glutathione sepharose resin, with excess nucleoprotein seen
to be removed in the flowthrough from the wash steps. Upon the addition of the
approximate 2-fold molar excess of B30.2 domain protein, much of the B30.2 domain
proteinis seento be removed in the wash steps. However, a thin band of B30.2 domain

protein is still present after thorough washing.

Given the presence of this thin band corresponding to B30.2 domain protein, and the
significantly more intense band for S09 NP R416A nucleoprotein, a direct interaction
between the nucleoprotein and the B30.2 domain protein has occurred, but the

nucleoprotein sample is not completely occupied by B30.2 domain protein.

To confirm that this interaction was not due to a possible interaction between B30.2
domain protein and the glutathione sepharose resin used, the B30.2 domain protein
was incubated with the glutathione sepharose resin alone. The same binding and wash
protocol as detailed above was carried out. The B30.2 domain protein was present in
both the input and flowthrough lanes, but not in the bound resin lane, suggesting that
the B30.2 domain protein does not bind to the glutathione sepharose resin, and that
the interaction observed was genuine (figure 4.13, panel B).
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Figure 4.13: SDS-PAGE Gel of Resin-Based Pull Down Experiment of S09 NP R416A Nucleoprotein
with BTN3A3 B30.2 Domain Protein.

SDS-PAGE gel of resin-based pull-down of B30.2 domain protein and GST-tagged S09 NP R416A. (A)
GST-tagged S09 NP R416A nucleoprotein is first immobilised to glutathione sepharose (G) resin, and
then B30.2 domain protein is added and the resin washed. Flowthrough and bound resin fractions of
S09 NP R416A alone, and S09 NP R416A plus B30.2 domain protein are shown, with the approximate
molecular weights of the bands for SO9 NP R416A (NP) and B30.2 domain protein (B30.2) annotated. (B)
A control experiment to confirm that B30.2 domain protein does not bind to the glutathione sepharose
resin.
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4.2.2.3.2. Size-Exclusion Chromatography

In the pull-down experiment above, direct binding of the B30.2 domain protein to the
S09 NP R416A nucleoprotein was observed. However, insufficient amounts of
complex were able to be eluted from the pull-down experiment for further structural

experiments despite multiple attempts.

Complex formation was attempted in solution by the equimolar incubation of S09 NP
R416A and B30.2 domain protein for its study by means of size-exclusion
chromatography. Briefly, equimolar amounts of B30.2 domain protein and S09 NP
R416A were incubated together on ice for 30 minutes in a buffer containing 150 mM
HEPES-NaOH (pH 7.5), 150 mM NaOH and injected in a 500 pL injection loop on an
S200 10/300 increase GL SEC column and separated by hydrodynamic radius (figure

4.14).

It is seen that no major peak corresponding to a complex with both components is
formed, and therefore no complex was detected using SEC. This is consistent with the
low-affinity interaction demonstrated by the pull-down assay. If this experiment were
to be repeated, a higher molar excess of B30.2 domain protein should be used to

attempt to form a complex with the S09 NP R416A nucleoprotein
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Figure 4.14: SEC of BTN3A3 B30.2 Domain Protein and S09 NP R416A.

Chromatogram of SEC run using an S200 10/300 GL Increase column with SO9 NP R416A and BTN3A3
B30.2 domain proteins. S09 NP R416A run alone is depicted in red, BTN3A3 B30.2 domain run alone is
depicted in blue, and the two components run together after a 30 minute incubation on ice is depicted
in green.

4.2.2.3.3. Bio-Layer Interferometry

In order to further investigate the interaction between BTN3A3 B30.2 domain protein
and nucleoproteins, a set of BLI experiments were devised where S09 NP R416A, Tk
NP R416A, and NT60 NP R416A were immobilised on anti-GST tips as the ligand, and
B30.2 domain protein was used as the analyte. Again, S09 and Tk nucleoproteins were
used as test avian influenza nucleoproteins, as both are assumed to be sensitive to
BTN3A3 restriction, and thus, be measured by BLI. NT60 nucleoprotein was used as a
biological control, as it contains resistance mutations against BTN3A3 restriction. A
constant concentration of nucleoprotein ligand (20 pg/mL = 0.36 uM) was used across

the three experiments, with a five point dilution series of B30.2 domain protein analyte
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-60 pug/mL (2.2 uM), 30 ug/mL (1.1 uM), 15 ug/mL (0.55 pM), 7.5 pg/mL (0.275 uM), and

3.75 ug/mL (0.1375 uM) used to test binding.

Low-level background binding to B30.2 domain protein to the tips was detected.
Therefore, each experiment was run in parallel with an equivalent concentration
gradient of analyte, but no-ligand bound, and the difference between the two response

curves subtracted to account for background binding of analyte to the tips.

Kinetic parameters were able to be calculated from both S09 NP R416A nucleoprotein
and Tk NP R416A nucleoprotein binding to B30.2 domain protein and are displayed
below (figure 4.15). Both experiments reported below demonstrate a good steady-
state kinetics model fit, with high R? values (0.9709 for the S09 NP R416A and B30.2
experiment, and 0.9694 for the Tk NP R416A and B30.2 experiment) corresponding to
a kinetic model which fits the data very well, and low x? values (0.0201 for the S09 NP
R416A and B30.2 experiment, and 0.0059 for the Tk NP R416A and B30.2 experiment,

both less than 10 % of the Rmax value of the experiment) which suggest a reliable fit.

The reported Kp of binding for the S09 NP R416A and B30.2 domain protein interaction
is 1.20 pM, and the reported Kp of binding for the Tk NP R416A and B30.2 domain
proteininteractionis 0.42 uM, which indicates that the interaction of the B30.2 domain
protein to the Tk NP R416A nucleoprotein is stronger than compared to that of the S09

NP R416A nucleoprotein.
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The binding kinetics of NT60 NP R416A and B30.2 were not able to be calculated due
to be calculated due to a poor spread of Req/Rmax values and poorly fitting data,

which is due to the lack of sufficient binding response.

The processed sensograms of the S09 NP R416A, Tk NP R416A, and NT60 NP R416A
interaction experiments with B30.2 domain protein are shown below (figure 4.16). In
the processed sensograms below, over the period of 0— 1000 s, varying concentrations
of B30.2 analyte are incubated with the immobilised nucleoprotein and binding can
occur. Between 1000 — 2000 s, the tips are moved into fresh experimental buffer
(without analyte) and the complex formed in the binding step is able to dissociate. In
each case below, the concentration of B30.2 domain protein decreases from the top

trace, 60 pg/mL, to the bottom trace, 3.75 pug/mL, as detailed in the figure legend.

As in section 4.2.1.5.3., the Rmax value corresponds to the maximum measured
interference between incident and reflected light transmitted through the biosensor

and is used as a comparative measure of maximum binding response at equilibrium.

The recorded Rmax values of S09 = 1.61 nm, Tk = 2.52 nm, and NT60 = 0.24 nm
obtained using a constant concentration of immobilised nucleoprotein and of B30.2
domain analyte (60 pg/mL = 2.2 pM) suggest different binding affinities to the
nucleoproteins tested. The result that the two avian influenza nucleoproteins had a
much higher Rmax value is expected given that they contain residues expected to

make the virus sensitive to BTN3A3 restriction, whereas the human-adapted influenza
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A virus nucleoprotein contains residues expected to make the virus resistant to

BTN3AS3 restriction.

These quantitative data provide the first biophysical evidence for direct binding
interaction between the BTN3A3 B30.2 domain and BTN3A3-sensitive influenza A virus
nucleoproteins, while further supporting the resistance phenotype of human-adapted
influenza A virus strains. The micromolar binding affinities observed are consistent
with the transient nature of the innate immune factor interaction and support the

biological relevance of BTN3A3-mediated restriction.

Furthermore, the different binding affinities observed between the two avian influenza
virus strains tested, Tk and S09, suggest that BTN3A3 sensitivity may vary among
circulating influenza viruses, with additional residues potentially mediating sensitivity

to BTN3AS3 restriction which have yet to be identified.
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Figure 4.15: Steady-State Analysis Plots of BTN3A3 B30.2 Domain Protein BLI Experiments.

Steady-state analysis plots of BLI experiments with either SO9 NP R416A (top) as the immobilised ligand,

or Tk NP R416A (bottom) as the immobilised ligand.
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Figure 4.16: Processed Sensograms of BTN3A3 B30.2 Domain Protein + Nucleoprotein BLI
Experiments.

Processed sensograms of BLI experiments with a constant concentration of nucleoprotein ligand (20
ug/mL) immobilised to each GST tip of SO9 NP R416A (top), Tk NP R416A (middle), and NT60 NP R416A
nucleoproteins (bottom), and a constant dilution series of B30.2 domain protein of 60 ug/mL (red), 30
ug/mlL (orange), 15 ug/mL (yellow), 7.5 ug/mL (green), and 3.75 ug/mL (blue). Analyte association is
displayed on the left hand side of the red line (0 — 1000 s), and analyte dissociation is displayed on the
right hand side of the red line (1000 -2000 s). Recorded Rmax values are annotated on each sensogram.
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4.3. Discussion

This chapter presents the biochemical and biophysical characterisation of direct
interactions of the innate immune factors MxA and BTN3A3 with the influenza A virus
nucleoprotein. This chapter demonstrates strain-specific interaction patterns which
correlate with predicted antiviral restriction profiles based on nucleoprotein sequence

analysis.

4.3.1. MxA - Nucleoprotein Interactions

The MxA L4 loop peptide inisolation was shown to be able to bind to the nucleoprotein,
demonstrating weak but detectable binding to the S09 NP R416A avian origin
nucleoprotein in pull-down assays. Recombinantly produced full-length wild-type
MxA exhibited concentration- and salt-dependent oligomerisation behaviour which
was consistent with established literature (Kochs et al., 2002; Gao, von der Malsburg,
etal.,2011; von der Malsburg et al., 2011). All MxA experiments were conducted in 150

mM NaClin order to maintain physiological relevant oligomerisation states of MxA.

A significant experimental limitation was the absence of GTP in binding assays. GTP is
known to promote the disassembly of MxA oligomers into dimers which are capable of
binding to the influenza A nucleoprotein (Nigg and Pavlovic, 2015). In future work, it
would be valuable to investigate MxA — nucleoprotein interactions in the presence of
GTP to determine whether nucleotide-induced conformational changes affect the

binding affinity of MxA interaction with influenza A nucleoproteins.
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While resin-based pull-down assays demonstrated MxA binding to S09 NP R416A
nucleoprotein, size-exclusion chromatography results remained irreproducible, likely
reflecting the dynamic nature of MxA oligomerisation in solution. Despite employing a
monomeric nucleoprotein construct, MxA oligomeric heterogeneity generates
complex mixtures of potential binding partners. Given that current models propose
MxA antiviral activity to involve dynamic re-oligomerisation around viral targets (Nigg
and Pavlovic, 2015), this oligomeric heterogeneity may fundamentally preclude stable

complex formation under standard biochemical conditions.

In the future, these experiments should be re-attempted with a vast excess of MxA
protein in order to attempt to isolate sufficient amounts of complex for further

structural experiments.

BLI experiments, while unable to yield quantifiable parameters of binding affinity due
to inconsistent biosensor performance, provided valuable comparative binding data
through Rmax analysis. These measurements revealed preferential binding of MxA to
avian influenza nucleoproteins versus human-adapted influenza nucleoproteins. This
differential binding pattern correlates with the observed pattern of MxA’s restriction of

avian origin influenza viruses.

The results in this chapter have confirmed the MxA L4 loop as the minimal region for
binding to the influenza A nucleoprotein. However, it is likely that the affinity of the MxA
L4 loop peptide is less than that of the full-length wild-type protein as the full-length
protein is thought to be antivirally active in its dimeric form (Dick et al., 2015; Nigg and
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Pavlovic, 2015). This interpretation is supported by the similar intensity of Coomassie
staining of the nucleoprotein and full length MxA by SDS-PAGE in the pull-down

presented above.

4.3.2. BTN3A3 B30.2 Domain Protein — Nucleoprotein

Interactions

SEC-MALS analysis confirmed that the BTN3A3 B30.2 domain exists as a stable,
monomeric species in solution, providing an optimal system for biophysical
characterisation. Resin-based pull-down assays demonstrated weak but reproducible
binding to S09 NP R416A, though attempts to purify stable complexes via SEC were
unsuccessful. In the future, these experiments should be re-attempted with a vast
excess of B30.2 domain protein in order to attempt to isolate sufficient amounts of

complex for further structural experiments.

Quantitative BLI analysis successfully determined binding kinetics for both avian
nucleoprotein variants, revealing differential binding affinities: Tk NP R416A (Kp = 0.42
MM) bound more strongly than S09 NP R416A (Ko = 1.20 uM). Comparative Rmax
analysis across nucleoprotein variants confirmed preferential binding to avian strains
over human-adapted NT60 NP R416A, providing quantitative validation for the
mechanism proposed by Pinto and colleagues for the direct restriction of avian, but

not human-adapted influenza A virus infection by BTN3AS3.

229



4.3.3. Structural and Functional Implications

The micromolar binding affinities observed for both restriction factors were
insufficient for stable complexisolation required for structural studies, suggesting that
these factors operate through transient, dynamic interactions rather than stable
complex formation. Future experiments should employ vast molar excesses of

immune factors to favour complex formation and enable structural characterisation.

The avian influenza-specific binding preferences of both restriction factors correlate
with known sensitivity of these viruses to human innate immune factors. Higher Rmax
values obtained with avian nucleoproteins underscore the importance of species-

specific residues in determining restriction factor efficiency.

Critical mechanistic questions remain unresolved, particularly regarding BTN3A3
subcellular localisation. While Pinto and colleagues demonstrated nuclear BTN3A3-
nucleoprotein interactions through co-immunoprecipitation, the mechanism enabling
nuclear import of this transmembrane protein remains unclear. The possibility of
proteolytic cleavage and subsequent translocation of the cytoplasmic domain of

BTN3A3 cannot be excluded based on current data.

Previous studies reported perinuclear localisation of HA-tagged butyrophilin family
members (Karunakaran et al., 2023), suggesting potential subcellular localisation of
the butyrophilin family of proteins beyond solely at the plasma membrane. However,

nuclear localisation has yet to be reported, highlighting the need for targeted

230



experiments to resolve BTN3A3 trafficking mechanisms and confirm the proposed

nuclear restriction pathway.

4.3.4. Computational Structure Prediction Analysis

To complement experimental binding data, AlphaFold3 predictions were generated for
nucleoprotein complexes with B30.2 domain, MxA L4 peptide, and full-length MxA
(figure 4.17). The nucleoprotein — B30.2 domain prediction positioned the B30.2
domain such that reported sensitivity residues (52 and 313) were directly implicated in
the binding interface, consistent with the reported importance of these residues for

BTN3A3 binding to the influenza A nucleoprotein.

However, neither the MxA L4 peptide nor the full-length MxA predictions in complex
with the nucleoprotein implicated known MxA sensitivity residues in the binding
interface. Additional predictions using dimeric MxA yielded similar stalk domain-
mediated binding modes. The absence of conversion on high-confidence predictions
for MxA interactions demonstrates the critical need for experimental structural

determination of stable nucleoprotein —immune factor complexes.

In all predictions displayed in figure 4.17, both the interface predicted template
modelling (ipTM) and predicted template modelling (pTM) scores are reported. The pTM
score is a computed measure of how well AlphaFold-Multimer has predicted the
overall structure. The ipTM score is a measure of the accuracy of the predicted relative

positions of subunits forming the protein-protein interaction.
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In figure 4.17, the pTM scores of the B30.2 and L4 peptide complexes are above a
threshold of 0.5, which gives confidence to the structural predictions, however the
MxA complex is below 0.5, suggesting that this prediction may not accurately reflect
the overall structure of the proteins in the complex. In allthree cases however, the ipTM
is very low. In high-quality predictions, the pTM score should be above 0.5 and the ipTM

score is expected to be higher than 0.8.

When a similar approach was taken with the same three protein complexes, but the
substitution of the human-adapted NT60 NP R416A, very similar modes of binding
were observed and confidence scores obtained, with only a slight difference in the
structure prediction of the nucleoprotein in complex with B30.2 domain protein. This
suggests that these predictions may not be correct given their low confidence scores
and similar binding when compared to a human-adapted, restriction factor-resistant
nucleoprotein, and further emphasises the requirement for high resolutions structure

solutions to better understand the nature of these interactions.

232



S09 NP R416A + B30.2
ipTM = 0.16
pTM =0.68

S09 NP R416A + MxA L4
ipTM = 0.21
pTM = 0.82

S09 NP R416A + MxA
ipT™ = 0.20
pTM = 0.46

pLDDT Score Key

very High (>20) [

Confident (70-90)

S
S T,
GO D,
SISO
,‘@@3 )

Low (50-70)

veryLow (<50) [

Figure 4.17: AlphaFold3 Predictions of Immune Factor Binding.

AlphaFold3 predictions of the S09 NP R416A nucleoprotein (pink) and BTN3A3 B30.2 domain (panel A),
MxA L4 peptide (panel B), and full-length MxA protein (panel C). The immune factors of interest are
displayed coloured by pLDDT score. Sensitivity residues on S09 NP R416A for MxA (100, 283), BTN3A3
(52), and both MxA and BTN3A3 (313) drawn as atoms in dark green, blue, and purple respectively. (A)
One representative AlphaFold3 prediction of the B30.2 domain binding to S09 NP R416A. The predicted
binding site overlaps with the sensitivity residues reported to be involved in BTN3AS restriction. (B) Five
predictions of the position of the MxA L4 peptide are illustrated, none of which overlap with the well-
known sensitivity residues for MxA restriction. (C) One representative AlphaFold3 prediction of the full-
length MxA protein binding to S09 NP R416A. Neither the MxA L4 loop nor the known sensitivity residues
of the nucleoprotein are predicted in binding.
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4.3.5. Experimental Limitations and Future Directions

In this chapter, | have demonstrated binding of the MxA L4 loop peptide, full length
wildtype MxA protein, and of the BTN3A3 B30.2 domain protein to susceptible avian-
origin influenza virus nucleoproteins, but not to resistant human-adapted influenza
virus nucleoproteins. These results are impactful in the field, as they demonstrate the
first biophysical support for B30.2 domain - nucleoprotein interactions (with a
statistically-rigorous Kp calculated for two avian-origin nucleoproteins), and further,
they emphasise the importance of the reported sensitivity mutations on restriction by

these two innate immune factors.

Severaltechnicalimprovements would enhance future investigations of these antiviral
interactions. For MxA studies, tagged L4 loop peptides would enable direct

comparison with full-length MxA by means of BLI.

A key limitation was maintaining the nucleoprotein in its monomeric form, precluding
analysis of MxA binding to physiologically relevant oligomeric states. While this
approach enabled controlled binding studies, it limits biological relevance. Future
work should explore binding to oligomeric nucleoprotein assemblies, despite the

increased experimental complexity.

These findings provide the first quantitative framework for understanding innate

immune factor — nucleoprotein interactions while highlighting the dynamic nature of
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these antiviral mechanisms and the need for continued structural and mechanistic

investigation.
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5. Novel Approaches to study Influenza vRNP

Structure and its Interaction with Nucleoprotein

Binding Partners

5.1. Introduction

Two principal methods exist for generating influenza virus genome segments suitable
for biochemical and structural investigation. The first approach involves in vitro
reconstitution of individual viral ribonucleoprotein (VRNP) segments by cellular
transfection with plasmids encoding the nucleoprotein, the three influenza
polymerase subunits, and RNA sequences corresponding to segments of interest
(Peng et al., 2019). Products of this methodology are designated as RNPs (without the

‘v’ prefix) to distinguish their non-viral origin from native viral particles.

Alternatively, an in situ approach enables VRNP isolation either through direct
purification of lysed viral particles or enrichment from infected cellular lysates (Zhu et
al., 2023). This latter strategy can be implemented using live viral infection or through
transfection-based reverse genetics systems that encode for the complete influenza

viralgenome and produce live viral particles (Fodor et al., 1999; Hoffmann et al., 2000).

A third, recently developed approach produces VRNP-like particles through
completely recombinant methods. This system uses a specific nucleoprotein

truncation (A1-14) in the N-terminus and synthetic (UC):s-fluorescein® (FAM) RNA to
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produce completely recombinant vRNP-like particles, also called pseudo-vRNPs
(Chenavier et al., 2023; Chenavier et al., 2025). While pseudo VRNPs provide valuable
insights into nucleoprotein structure within vVRNP-like conformations, their utility is
constrained by sensitivity to experimental parameters. Minor variations in protein
construct design and RNA composition can dramatically alter pseudo-vRNP
architecture - shifting from physiologically relevant antiparallel double helical
conformations (exhibiting major and minor grooves) to parallel double helices or single
helical arrangements. Furthermore, the absence of a functional polymerase and a
continuous RNA segment in pseudo-vRNP systems limits their use for mechanistic

studies of viral replication and transcription.

5.1.1. Challenges in Structural Elucidation of Influenza

Genome Segments

High-resolution structure determination by cryo-EM requires relatively homogeneous
protein samples and datasets with accurate particle alignment. Conformational
flexibility can hamper high resolution protein structure determination by distributing
particles across multiple conformational classes, thereby leaving too few particles
which align to a sufficiently high resolution for interpretation of finer biological features
(Arranz et al., 2012; Moeller et al., 2012; Gallagher et al., 2017; Coloma et al., 2020).
While processing approaches such as 3D classification and continuous flexibility
modelling can partially address these limitations, they cannot fully compensate for

samples with extensive structural heterogeneity.
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Inherent local nucleoprotein flexibility and global flexibility of the vVRNP complex are
likely required features for the vVRNP to function physiologically. In order to facilitate
the study of native VRNP structure, strategies that rigidify the vVRNP - either physically
on the electron microscopy grid, or by employing VRNP binding partners (e.g.
nanobodies, immune factors) — may be useful approaches to improve 3D

reconstructions by reducing overall sample flexibility and heterogeneity.

Added to the issue of sample flexibility, biologically-relevant vVRNPs must be produced
using cell-based techniques, as it is not yet possible to produce true vVRNP-like
complexes associated with both RNA and the influenza polymerase using

recombinantly expressed and purified material.

Consequently, biologically-relevant vVRNPs must be purified from infected or
transfected cells, or enriched directly from viral particles. This cellular production
requirement introduces practical limitations: extended production times and reduced
material yields compared to bacterial expression systems, and consequently
diminished experimental throughput. The combination of inherent sample flexibility
and limited material availability renders VRNP structural studies incompatible with X-
ray crystallography approaches. Instead, structural investigation of viral genome
segments predominantly employs cryo-electron microscopy single particle analysis,
and increasingly, cryo-electron tomography coupled with sub-tomogram averaging
techniques, better suited to handling flexible, heterogeneous macromolecular

complexes (Graham and Zhang, 2023).
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5.1.2. The Current Understanding of Influenza Genome

Segment Structure

Despite extensive research on influenza VRNP complexes, high-resolution structural
information remained elusive prior to this work. Initial ultrastructural characterisation
inthe 1970s revealed vVRNPs as double helicalrod-shaped structures of variable length

under negative-stain electron microscopy (Compans et al., 1972).

To circumvent the inherent structural flexibility of full-length vRNPs, early three-
dimensional electron microscopy studies focussed on reconstituted mini-RNPs.
These simplified systems were generated through mammalian cell transfection with
plasmids encoding the three polymerase subunits (PB2, PB1, PA), nucleoprotein, and
a construct producing a short 248-nucleotide vVRNA transcript that promoted

nucleoprotein oligomerisation (Ortega et al., 2000).

Structural analysis by negative-stain electron microscopy (Martin-Benito et al., 2001;
Area et al., 2004) and subsequent cryo-electron microscopy (Coloma et al., 2009)
revealed mini-RNPs as nine-membered nucleoprotein rings with a single polymerase
copy attached via interactions with paired RNP termini (figure 5.1). While this work
provided crucial insights into influenza genome organisation, the artificial 248-
nucleotide RNA constraint forced mini-RNPs into compact loop conformations that
contrasted with the physiologically relevant double helical architecture observed in

native vVRNPs.
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This discrepancy between mini-RNP and native vVRNP ultrastructure highlighted the
need for structural approaches capable of handling full-length, biologically relevant

ribonucleoprotein complexes.
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Figure 5.1: Mini-vRNP Structure.

Low-resolution structural data of influenza mini-RNPs. (A) 2D averages of negative stain electron
microscopy data of influenza mini-RNPs. Scale bar = 50 A. (B) 3D density map of influenza mini-RNPs
determined by negative stain electron microscopy. Scale bar = 50A. Both panels A and B are taken from
(Martin-Benito et al., 2001). (C) 3D density map (top) and rigid body fitting of influenza A nucleoprotein
into the obtained density (bottom) of influenza mini-RNPs determined by cryo-EM SPA. (Coloma et al.,
2019).

Structural determination of native-length RNPs, either as virion-derived VRNPs (Arranz
et al., 2012), or by overexpression in mammalian cell lines (Moeller et al., 2012) was
later pursued. This was highly advantageous, as full-length RNPs are more
representative of the biological context of the RNP. These data confirmed the
antiparallel organisation of the nucleoproteins of the RNP into a double helix with a
canonical major and minor groove as a result of nucleoprotein oligomerisation. Also
observed in both systems were the canonical loop ends, and opposite, a putative

influenza polymerase-bound end (figure 5.2).

Key in these two papers is that the handedness of the reconstructed vVRNP is different.
Arranz and colleagues determined a low-resolution reconstruction of the vVRNP with a
left-handed double helix (figure 5.2, panels A-G), whereas Moeller and colleagues
determined a right-handed double helix (figure 5.2, panels H-K). The handedness of

the helix remains ambiguous at this resolution.
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Figure 5.2: vRNP Structures as determined in 2012.

VRNP structures as determined by Arranz and colleagues (Arranz et al., 2012) (panels A - G) and by
Moeller and colleagues (Moeller et al., 2012) (panels H - K). (A) Gallery of vRNP images obtained by
negative stain electron microscopy. Regions boxed in red correspond to terminal vRNP regions used for
terminal vRNP structure processing. Regions boxed in blue correspond to central, helical vRNP regions
used to process the central helical section of the vRNP. (B) 2D average obtained from picked central
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regions. (C) 2D average obtained from polymerase-containing vRNP termini. (D) 2D average obtained
from loop-containing vRNP termini. (E) 3D cryo-EM reconstruction of the central portion of a vRNP.
Opposite polarity strands are illustrated in pink and blue. (F) Rigid body docking of two nucleoprotein
monomers into opposite strands. (G) Rigid body docking of two nucleoprotein monomers at an
interstrand connection. (H) Composite model of cryo-EM reconstruction of three regions of a vRNP - the
looped end, the central filament, and the RNA polymerase end. (I) Cartoon representation of
corresponding vRNP organisation. (J) Reconstruction of the central filament region imposing helical
symmetry. (K) Nucleoprotein monomer structures rigid body fitted into the cryo-EM density. Two
opposing arrows represent differing strand polarity. Scale bar represents 1004 in panels B-D and J, and
504in panels E - G. Figures adapted from Arranz et al., 2012 and Moeller et al., 2012.

Moeller and colleagues additionally employed a C-terminal Hiss tag on the influenza
polymerase PB2 domain in order to identify the position of the polymerase on the vRNP
using a Ni-NTA nanogold particle. In doing so, they observed that the influenza
polymerase was present near to, but not exclusively at the end of the RNP (Moeller et

al., 2012).

Cryo-electron tomography was employed in the study by Arranz and colleagues to
show that vRNPs also exist in the influenza virion with an approximately parallel
arrangement of neighbouring vVRNPs (figure 5.3), and the same double helical structure
determined as virion-derived VRNPs ex virio (figure 5.2, panels A-G). The best nominal
resolution from this study employing cryo-EM SPA was around 18 A. This low-
resolution was explained by the conformational heterogeneity of the VRNPs (Arranz et

al., 2012).
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Figure 5.3: vVRNPs in virio.

The structure of influenza vRNPs in virio as studied by Arranz and colleagues using cryo-electron
tomography and sub-volume averaging. (A) Central sections of tomograms with select vRNPs
highlighted in red rectangles. (B) Sub-volume average after processing of 288 volumes extracted from
tomograms. (C) Volumetric representation of an influenza virus particle segmented with vRNPs coloured
in purple. Scale bar = 1000 A. Figure adapted from Arranz et al., 2012.
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The observation of highly flexible VRNPs (underpinning both vVRNP function and
limitations for structural studies) was further supported by the characterisation of
VRNP size, curvature, and organisation by Gallagher and colleagues studying vVRNPs
isolated from live virus using cryo-electron tomography (Gallagher et al., 2017) (figure

5.4).

Coloma and colleagues later carried out 3D classification of VRNP data using cryo-EM
SPA and found that the relative position of the nucleoprotein on one strand was not
fixed with respect to the position of the nucleoprotein on the adjacent strand, but
could vary extensively, limiting the feasibility of high-resolution reconstructions with
such heterogeneous data, but highlighting the required flexibility of the vRNP. Analysis
of the reported variability of VRNP conformations during transcription revealed a
sliding motion of one strand over the other to facilitate polymerase movement through
the RNA template without disrupting the overall double helix structure (Coloma et al.,

2020).
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Figure 5.4: vRNP Structural Heterogeneity.

(Top) Gallery (1- Xll) of x-y sections through subtomograms of individual vRNP filaments, illustrating their
varied morphologies. (Bottom) Calculated molecular envelopes of two vRNPs (RNP) with individual
nucleoprotein monomers fitted to the density (NPs) and then overlayed (merge) to illustrate the relative
size and occupancy of individual vRNPs. Adapted from Gallagher et al., 2017.
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While significant progress on the structure of the influenza vVRNP has been made within
the last 20 years, with the local resolution of the nucleoprotein in the context of the
VRNP now being reported to a nominal resolution of 7 A (Colomaetal., 2020), there are
still gaps in our knowledge. At the outset of this work, these included the high-
resolution structure of the influenza nucleoprotein in the context of the vVRNP, the
molecular mode of binding of the influenza polymerase to the vRNP, and the molecular

mode of interaction of the innate immune factor MxA to the vRNP.

5.1.2.1. Previous Laboratory Work on vRNP Structure

Our laboratory has previously attempted to elucidate nucleoprotein organisation
within vVRNP complexes, and to determine the positioning of the influenza polymerase

in the context of the vVRNP.

VRNPs were enriched from viral particles using established protocols (Vreede and
Brownlee, 2007), described in the present thesis materials and methods chapter
(section 2.4.3. Virion-Derived Influenza Virus VRNP Isolation). Three different Hise-
tagged influenza polymerase megabodies were added to the vVRNP sample to bind any
present influenza polymerase. Being Hiss-tagged, the megabodies could also be
labelled with Ni-NTA gold nanobeads in order to indirectly visualise the polymerase by

negative stain electron microscopy (figure 5.5).

Quantitative analysis of negative-stain micrographs revealed clear organisational

patterns: 89.9 % of nanogold particles co-localised with vRNP structures (figure 5.5,

247



panel B), while stoichiometric analysis demonstrated that 85.2 % of vVRNPs associated
with single nanogold particles, 10.7 % lacked detectable nanogold association, and
4.6 % had two nanogold particles (figure 5.5, panel C). Notably, no vVRNP exhibited
more than two associated nanogold particles, suggesting that most vVRNP complexes
have one constituent polymerase associated, and only a small population of vVRNPs
have two copies of the polymerase associated. Additionally, it was observed that 90.3
% of nanogold particles localised to VRNP termini (figure 5.5, panel D) providing strong
evidence for preferential polymerase positioning at ribonucleoprotein ends in this

sample, rather than distributed along the helical structure.

Subsequent cryo-EM data were collected without the nanogold particle bound to the
megabody to eliminate electron scattering artifacts that compromise high-resolution
imaging (figure 5.5). While vRNP filaments remained clearly visible in the resulting
dataset, conventional particle picking approaches failed to identify discrete

polymerase or megabody-polymerase 2D classes (Zhu, 2024) (figure 5.5, panel F).

This limitation highlights the technical challenges inherent in structural
characterisation of polymerase components within the context of the flexible vVRNP
architecture, necessitating alternative strategies for polymerase localisation and

downstream data processing.
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Figure 5.5: vVRNP-Megabody Dataset Overview.

m RNP-associated Nanogold

(A) Negative stain electron microscopy dataset of influenza A virus-enriched vRNPs with three influenza
polymerase megabodies bound, and the megabodies additionally bound with nanogold particles (black
dots). (B - E) Representative areas of negative stain electron microscopy micrographs showing vRNPs
and nanogold particles, with respective quantification on the right side of each panel. Arrows of different
colours represent similarly-coloured areas of pie charts to quantify different characteristics of the data:
(B) background nanogold particles vs vRNP-associated nanogold particles (C) number of nanogold
particle hotspots on a given vRNP (D) positions of nanogold particles along the vRNP, and (E)
quantification of numbers of nanogold particles in a given nanoparticle hotspot. (F) Representative 2D

class averages of cryo-EM data collected on this sample. Figure adapted from Zhu, 2024.
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5.1.3. Helical Theory

Helical filaments are ubiquitous structural elements across all domains of life.
Prokaryotic cells require helical assemblies of actin and tubulin homologues,
including FtsA (Lara et al., 2005) and MreB (Busiek and Margolin, 2015) for essential
cell cycle processes. Eukaryotic systems extend this organisational principle beyond
the canonical cytoskeletal proteins such as actin and tubulin (Kueh and Mitchison,
2009) to encompass diverse protein families including immune system components
(Luetal., 2014) and pathological assemblies such as the misfolded protein aggregates

associated with Alzheimer’s disease (Lovestam et al., 2024).

Viruses have provided particularly valuable models for understanding helical
assembly principles. The first structural data of proteinaceous helical filaments were
derived from Tobacco Mosaic Virus by means of X-ray fiber diffraction (Watson, 1954;
Franklin, 1955; Franklin, 1956), and the first three-dimensional reconstruction of a
helical protein filament by electron microscopy studied a bacteriophage tail (De Rosier

and Klug, 1968).

Negative-sense RNA viruses demonstrate sophisticated helical packaging strategies,
encapsidating their genomes within ordered nucleocapsid structures (Luo et al., 2020).
The degree of helical symmetry varies among different negative-sense RNA viruses,
with well-characterised examples including the helical nucleocapsids of Toscanavirus
(Olal etal., 2014), measles virus (Gutsche et al., 2015), and Hantaan virus (Arragain et

al., 2019).
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The intrinsic symmetry of these assemblies provides significant advantages for cryo-
EM SPA and cryo-ET STA by enhancing signal-to-noise ratios and enabling the
imposition of structural helical constraints during 3D reconstruction, contingent upon
the accurate determination of helical parameters, which is often extremely

challenging.

5.1.3.1. Helical Symmetry Parameters

The mathematical description of biological helical filaments defines the geometric
relationship between adjacent subunits that collectively determine the three-
dimensional architecture of the complete assembly. Helically symmetric filaments
comprise physical subunits (protein monomers) related through rotation and
translation along a helical or screw axis (figure 5.6, denoted as z). These subunits can
be conceptualised as points distributed on a cylindrical surface with their spatial
relationships defined by two fundamental parameters: helical twist, A¢, and helical

rise, Az, between subunits (figure 5.6).

Twist (A¢) (°) represents the angular rotation (in degrees) between adjacent subunits
around the helical axis while rise per subunit (Az) (A) describes the axial translation (in
A) between consecutive subunits along the helical axis. Together, these two
parameters define the local geometry of subunit — subunit interactions within the

helical filament.

251



Global helical parameters provide complementary architectural descriptors. Pitch (P)
represents the axial distance required for one complete 360° rotation around the
helical axis. The number of subunits per turn (n) defines the number of individual
subunits comprising one complete helical turn. Handedness (h) describes the
fundamental topology of the helical filament. This property is determined by the
direction of rotation when moving along the helical axis: right-handed (+1) helices
exhibit clockwise rotation, while left-handed (-1) helices exhibit anti-clockwise
rotation. Together, pitch, number of subunits per turn, and handedness describe the

global parameters of the helical filament.

Additionally, the radius (r) defines the distance from the helical axis to the center of

mass of each subunit, determining the overall diameter of the helical filament.

These local and global parameters are mathematically related by the following

equations:

The pitch provides a measure of helical compactness relative to twist magnitude.

From n and h values, A¢ can be calculated as:

360° h

Ap =
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From P and n values, Az can be calculated as:

Az

S|

And similarly, from Az and A¢, P, n, and handedness can be calculated as:

_360° p_ 360°Az
|[4¢|’ 14|

n ;h = sign(4¢)

Both parameter sets — (4¢, 4z) and (P, n, h) — serve distinct computational purposes in
helical analysis. Flexible helical assemblies often show ambiguity in the number of
subunits per turn while maintaining consistent pitch values, making the (P, n, h) set
more suitable for exploring symmetry parameters. Conversely, the (A¢, Az) set more
directly represents the information needed for symmetry imposition during refinement.
CryoSPARC utilises both parameter sets at different stages of helical processing

(Wang et al., 2022) (Helical symmetry in CryoSPARC).
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Figure 5.6: Basic Helical Symmetry Parameters.

(A) A continuous helix with ¢, twist, r, radius, and P, pitch annotated. (B) A discrete helical lattice with
A, the twist between two subunits (coloured as grey spheres), and Az, the helical rise between two
subunits annotated. Figure taken from Bubeck lecture ‘Making the most of symmetry’ 2019
(http://www.cryst.bbk.ac.uk/embo2019/ppts/EMBO_2019.pdf).

Helical structural classification requires additional consideration of strand multiplicity
— specifically, whether assemblies are comprised of single- or multi-start helical
architecture. The number of helical starts determines whether the helical lattice
follows one continuous helical path or consists of multiple independent, intertwined
helical strands. Single-start helices trace one continuous path around the helical axis,
while multi-start helices incorporate multiple discrete helical threads that wind

together to form the complete filament.

Influenza vVRNPs are an example of a 2-start, antiparallel helical filament, that enables

efficient packaging of complete genome segments while accommodating a single
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polymerase heterotrimer at one end, and a non-helical nucleoprotein loop at the
opposite end. This 2-start organisation confers enhanced structural stability through
inter-strand interactions while preserving the conformational flexibility required for

transcription and replication.

The antiparallel double helical arrangement generates distinct major and minor
grooves, which is crucial for the understanding of both structural organisation and
biological processes carried out on the VRNP. These grooves likely provide specific
binding sites for regulatory factors and may facilitate the directional movement of the
polymerase machinery during RNA synthesis, making their structural characterisation

crucial for understanding viral replication mechanisms.

5.1.3.2. Experimental Approaches to Helical Parameter

Determination

Cryo-electron microscopy has revolutionised helical parameter determination by
preserving helical assemblies in their native, hydrated states within vitreous ice. This
methodology offers particular advantages for helical filaments, which often resist
crystallisation due to their extended, flexible architecture. Cryo-EM enables
examination of physiologically relevant conformational states that remain

inaccessible through conventional crystallographic methods.

The image processing pipeline for helical structures in cryoSPARC begins with

identification of helical segments from micrographs through manual and/or
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automated particle picking, combined with filament tracing. Short helical segments
are subsequently extracted at regular intervals along filament length to generate

particle sets suitable for helical reconstruction.

Box size selection for segment extraction represents a critical optimisation parameter.
Larger box sizes capture extended information spanning multiple helical turns, thereby
providing better constraints for accurate helical parameter determination. However,
the inherent flexibility and polymorphism of biological filaments means that longer
segments may exhibit greater conformational heterogeneity (Wang et al., 2022),
particularly at the box edges, potentially degrading the quality of averaged structures.
The choice of an optimal box size therefore requires a balance between sufficient
helical information content against conformational homogeneity within individual

segments.

CryoSPARC enables filament selection based on curvature and sinuosity metrics.
Filament curvature represents a local geometric property that varies along a given
filament that is defined as the degree of local bending of the filament at each point
across its length, measuring the deviation of the filament from a straight line at a
specific location. Conversely, filament sinuosity is a global measure of overall
deviation from linearity, calculated as the ratio of actual path length to straight-line

distance between filament end points.

For high-resolution structure determination, filament selection should favour

segments with low curvature (< 0.01 A‘1) and low sinuosity ( < 1.5). Resulting straighter
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filaments minimise conformational heterogeneity and provide more reliable helical
parameter estimates, while highly curved or sinuous filaments can introduce noise
and result in lower resolution 2D class averages and 3D reconstructions. These
selection criteria are essential for achieving the structural homogeneity required for

high-resolution helical reconstruction.

5.1.3.2.1. Two-Dimensional Classification and Initial Helical Parameter

Estimation

Following filament tracing and segment extraction, 2D classification separates
particles into homogeneous classes, each potentially representing distinct helical
conformations or polymorphic states. Reliable parameter estimation requires classes
containing sufficient helical content (typically > 2 helical turns) and high structural

homogeneity within each class.

For each 2D class, segments undergo verticalisation (alignment along the helical axis)
prior to power spectra calculation through Fourier transformation. The resulting power
spectra exhibit layer lines with observed helical parameters in 2D class averages
(Egelman, 2015; Kreutzberger et al., 2024). Well-defined layer lines enable direct
measurement of the helical pitch from the meridional spacing, while Bessel order

analysis provides information about the radial mass distribution. Computational tools

such as Helixplorer (https://rico.ibs.fr/helixplorer/helixplorer/) facilitate matching

between layer line positions and helical parameters for use in 3D refinement.
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When power spectra lack sufficient signal due to small box sizes or heterogeneity
within 2D classes, parameters can instead be estimated from visual inspection of 2D
class averages. Helical pitch is often able to be measured directly from the repeat
pattern, while the number of subunits perturn can be counted to estimate twist angles.
Multiple candidate parameter sets can then be evaluated through preliminary 3D

reconstructions to further refine optimal helical parameters.

Alternative approaches become necessary when power spectra lack interpretable
signal. A systematic approach involves measuring visible helical features directly from
2D class averages, estimating subunit periodicity, and testing multiple candidate
parameter sets in initial 3D reconstruction. Alternatively, an iterative refinement
strategy can be employed, where parameters are systematically adjusted until a
satisfactory 3D density is achieved. It is critical that high-resolution features, such as
secondary structure elements and side chains emerge in order to be certain that the
applied symmetry is correct, since applying different helical symmetries can

drastically alter the outcome of 3D refinement jobs.

5.1.3.2.2. Three-Dimensional Reconstruction and Parameter Refinement

Once initial helical parameters have been estimated, 3D reconstruction of the data
can be attempted through multiple strategies. Non-symmetrised ab-initio
reconstruction allows parameter extraction through density map inspection, while

direct helical reconstruction can be initiated using estimated helical parameters.
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CryoSPARC implements advanced helical reconstruction algorithms capable of
simultaneously refining both the helical parameters and the 3D structure. This process
typically involves a search across a range of potential twist and rise values with the
optimal parameters identified based on reconstruction consistency and resolution
metrics. The software can accommodate both global parameter refinement —applying
uniform parameters across the entire dataset —and local parameter refinement, which

detects and accommodates helical polymorphism or conformational flexibility.

5.1.4. Carbon Support Cryo-Electron Microscopy Grids

Protein samples prepared for cryo-EM can suffer from detrimental interactions with
the air-water interface, which can lead to preferential orientation in the vitreous ice,
denaturation, and aggregation. To mitigate these effects, continuous thin carbon
support films (Passmore and Russo, 2016; Thompson et al., 2016, p.201; Drulyte et al.,
2018) and graphene-based support films (Pantelic et al., 2010; Palovcak et al., 2018)

can be used to minimise protein-interface interactions.

These support films offer several advantages: they can improve protein distribution
and reduce preferential orientation by providing a uniform surface for particle
adsorption, enable better control of particle concentration across grid holes by
facilitating interactions with the support film, and help maintain protein native state

during the freezing process (Glaeser, 2018).
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However, the use of support films introduces a trade-off, as the additional material
layer increases background signal in micrographs due to electron scattering, which
reduces image contrast. The choice to use support films must therefore be balanced
between the benefits of improved particle distribution against the costs of increased

background signal.

5.1.5. Functionalised Cryo-Electron Microscopy Grids

Functionalisation of electron microscopy grids involves the addition of chemical
groups that interact selectively with tagged proteins (e.g. Ni-NTA with Hise-tagged
proteins, Strep-Tactin with Strep-tag llI-tagged proteins). This approach enables
concentration and immobilisation of specifically tagged protein complexes directly

onto the grid surface.

Functionalised grids serve dual experimental purposes: they can function as a direct
affinity purification method, whereby proteins are captured from cell lysate and non-
specifically bound material is washed away, or as a final concentration step to

increase particle density for samples that resist conventional concentration methods.

This technique has been successfully applied to increase sample concentration on
electron microscopy grids, enabling high-resolution structure determination by cryo-
EM SPA for samples that would otherwise be too dilute for effective data collection

(Kelly et al., 2010; Yu et al., 2016; Benjamin et al., 2016; Ramlaul et al., 2023).
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An important consideration when using functionalised grids is the optimisation of
protein linker length connecting the target protein to its affinity tag. The system used in
this chapter is illustrated below (figure 5.7). Short protein linkers between the
nanobody and its Hiss tag would constrain VRNP complexes to limited orientations
relative to the grid surface, while extended linkers provide greater conformational

flexibility.

The linker length directly impacts both the diversity of particle views available for 3D
reconstruction and the potential for preferred orientation artifacts — a common
limitation in cryo-EM SPA. Optimal linker design must therefore balance sufficient
conformational freedom to ensure comprehensive orientational sampling against the

risk of introducing flexibility that could compromise structural homogeneity.

The strategic implementation of functionalised grids represents a powerful approach
for overcoming challenges of sample preparation inherent in structural analysis of

large, flexible complexes such as viral ribonucleoproteins.
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Figure 5.7: Diagram of Functionalised Electron Microscopy Grid.

In the system illustrated, the grid hole is illustrated in grey and annotated ‘Carbon’. There is a lipid
monolayer grown across the grid, which is charged with Nickel-NTA for the immobilisation of Hiss-tagged
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proteins. In this system, an influenza polymerase nanobody (FluPol Nb, blue) is immobilised to the Ni-
NTA layer, and influenza vRNPs are immobilised in different orientations.

5.1.6. Chapter Aims

Prior to the commencement of this work, several fundamental knowledge gaps existed
in our understanding of influenza VRNP structural biology. First, no high-resolution
structure of the nucleoprotein in its physiologically relevant RNA-bound state within
the context of the VRNP had been determined, constraining our understanding of viral

genome packaging and organisation mechanisms.

Second, while previous work indicated that individual vRNPs typically associate with
single polymerase complexes, the structural basis underlying polymerase — vVRNP

interactions remained uncharacterised.

Finally, no structural or biochemical data existed describing the molecular
mechanism by which the innate immune factor MxA (introduced in chapters 1 and 4)

associates with influenza A nucleoprotein within the context of intact vVRNPs.

My first aim was to identify and structurally characterise the influenza polymerase
complexwithin the context of the VRNP. | planned to use convolutional neural network-
based particle picking software followed by conventional data processing pipelines in
cryoSPARC to reliably pick vVRNP ends, and classify out the loop end, selecting for and
further processing the influenza polymerase end of the vRNP. This approach would

enable classification and isolation of loop-containing termini from polymerase-
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associated ends, facilitating focussed analysis on polymerase-vRNP association

mechanisms.

My second aim was to determine the high-resolution structure of the influenza A
nucleoprotein within virion-derived vRNPs. This required the development and
implementation of novel cryo-EM approaches to overcome inherent challenges posed

by VRNP flexibility and low on-grid concentrations.

| employed three main strategies: carbon support grids to adsorb vVRNPs and reduce
filament flexibility, nanobody-mediated rigidification using a specific nucleoprotein-
binding nanobody, and functionalised cryo-EM grids as an on-grid concentration

method to enrich vRNPs with bound interaction partners.

My final aim was to establish an experimental system to study the molecular
mechanism of MxA binding to influenza virus VRNPs. This involved the generation of a
chimeric influenza A virus sensitive to MxA restriction. | then planned to demonstrate
a direct binding interaction between VRNPs and MxA through biochemical analysis.
Finally, | aimed to determine the mode of MxA binding to VRNPs using integrated cryo-

electron microscopy and cryo-electron tomography approaches.

These objectives collectively address critical gaps in influenza vVRNP structural biology

while developing methodological advances applicable to other flexible

ribonucleoprotein complexes.
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5.2. Results

5.2.1. Enrichment of vRNPs from Live Influenza Virus

VRNPs utilised in this chapter were isolated from live WSN virus (Influenza
A/WSN/1933 (H1N1)) following a method established in literature (Vreede and
Brownlee, 2007), and as in this thesis materials and methods chapter (section 2.4.3.
Virion-Derived Influenza Virus vRNP lIsolation) (figure 5.8). This method is well-
established and has been shown to reliably isolate VRNPs produced by viral infection.
This process generates a mixture of all eight vVRNP segments, which are difficult to
further separate into individual segment lengths. As a result, the vRNP fractions are
pooled, introducing an additional layer of sample heterogeneity, namely the variation
in segment length. However, this variability was considered surmountable given the

available computational resources for both 2D and 3D classification.

Briefly, six T-175 flasks of MDBK cells were infected with influenza virus at a multiplicity
of infection (MOI) of 0.01 and incubated for 48 h. Following this incubation period, the
supernatant was harvested, and cell debris removed. The viral particles were then
concentrated by means of ultracentrifugation through a sucrose cushion. The resulting
pelleted virus was sealed and resuspended overnight in chilled resuspension buffer
(10 mM Tris-HCL (pH 7.4), 100 mM NaCl, 1 mM EDTA). The viral suspension was then
transferred to a microfuge tube and viral particles lysed using a disruption buffer
including 2 % Triton X-100. The suspension was incubated at 31°C in a shaking
incubator for 30 minutes to ensure complete virion lysis. In some cases,

recombinantly-produced vRNP interaction partners (Nb170, MxA) were added in
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excess to the lysate after the virion lysis step. The resulting lysate was subsequently
separated by means of ultracentrifugation through a glycerol gradient. After the
separation, a hole was pierced in the base of the ultracentrifuge tube and 250 pL
fractions of separated virion lysate were collected. They were vortexed and samples
taken for analysis by SDS-PAGE, silver staining, and western blot as appropriate.

Fractions containing isolated vVRNPs were identified and stored.

In cryo-EM analysis, it was observed that VRNPs obtained directly from the vRNP
separation step were insufficiently concentrated to visualise a sufficient number of
particles in individual cryo-EM grid holes. Consequently, an additional
ultracentrifugation step was necessary to increase the concentration of vRNPs for
cryo-EM analysis. Following this step, the vRNPs were pelleted and resuspended
overnight at 4°C in 25 pL of resuspension buffer (20 mM Tris-HCL (pH 8.0), 150 mM

NaCl).

AUWLVRNP enrichment procedures were carried out by Dr. Kuang-Yu Chen.

The protocol forthe enrichment of virus-derived VRNPs is illustrated in the figure below

details the virus-derived vVRNP enrichment protocol (figure 5.8).
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Figure 5.8: vVRNP Enrichment Protocol.

(Left) Cartoon diagram of steps in the vRNP enrichment protocol described. Virus harvesting occurs 48
hpi. Viral particles are pelleted by means of ultracentrifugation. Virus particles are lysed, and binding
partners are added in excess (optional). vVRNPs are separated from the viral lysate and analysed by
means of SDS-PAGE, silver stain, or western blot, as appropriate. An optional vRNP pelleting step can
be carried out if higher concentrations of vRNPs are required. This is followed by analysis by cryo-EM.
(Right) After the vRNP separation step, the fractions isolated are analysed by means of SDS-PAGE, silver
stain, or western blot, as appropriate. Here, a standard silver stain gel of separated viral lysate fractions
is shown. Fractions are taken from the base of the ultracentrifuge tube, and earlier fractions relate to
pelleted and aggregated material, and heavier protein complexes. As fractions are consecutively
collected, the molecular weight of the protein complexes observed decreases. The vRNP fractions are
boxed in blue and are characterised by a thick protein band of 56 kDa corresponding to the
nucleoprotein, a double band which appears to run as one band of corresponding to PB2
(approximately 85 kDa) and PA (approximately 85.5 kDa), and one band which runs at a higher observed
molecular weight corresponding to PB1 (approximately 86.5 kDa).

The silver stain gel presented demonstrates the ability of vVRNPs to be successfully
enriched form virus. The enriched sample can then be analysed by cryo-EM for

structure determination or used for biochemical analysis (Zhu et al., 2023).
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5.2.2. Automated Particle Picking of Megabody-Bound

Influenza Polymerase in the Context of Influenza vRNPs

using crYOLO

Traditional particle picking methods, whether manual or template based, are time
consuming and prone to inherent human biases. Manual picking can introduce
operator bias, as individuals may subconsciously select particles based on preferred
orientations, higher contrast, or specific morphological features, while potentially
overlooking particles in less favourable conditions or orientations. Such biases can
lead to incomplete angular sampling during reconstruction, limiting the achievable
resolution and map quality while also potentially introducing artifacts in the final

structure.

Template-based particle picking approaches, although more objective than manual
picking, still present several limitations. It requires a priori knowledge of particle
appearance and may fail to detect particles that deviate from the template provided.
Additionally, these methods often rely on initial manual particle selections to generate

templates, which can propagate human bias throughout the picking process.

To overcome these limitations, crYOLO (cryo-electron microscopy You Only Look
Once) has beenimplemented to use a deep learning approach based on convolutional
neural networks (CNNs) for automated particle detection and picking (Wagner et al.,
2019; Wagner and Raunser, 2020). Briefly, CNNs learn to identify hierarchical features

in cryo-EM micrographs. During training, the network analyses annotated micrographs
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to distinguish patterns characteristic of particles, background noise, ice

contamination, and other artefacts present in cryo-EM data.

In this study, crYOLO was applied to a cryo-EM SPA dataset collected previously,
introduced in chapter 5.1.2.1. (Zhu, 2024) where influenza A vRNPs were bound by
three different influenza polymerase-binding megabodies. Conventional particle
picking methods had been unsuccessful in identifying megabody- or influenza
polymerase-containing 2D classes, despite picking strategies targeting solely the ends
of VRNPs. Given that negative stain data that demonstrated the prevalence of influenza
polymerase complexes were predominantly located at the ends of VRNPs in this
sample (as shown in figure 5.5), crYOLO was specifically trained to pick the ends of
VRNPs. Importantly, the loop ends of VRNPs were intentionally excluded from the
picking process, as the polymerase complex was mainly observed at the end opposite
the loop. Where it was ambiguous which end contained the loop, and which was

thought to contain the polymerase, both ends were picked.

Abox size of 405 Ax 405 A (1.35 A/px, 300 px x 300 px) was selected to ensure sufficient
coverage to identify both the influenza polymerase and any potentially bound
megabodies, as well as adjacent nucleoprotein molecules. The polymerase has a
maximum dimension of approximately 130 A (Keown et al., 2022) (PDB: 7NK4), while a
bound megabody could add up to a theoretical maximum of 100 A if bound on the edge
of the longest dimension of the polymerase (Uchanski et al., 2021) (PDB: 6XUX). To
ensure adequate padding around the particle, and for signal from nucleoprotein
molecules interacting with the polymerase, the box size was chosen to provide
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approximately 1.5 x the expected maximum particle dimension. This padding prevents
truncation of polymerase signal during particle extraction and allows for particle shifts

during alignment without losing signal at the box edges.

The particle picks generated by crYOLO were imported into cryoSPARC, where
particles were extracted from their original micrographs. Across a dataset of 7,337
exposures, this led to 207,830 particles. These particles were subjected to two rounds
of 2D classification. In both rounds, the resulting 2D class averages were assessed for

signal which could be attributed to megabody and polymerase.

An example micrograph with crYOLO particle picks is shown in figure 5.9, panel A,
where the picks are marked by white circles. These picks were globally good, being in
the majority of cases solely at the ends of vVRNPs. Figure 5.9, panel B presents an
example 2D class selection job, where clear nucleoprotein was evident across all
classes, with the nucleoprotein loop clearly visible in some classes. However, no
signal attributable to either megabody or polymerase was observed across the dataset

(figure 5.9, panel B).
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Figure 5.9: crYOLO Picking of vRNP Ends.

crYOLO was employed to pick the ends of vRNPs to obtain a particle stack of influenza polymerase
particles. (A) Micrograph with locations of crYOLO picks circled in white. (B) Examples of 2D classes
from the above particle selection. In both panels, the scale bar corresponds to 400 A.
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Despite the globally successful identification of influenza vVRNP ends by crYOLO, the
absence of detectable polymerase or megabody suggests that the picked particles

contained few, if any, polymerase complexes.

Severalfactors may account for this observation. First, bias during the training process
of crYOLO could have resulted in the preferential selection of particles that did not
contain polymerase complexes. Alternatively, erroneous picking of helical
nucleoprotein structures, which may have appeared similar to the desired vVRNP ends,
could have contributed to the lack of polymerase detection. Another possibility is
insufficient 2D classification, which may not have been thorough enough to extract

clear polymerase and megabody signal.

The absence of megabody signal further supports the hypothesis of limited
polymerase presence but also suggests that the megabody complexes may either be
too flexible or have been prone to disassembly during the vitrification process. This
observation is consistent with findings from other studies (Uchanski et al., 2021; Ackle
etal., 2025) where megabody complexes are not observed in finalreconstructions due
to flexibility between the nanobody domain and the scaffold domain (of HopQ-based
megabodies, but this observation could be applicable to YgjK megabodies also). These
reports highlight the challenges associated with maintaining the structural integrity of

megabody complexes during cryo-EM data collection.
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5.2.3. Carbon Support Cryo-EM Grids for the Reduction of

Influenza vRNP Flexibility

Carbon support grids have been demonstrated to mitigate several challenges
associated with conventional holey carbon grids in cryo-EM sample preparation.
These include the prevention of unfavourable protein — air — water interface
interactions, reduction of preferential particle orientations, and minimisation of
protein denaturation and aggregation during vitrification (Passmore and Russo, 2016;
Thompson et al., 2016; Drulyte et al., 2018). The continuous carbon support film
provides a uniform adsorption surface that potentially improves particle distribution
within grid holes while simultaneously minimising complex flexibility through

interactions with the carbon support layer.

Given the inherent global flexibility of influenza vVRNPs, it was hypothesised that the
use of carbon support grids would enhance sample preparation for cryo-EM SPA. The
carbon support layer was expected to improve particle concentration within the grid
holes and reduce global vVRNP flexibility through interaction with the carbon support
film. This conformational restraint could facilitate downstream image processing and

potentially enable higher resolution reconstructions.

Briefly, vVRNPs were isolated as previously described (chapter 5.2.1.). The observed
concentration by nanodrop was 0.6 mg/mL. 2.5 uL of concentrated VRNPs were
applied to freshly glow-discharged Quantifoil R 2/1 Cu 200 + 2 nm C grids, blotted, and

plunge frozen using a Vitrobot mark IV at 100 % humidity.
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The vitrified grids were screened on a ThermoFisher Glacios Transmission Electron
Microscope, and grids with a suitable ice thickness and good particle distribution were
stored under liquid nitrogen for later data collection, if required. An example

micrograph of VRNPs on such a carbon support grid is shown below (figure 5.10).

Comparative analysis of VRNPs on conventional holey carbon grids versus carbon
support grids reveals distinct imaging characteristics (figure 5.10, panels Aand B). The
most significant difference is the reduced image contrast observed with carbon
support grids, attributable to increased background signal from the additional 2 nm

carbon layer—an inherent limitation that must be considered in data quality evaluation.

Qualitative assessment suggests potentialimprovement in VRNP concentration within
grid holes on carbon support surfaces. However, definitive conclusions regarding the
efficacy of carbon support grids in either enhancing particle concentration or reducing
VRNP flexibility cannot be drawn from examination of individual micrographs alone.
Rigorous comparison would require comprehensive dataset collection from both grid
types, followed by quantitative analysis of particle density and direct comparison of

reconstruction quality.

This investigation demonstrated the technical amenability of the use of carbon
support cryo-EM grids for influenza virus VRNP sample preparation. The vitrification
protocol successfully produced grids with adequate ice quality and particle number

suitable for data collection. While initial observations suggest potential benefits in
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terms of particle distribution, comprehensive evaluation should be carried out in
further studies to determine the true benefit of the use of carbon support grids in this
capacity. During the course of this DPhil, these grids were kept in cryo-storage as a
contingency project should alternative approaches attempted not yield adequate

data.
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Figure 5.10: Carbon Support Grid Comparison.

Cryo-EM micrographs of vRNPs on a holey carbon copper grid (A) compared to a holey carbon copper
grid with a 2 nm layer of ultra-thin carbon (B). Scale bars correspond to approximately 50 nm.

5.2.4. Nucleoprotein Nanobody-Mediated vRNP

Rigidification

As described in section 3.2.4., Nb170 is a camelid-derived nanobody that exhibits the
unique property of binding to the influenza nucleoprotein without interfering with viral
replication or transcription (Schmidt et al., 2016). This compatibility with native viral
processes makes Nb170 an ideal binding partner for structural studies requiring

preservation of authentic vRNP architecture.

The rationale for the use of Nb170 in structural studies of the vVRNP centers on its
potential to reduce local conformational flexibility of nucleoprotein monomers within
the ribonucleoprotein complex while still maintaining native vVRNP architecture.
Influenza nucleoprotein exhibits inherent flexibility, particularly on surface-exposed
loop regions, which limits high-resolution structural determination by cryo-EM SPA.
Through stable nucleoprotein-nanobody complex formation, Nb170 binding was
hypothesised to constrain local nucleoprotein dynamic, thereby reducing structural

heterogeneity.

Moreover, the 15 kDa nanobody addition to the vVRNP complex was expected to
increase the overall signal of the nucleoprotein within the complex and facilitate more

accurate computational alignment of nucleoprotein monomers in the vRNP.
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Furthermore, it was hypothesised that the binding of Nb170 to the nucleoprotein
across the entire VRNP would constrain global vRNP flexibility, reducing the need for
extensive conformational sorting and enabling more particles to contribute to a single
high-resolution reconstruction. This global rigidification would minimise the
conformational heterogeneity that typically requires extensive 3D classification at the

cost of particle numbers.

5.2.4.1. Sample Preparation

VRNPs were enriched following the protocol described in section 5.2.1., with
modification at the binding partner addition step to incorporate the Nb170 nanobody
(figure 5.8). To ensure complete coating of the vRNP, the required nanobody
concentration was calculated based on estimated nucleoprotein content within the

VRNP preparation.

Nucleoprotein concentration was estimated using the average influenza vRNA
segment length of 1613 nucleotides (chapter 1, table 1.3). Given that nucleoprotein
binds approximately every 24 nucleotides, each VRNP contains an average 67
nucleoprotein molecules. With a measured VRNP concentration of 0.6 mg/mL and an
estimated average molecular weight of 4224 kDa (given 67 nucleoprotein molecules
of 56 kDa, one copy of the 270 kDa heterotrimeric influenza polymerase complex, and
around 170 kDa of RNA), the molar concentration of VRNPs was calculated as 0.14 uM,

corresponding to a nucleoprotein concentration of 9.4 uM.
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Purified Nb170 (purification detailed in section 3.2.4.1.) was added to the viral lysate
at 1 mg/mL final concentration (67 pM) representing a 7-fold molar excess over
estimated nucleoprotein concentration given the assumptions outlined above. The
viral lysate and nanobody mixture were allowed to incubate on ice for 30 minutes prior
to VRNP fraction separation by ultracentrifugation to ensure complete nanobody-

nucleoprotein binding.

Fractions were analysed by silver stain gel to assess nanobody co-enrichment with

VRNP complexes (figure 5.11). Input controls containing untreated vRNPs and purified

Nb170 were included for band identification.
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Figure 5.11: Nanobody-Bound vRNP Silver Stain Gel.

Silver stain gel of separated viral lysate fractions with added bound Nb170 nanobody. vVRNP (lane 2) and
Nb170 (lane 3) inputs are included to demonstrate the contribution of protein from the lysed virions and
nanobody stock. Sequential ultracentrifugation fractions show co-enrichment of Nb170 with
nucleoprotein and polymerase proteins in vRNP-containing fractions. Boxed fractions were pooled for
cryo-EM grid preparation.

Analysis of the silver stain gel above confirmed successful Nb170 binding to the
nucleoprotein within the VRNP complex (figure 5.11). vRNP-enriched fractions,
characterised by prominent nucleoprotein (56 kDa) and polymerase bands (PA, PB1,
PB2 = 85 - 87 kDa), showed concomitant enrichment of the Nb170 band (15 kDa).

While some free nanobody was detected across all fractions, the selective co-
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enrichment with vRNP proteins in the pooled fractions (figure 5.11, boxed)

demonstrated specific complex formation suitable for subsequent cryo-EM analysis.

5.2.4.2. Cryo-EM Screening

Nb170 — vVRNP complexes obtained from ultracentrifugation fractionation required
additional concentration for cryo-EM analysis. Initial screening revealed that direct
application of pooled fractions resulted in insufficient vVRNP complex density for
worthwhile cryo-EM data collection. Several concentration and sample preparation
strategies were systematically evaluated to optimise particle density while preserving

complex integrity.

Three initial approaches were tested using standardised grid preparation conditions.
In all cases, 2.5 uL of sample was applied to glow-discharged Quantifoil R 2/1 Cu 200
+ 2 nm carbon grids, appropriate settings were used on a Vitrobot Mark IV for grid
blotting and plunging, and screening was carried out on a ThermoFisher Glacios

Transmission Electron Microscope.

First, Nb170-bound vRNPs isolated as described in the previous section were pelleted
andresuspended as described in section 5.2.1. (figure 5.8). Ultracentrifugation yielded
a visible pellet — notably absent when processing naked vVRNPs - suggesting that the
Nb170-bound VRNP complex had precipitated. Upon screening, no intact vRNPs were
observed within grid holes (figure 5.12, A) indicating that the pelleting process

disrupted complex integrity.
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Second, 7-fold molar excess Nb170 was added to pelleted and resuspended vRNPs
prior to standard grid preparation. This approach resulted in an observed increase in
background signal, likely due to free nanobody adsorption to the carbon support film,

with no discernible vVRNP particles present.

Third, samples underwent spin concentration using a 50 kDa MWCO centrifugal filter
(Amicon) at 1,000 x g. Samples were taken every 15 minutes for an hour and grids were
made using the standard grid preparation protocol. Whilst material was present on the
grids, VRNP degradation was observed which rendered the sample unsuitable for data

collection.

To minimise background while obtaining nanobody-bound VRNP complexes, a
calculated 1:1 nucleoprotein : nanobody stoichiometry was implemented. Based on
the previously determined concentrations (0.14 pyM vRNPs containing 9.4 uM
nucleoprotein), 0.28 pL of 667 uyM Nb170 stock was added to 20 uL aliquots of

enriched VRNPs, providing equimolar nanobody without significant excess.

Given a calculated equimolar amount of nucleoprotein and nanobody, the likelihood
of complete coating of the vVRNP is lower than in the case of an excess of nanobody,

but the likelihood of having excess nanobody binding the carbon is greatly reduced.

Example micrographs of excess Nb170 bound to enriched vVRNPs before pelleting

(figure 5.12, A) and the 1:1 stoichiometric preparation (figure 5.12, B) are shown in the
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figure below. Comparably, samples with Nb170 bound to the vVRNP which were then
pelleted and resuspended demonstrated empty grid holes despite otherwise optimal
ice conditions. In contrast, the 1:1 stoichiometric preparation produced well-
distributed VRNP particles within holes of appropriate ice thickness suitable for

subsequent data collection.

282



Figure 5.12: Cryo-EM Micrographs of Nanobody-Bound vRNP Samples.

(A) Example micrograph corresponding to the first experiment outlined. Nb170-bound vRNPs were
pelleted by ultracentrifugation and applied to cryo-EM grids. (B) Example micrograph corresponding to
calculated 1:1 coating of vRNPs with Nb170. Scale bars correspond to 50 nm.
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5.2.4.3. Cryo-EM Data Collection

Data collection was performed at eBIC (electron Bio-Imaging Centre, Harwell) using a
300 keV Thermo Fisher Krios transmission electron microscope with the supervision of
Dr. Loic Carrique. Downstream data processing was carried out independently. Data

collection and data processing parameters are detailed in table 5.1 below.

The dataset demonstrated a good particle concentration and distribution across the
micrographs collected, with individual vVRNP complexes being clearly present (figure
5.13). These results validated the optimised sample preparation protocol and provided

high-quality data suitable for subsequent structural analysis.

Table 5.1: Data Collection Parameters of Nb170 - vVRNP Dataset.

Data Collection - Nb170 - vRNP
Microscope Titan Krios
Voltage (keV) 300
Detector Gatan K3
Magnification 105,000
Pixel Size (A) 0.831
Total Dose (e 7A?) 50
Defocus Range (um) -0.5t0-2.5
Frames / Movie 50
Number of Movies 17,520
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Figure 5.13: Representative Micrograph of Collected Nb170 - vRNP Data.

Representative micrograph of Nb170 — vRNP data collected at eBIC. vRNP complexes are clearly
present in the micrograph. Scale bar =50 nm.

5.2.4.4. Cryo-EM Data Processing

Following motion correction and CTF correction using cryoSPARC Live, initial
template-based particle picking was performed using previously generated 2D class
averages of VRNP segments as references (Zhu, 2024). From an initial subset of 799
micrographs, 39,993 particles were extracted using a box size of 1024 pixels
(corresponding to 1232 A at a calibrated pixel size of 0.831 A / pixel). To expedite
computational processing during initial screening, particles were binned by a factor of
5.7 to a box size of 180 pixels while maintaining sufficient sampling for initial

identification of straight VRNP segments.
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Initial 2D classification was performed to remove contaminating particles. Classes
exhibiting characteristic VRNP morphology - specifically, clear helical nucleoprotein
density with regular periodicity — were selected for further analysis. The high-quality
2D classes resulting from 27,343 particles were subsequently input as templates into
a filament tracer job, which used all 17,386 accepted micrographs using a particle
separation distance of 60 A between consecutive picks along identified filaments to
identify approximately 3,000,000 particles, corresponding to an average particle

density of 173 particles per micrograph.

Quality control filtering based on filament straightness and low sinuosity parameters
resulted in the retention of particles suitable for helical reconstruction. The selected
particles underwent three rounds of iterative 2D classification to further select for the
straightest VRNP segments possible. This selection process yielded a final refined

particle stack of 222,628 particles across 20 distinct 2D classes (figure 5.14).
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Figure 5.14: Schematic Diagram of Nb170 - vRNP Data Processing.

Schematic diagram of initial processing steps for Nb170-vRNP dataset processing. Example 2D classes
or micrographs are shown at each step with relevant numbers of particles noted.
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Determination of helical symmetry parameters was attempted using Fourier-Besel
analysis. Two-dimensional power spectra were calculated of each 2D class average

from the final classification, and the resulting spectra were analysed using Helixplorer

(https://rico.ibs.fr/helixplorer/helixplorer/). However, examination of the power

spectra revealed limited information on the VvRNP sample, precluding robust

determination of helical parameters.

Analysis of reflections in the calculated power spectra provided estimates of helical
pitch across eight different helical classes, with an average value of 124.69 A (figure
5.15, B). Independent measurements of the six straightest 2D class averages
suggested a pitch of approximately 130 A (figure 5.15, A). However, the absence of
higher-order layer lines and a low signal-to-noise ratio prevented determination of the
rise per subunit from the power spectra. Additionally, there was not enough signal
present in the 2D class averages obtained to estimate the number of nucleoproteins

perturn, and as such, helical parameters such as helical twist could not be estimated.
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Figure 5.15: Example 2D Class Averages and 2D Power Spectra.

(A) 2D class averages and (B) corresponding 2D power spectra of vRNP segments selected for their
straightness. (A) Differences in 2D class averages are observed, corresponding to different specific
helical parameters across different vRNP segments. (B) Corresponding central sections of 2D power
spectra of the 2D class averages are shown, with clear meridional lines corresponding to pitch, but no
other signal useful to the determination of helical symmetry. The number of particles in each 2D class
is 3146 (top), 4029 (middle), 4716 (bottom).
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To potentially obtain longer-range helical order information and to improve parameter
determination, particles were additionally extracted using an enlarged box size of 1500
pixels (corresponding to 1805 A). Following iterative 2D classification, one class
containing 3100 particles was selected based on its optimal straightness. However,
analysis of the corresponding 2D power spectrum revealed even more limited helical
information than the shorter segments (figure 5.16), with significant degradation in

signal attributed to increased structural heterogeneity over the longer filament length.

The observed deterioration in helical order with increasing segment length, combined
with the limited information content in the observed 2D power spectra, indicated that
classical Fourier-Bessel analysis was inappropriate for this level of heterogeneity in a

helical sample.

Figure 5.16: 2D Class Average and 2D Power Spectrum with a Larger Box Size.

2D class average and central section of calculated 2D power spectrum of a vRNP segment selected for
its straightness in a bigger box (1500 pixels). The blurring of signal at the ends of the vRNP in the 2D class
average and the lack of signal in the calculated 2D power spectrum reflect the structural heterogeneity
of the vRNP.
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An ab-initio reconstruction job with three classes and no imposed symmetry was run
on the stack of 222,628 particles distributed across 20 distinct 2D classes. One of the
resulting volume classes was particularly promising, incorporating 99,401 particles
(44.7 % of the total dataset) and exhibiting clear double-helical morphology with well-
defined major and minor grooves characteristic of nucleoprotein filaments (figure
5.17). This volume was selected as the reference model for subsequent refinement

procedures.

Figure 5.17: vRNP Ab-initio Density Map.

Ab-initio density map of influenza vRNP segment. This ab-initio model contains 99,401 particles and
displays clear signatures of double helical symmetry indicative of an influenza vRNP, including a major
(red) and minor (blue) groove.

Initial helical refinement was performed using starting parameters of helical twist

equal to 60° and helical rise equal to 20 A, with broad search ranges (twist: 55-65°,
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corresponding to 5.5 — 6.5 nucleoprotein subunits per turn; rise: 10 — 30 A). The
resolution threshold for local symmetry searches was set to 4 A to permit sufficient

helical parameter exploration during the refinement process.

The refinement converged on a helical twist of 57.00° and a helical rise of 19.77 A,
corresponding to 6.3 nucleoprotein subunits per turn. The resulting density map
demonstrated significant improvement over the ab-initio model, with discrete
nucleoprotein density resolved across nearly one complete helical turn. However,
signhal degradation and a loss of helical order were observed at the ends of the density
map, consistent with the expected structural heterogeneity of the vVRNP sample (figure

5.18).
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Figure 5.18: Results of Initial Helical Refinement.

(A) Density map of initial helical refinement of influenza vRNP segment. (B) Corresponding helical
symmetry search plot of helical rise (Az) versus helical twist (¢).
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Within the helical refinement job detailed above, helical symmetry search was carried
out (figure 5.18, B). As the initial symmetry search reached the boundary of the
parameter space, an additional symmetry search was performed on the resulting
volume with narrowed search ranges (helical twist: 55 — 60°; helical rise: 18 — 22 A).
This analysis yielded optimised parameters of 56.49° helical twist and 21.64 A helical
rise, corresponding to 6.7 nucleoprotein subunits per helical turn. These parameters
were used in a subsequent helical refinement job. However, the resulting density map
showed no significant improvement over the previous reconstruction (figure 5.19),
suggesting that the refinement had reached a resolution limit imposed by sample
heterogeneity rather than parameter accuracy. Analysis of eight independent helical
refinement jobs yielded average parameters of helical twist of 57.68° and helical rise

of 20.00 A.
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Figure 5.19: Subsequent Helical Refinement.
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Subsequent helical refinement job run with improved helical parameters. (A) Density map of initial
helical refinement of influenza vRNP segment. (B) Corresponding helical symmetry search plot of
helicalrise (Az) versus helical twist (¢). Whilst the symmetry search appeared to find a plausible solution,
the density map obtained does not represent a significant improvement on the previous helical
refinement job.

Given that global helical symmetry imposition was limited by sample heterogeneity, a
focused refinement approach was implemented to focus refinement on the most
ordered central region of the VRNP filaments. Masks were generated in ChimeraX to
isolate specific oligomeric arrangements of nucleoproteins within the vRNP: 6-mer, 4-
mer, 3-mer, and 2-mer conformations positioned within the central, most ordered

section of the reconstruction.

Particle subtraction was performed using inverted masks created using the
cryoSPARC volume tools utility to remove signal contribution from regions outside of
the specific area of interest. Local refinement jobs were subsequently executed using
the original masks and the subtracted particle stacks to focus reconstruction on the

isolated nucleoprotein oligomers (figure 5.20).
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Particle Subtraction
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Figure 5.20: Focussed Refinement Schematic.

Schematic diagram of downstream processing. Masks were generated in ChimeraX to isolate a 6-mer
(red), 4-mer (orange), 3-mer (yellow), and 2-mer (green) of influenza nucleoprotein for focussed
refinement. Particle subtraction was carried out in ChimeraX by generating an inverted mask using the
volume tools utility and then running a particle subtraction job. Subsequently, a local refinement job was
carried out with the initial mask generated and the particle stack from the particle subtraction job used
to focus the refinement on the isolated oligomers of nucleoprotein. The input density map is shown at
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the top of the figure. Masks generated are shown coloured with 25 % transparency overlayed with the
initial density map, and the density maps resulting from the local refinement jobs are shown below.

While the focused refinement strategy successfully isolated a central section of
density regions corresponding to the target oligomeric assembly of nucleoprotein
(6/4/3/2-mer, asinfigure 5.20), the resulting local refinement outputs, despite showing
some discrete nucleoprotein density, did not achieve sufficient resolution for
ambiguous rigid body fitting of nucleoprotein structures. The reconstructions reached
a nominal resolution of between 5.8 and 8.0 A, though this is likely an overestimate of
resolution given the lack of genuine features in the density maps. In the resulting
density maps, significant anisotropy was present with little to no signatures of protein

secondary structural elements - likely due to the heterogeneity of the sample.

Critically, no density attributable to the Nb170 nanobody was observed in either 2D
class averages or 3D reconstructions. This absence suggests that the 1:1
stoichiometric ratio of Nb170 to calculated nucleoprotein was insufficient to achieve
observable nanobody density bound to the nucleoprotein, or that the nanobody

binding may be sub-stoichiometric and averaged out during image processing.

These findings highlight the technical challenges associated with structural analysis
of the highly heterogeneous influenza VRNP complex and underscore the need for
strategies which ensure a high degree of sample homogeneity is enforced in future
investigations. The results demonstrate that even sophisticated computational

approaches cannot fully compensate for the inherent flexibility and conformational
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diversity of native vVRNP assemblies, necessitating alternative experimental strategies

for high-resolution structural determination.

5.2.5. Functionalised Cryo-EM Grids for ‘On-Grid’ Sample

Concentration

The absence of detectable nanobody signal in the stoichiometric 1:1
Nb170:nucleoprotein approach taken above necessitated the development of an
alternative approach to achieve sufficiently high concentrations of vVRNPs on cryo-EM
grids with a complete coating of binding partner. To address this challenge, a

functionalised grid system was implemented as an ‘on-grid’ concentration method.

Functionalised cryo-EM grids have demonstrated efficacy across diverse structural
biology applications to increase sample concentration. Previous successful
implementations include ribosome structure determination through immobilisation
(Kelly et al., 2008; Kelly et al., 2010), GroEL isolation and structural analysis from crude
cell lysate (Benjamin et al., 2016), and high-resolution structure determination of

Tulane virus (2.6 A) from low-yield cell culture preparations (Yu et al., 2016).

Given the challenges encountered with conventional concentration methods for
maintaining the structural integrity of influenza vRNPs, the functionalised grid
approach offered a promising alternative for achieving the required particle

concentration for worthwhile structural analysis.
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5.2.5.1. Experimental Desigh and Implementation

Grid functionalisation and preparation was performed by Dr. Gangshun Yi using Ni-
NTA-charged lipid monolayer-coated grids as the immobilisation platform (as in figure
5.7). Two distinct nanobody-based capture approaches were used: a nucleoprotein-
targeted approach using the nucleoprotein nanobody, Nb170, as introduced prior, and
a polymerase-targeted approach using the influenza polymerase PA linker nanobody

Nb8210 (Fan et al., 2019; Keown et al., 2022).

It was hypothesised that nanobody-mediated affinity capture would achieve

concentrations of vVRNPs on the grid sufficient for structural analysis while maintaining

VRNP complex integrity.

5.2.5.2. Nucleoprotein-Targeted Immobilisation Strategy

An initial validation experiment employed degraded vRNP preparation to assess the
fundamental capacity for nanobody-mediated sample enrichment. Grids were
functionalised as in the materials and methods chapter (section 2.5.4.1.) by
establishing a lipid monolayer across a Teflon well and charging with Ni-NTA. 0.06
mg/mL nanobody-containing solution was added and incubated for 2 hours. The grid
was laid on the surface of the Teflon for 2 minutes to establish the lipid monolayer on
the grid and washed three times with 120 uL of sample buffer (25 mM HEPES-NaOH,
pH 7.50, 150 mM NaCl) to remove free nanobody. Up to 10 pyL of sample was added

and incubated for 15 minutes prior to washing with 120 uL of sample buffer to remove
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unbound particles. Grids were then blotted and plunge frozen using a Thermo Fisher

Vitrobot IV.

Control grids with no immobilised nanobody exhibited no observable sample
enrichment (figure 5.21, top), while functionalised grids demonstrated clear
enrichment of degraded, aggregated vRNP material (figure 5.21, bottom). Notably, the
filamentous structures corresponding to immobilised vVRNA molecules were observed

on nanobody-functionalised grids.
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Control (no Nb bound)

Figure 5.21: Nucleoprotein Nanobody-Mediated Immobilisation Trial.

Representative micrographs of Nb170 immobilisation of degraded vRNP sample on functionalised cryo-
EM grids. As an initial test, vVRNP sample which had been previously spin-concentrated was applied to
the EM grids in order to determine whether sample enrichment was at all possible. (Top) Control affinity
grid with no nanobody immobilised. (Bottom) 0.06 mg/mL Nb170 incubated with grid overnight leads to
vast enrichment in degraded vRNP material. A significant amount of nucleoprotein is immobilised on
the grid alongside vRNA. Scale bar =50 nm.
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Subsequent experiments using freshly prepared vVRNP samples evaluated two Nb170
nanobody concentrations (0.02 mg/mL and 0.06 mg/mL) to optimise capture
efficiency and sample quality. Both nanobody concentrations achieved effective vVRNP
enrichment, resulting in good particle concentration and distribution across the grid
(figure 5.22). However, when a higher concentration of Nb170 is used, some vRNP
aggregation is observed (figure 5.22, lower left micrograph) which is not observed in
the lower concentration sample. Additionally, free vVRNA is observed in the higher
concentration Nb170 grids. This is attributed to indiscriminate nucleoprotein binding

to the nanobody-coated surface regardless of assembly state within functional vVRNPs.
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0.02 mg/mL Nb170

Figure 5.22: Nucleoprotein Nanobody-Mediated Immobilisation of Fresh vVRNP Sample.

Representative micrographs of Nb170 immobilisation of fresh vRNP sample on cryo-EM grids. Two
concentrations of Nb170 were used, 0.02 mg/mL (top) and 0.06 mg/mL (bottom) whereby both led to
good sample concentration and distribution across the grid, but the higher concentration led to
aggregation of vRNPs (particularly evident in the bottom left micrograph), and immobilisation of some
degraded vRNPs given the presence of vRNA on the grid. Scale bar =50 nm.
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5.2.5.3. Polymerase-Targeted Immobilisation Strategy

The limitations of nucleoprotein-targeted immobilisation prompted the development
of an alternative approach using influenza polymerase nanobody Nb8210. This

strategy offered multiple advantages.

Firstly, enhanced selectivity for intact vVRNP complexes. Since each vVRNP contains a
single polymerase heterotrimer, polymerase-targeted capture would predominantly
immobilise complete VRNPs rather than individual nucleoprotein components or

partially disassembled complexes.

Second, by targeting the polymerase rather than the nucleoprotein, surface availability
for binding partner interactions of the nucleoprotein is maintained, enabling validation
of stable complex purification through biochemical assays prior to cryo-EM

preparation.

Finally, targeting the single copy of the polymerase on the vVRNP may enhance
immobilisation density on the grid compared to multi-site nucleoprotein targeting.
Each vRNP contains only one polymerase complex, but many copies of the
nucleoprotein. Nucleoprotein-targeted immobilisation may therefore bind multiple
sites per VRNP, creating steric hinderance between neighbouring particles and limiting
packing density. In contrast, polymerase-targeted immobilisation uses only one

binding site per VRNP, allowing closer packing of particles on the grid.
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Nb8210 was selected based on its established binding to the PA-linker domain of the
polymerase without inhibiting polymerase dimerisation or interfering with viral
replication and transcription (Fan etal., 2019; Keown et al., 2022). By choosing another
nanobody, it may be possible to lock the polymerase in specific conditions for the

study of the replication cycle of influenza virus in subsequent studies.

Recombinant Nb8210 was expressed in BL21 (DE3) E. coli and purified as detailed in
the materials and methods chapter (section 2.2.5.). As the nanobody construct
contains a PelB signal sequence, which is known to direct recombinant proteins to the
E. coli periplasm after cleavage of the PelB sequence (Power et al., 1992; Su et al,,
2015; Shietal., 2021b), the protein purification was carried out initially with a bacterial
osmolysis step, rather than a bacterial lysis step, which leads to the production of very
pure protein. After osmolysis, the periplasmically-expressed nanobody was affinity

purified via its C-terminal Hise tag.

Eluted nanobody was then purified further via size-exclusion chromatography. As
shown in the SEC trace and accompanying SDS-PAGE gel (figure 5.23, panels B and C),
the purified nanobody eluted from the SEC column with a sharp, peak ataround 15 mL,

and pure protein on the SDS-PAGE gel with a molecular weight of 15 kDa.
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Figure 5.23: Nb8210 Production.
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(A) Nb8210 purification SDS-PAGE gel from bacterial pellet through to sequential elution fractions. (B)
SDS-PAGE gel of SEC fractions from SEC run of Nb8210. (D) Chromatogram from SEC run of Nb8210 on

an S200 10/300 GL Increase column.

Functionalised grids prepared with 0.06 mg/mL Nb8210 demonstrated superior

immobilisation quality and concentration compared to the nucleoprotein-targeted

approaches outlined earlier. A significant enrichment of vVRNP material was observed

relative to non-functionalised control grids (figure 5.24, top), and there was an
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absence of signatures of aggregation or degradation which were observed with an
equivalent concentration of Nb170. Critically, there was no detectable free VRNA,
indicating preferential immobilisation of intact vVRNP complexes, and good particle

distribution and concentration which would facilitate worthwhile data collection.

These results establish nanobody-functionalised cryo-EM grids as a significant
advancement over conventional concentration methods for VRNP structural analysis,
successfully addressing challenges of achieving adequate sample concentration

while maintaining vVRNP quality, particularly with bound interaction partners.
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Control (no Nb bound)

Figure 5.24: Polymerase Nanobody-Mediated Immobilisation of Fresh vRNP Sample.

(Top) Control affinity grid with no nanobody immobilised. (Bottom) 0.06 mg/mL of Nb8210 incubated
with a lipid monolayer on a cryo-EM grid overnight and fresh vRNP sample applied and washed. Some
vRNPs were visible on the control grid at low concentration. The addition of the polymerase nanobody
leads to a significant increase in the amount of vRNP material immobilised, with little to no signatures
of vRNP aggregation or degradation present. Scale bar =50 nm.

309



5.2.6. MxA Association with Influenza Nucleoprotein in the

Context of the Virion-Derived vRNP

Inthe preceding experiments, all VRNPs were derived from WSN strain influenza Avirus
(A/WSN/1933 (H1N1)), which contains nucleoprotein residues with canonical MxA
resistance mutations. To investigate MxA-vRNP interactions directly, it was therefore
necessary to generate VRNPs that could be restricted by MxA. For this purpose, Dr.
Kuang-Yu Chen constructed a chimeric influenza A virus using a nine-plasmid reverse
genetics system. This chimeric virus comprised all genome segments from WSN
except for the nucleoprotein gene, which was replaced with the S09 avian influenza
gene (A/Green-Winged Teal/Ohio/175/1966 (H2N1)). This avian nucleoprotein was
selected owing to the presence of mutations associated with MxA sensitivity (as
discussed in section 3.1.3.) and had been previously validated in recombinant

expression studies to be susceptible to MxA binding (as discussed in section 4.2.1.4.).

5.2.6.1. Sample Preparation

Enrichment of vRNPs was performed following the established protocol described in
section 5.2.1. Based on the calculated nucleoprotein concentration of 9.4 uM in vRNP
preparations, purified MxA protein (section 4.2.1.) was added at a concentration of 2.5
mg/mL (33.3 uM) in a 1:1 volume ratio (50 pL each). This corresponded to an

approximate 3.5-fold molar excess of MxA relative to nucleoprotein.
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The virus lysate-MxA mixture was incubated on ice for 30 minutes to facilitate binding
between MxA and nucleoprotein. Following incubation, vVRNPs were isolated from the

lysate by ultracentrifugation using the previously established parameters.

Silver staining of fractionated samples revealed enrichment of an additional protein
band of approximately 75 kDa, which co-eluted with vVRNP-containing fractions (figure
5.25, A), consistent with the approximate molecular weight of MxA. Importantly, this
band was not observed in previous silver stain gels where MxA was not added in the

viral lysis stage (figure 5.25, B, C).

In order to confirm the identity of the protein, two western blots were performed by Dr.
Kuang-Yu Chen using antibodies specific to MxA and influenza nucleoprotein. The
MxA-specific western blot demonstrated clear detection of MxA protein in both input
samples and co-fractionation with vVRNP-containing fractions (figure 5.25, D, top).
Parallel nucleoprotein-specificimmunoblotting verified the presence of nucleoprotein
in the viral lysis input sample (but not the MxA input sample), and in all three boxed
fraction samples (figure 5.25, D, bottom), confirming the co-enrichment of MxA with
VRNPs. Notably, MxA signal was observed to increase across the three VRNP-
containing fractions, while nucleoprotein signal remained relatively constant,

suggesting variable MxA-nucleoprotein binding stoichiometries within these samples.
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Figure 5.25: MxA-Bound vVRNP Sample Preparation.

(A) Silver stain gel of MxA + vRNP binding experiment. MxA was added in excess to viral lysate and vRNP
fractions were separated by ultracentrifugation. Fractions of vRNP were analysed by means of silver
stain gel. vRNP-containing fractions are boxed and annotated by protein component. MxA is annotated
in bold. (B) A comparison vRNP fraction portion of the silver stain gel in figure 5.8 with the constituent
proteins annotated. (C) The vRNP + MxA fraction portion of the silver stain gelin panel (A) for comparison.
Again, with MxA highlighted. (D) Two western blots (top) stained with an antibody specific for MxA,
(bottom) stained with an antibody for nucleoprotein. MxA is shown to be detected in the input lanes and
is observed to be present in the three fractions corresponding to the boxed vRNP + MxA fractions in (A)
and (C). Silver stain and western blot courtesy of Dr. Kuang-Yu Chen.

Enriched MxA-vRNP complexes were subsequently prepared for cryo-EM analysis
using the functionalised grid methodology described previously. Briefly, cryo-EM grids
were functionalised with 0.06 mg/mL Nb8210 nanobody by Dr. Gangshun Yi. This
nanobody specifically targets the PA linker of the influenza polymerase complex,
enabling selective immobilisation of intact vRNPs while preserving their native

architecture.

The MxA-vRNP sample was applied to functionalised grids, blotted, and plunge frozen

according to the standard protocol. A representative micrograph (figure 5.26)

demonstrated successful immobilisation of vVRNPs with bound MxA.
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Figure 5.26: Polymerase Nanobody-Mediated Immobilisation of Fresh MxA-Bound vRNP Sample.

Representative micrograph of MxA-bound vRNPs immobilised on a functionalised cryo-EM grid using
Nb8210 against the influenza polymerase PA linker. Scale bar = 200 A.

Although enrichment efficiency was lower when compared with the Nb8210-
immobilised VRNP sample lacking MxA (figure 5.24), this functionalised grid approach
proved effective for concentrating MxA-bound vRNPs and preserving VRNP integrity.
The successful preparation of these complexes established a promising basis for

structural investigation and justified subsequent data collection.
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5.2.6.2. Cryo-EM/ET Data Collection

Data of the MxA-bound vRNP sample were collected. Given that silver stain analysis
(figure 5.25, panel A) revealed weaker MxA signal relative to nucleoprotein, it was
unlikely that all vVRNPs were saturated with MxA. Consistent with this, comparison of
micrographs of vRNPs alone versus MxA-bound vVRNP complexes revealed little to no
discernible morphological difference, despite expectations that MxA binding might
manifest as an additionalring- or helix-like density surrounding the nucleoprotein (Gao
et al., 2010; Gao, von der Malsburg, et al., 2011; Haller and Kochs, 2011; Nigg and

Pavlovic, 2015).

Owing to this presumed heterogeneity, cryo-ET was prioritised over cryo-EM SPA.
Whereas cryo-EM SPA requires a large number of homogeneous particles for high-
resolution reconstruction, cryo-ET reconstructs individual particles from tilt series,
thereby retaining structural heterogeneity and preserving densities from partially
bound states. This makes cryo-ET particularly suitable for sub-stoichiometric binding

events, such as the MxA-vRNP binding observed in this sample.

Briefly, cryo-ET data were collected by Dr. Loic Carrique using a Thermo Fisher Titan
Krios 300 keV transmission electron microscope with a Selectris X energy filter and
Falcon IVi detector. A dose-symmetrical tilt scheme covering a £ 54° range with 2° tilt
steps using SerialEM, as detailed below (table 5.2). Notably, the zero tilt angle received
a dose of 20 e /A2 whereas the non-zero tilt angles had a dose of 3 e/A2 in order to
facilitate the initial processing of the zero tilt angles as a small cryo-EM dataset to

assess whether MxA could be observed in the dataset.
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A constant defocus of — 5.0 yM was used for data collection in order to maximise

contrast and improve particle detection and alignment in sub tomogram averaging.

Table 5.2: Cryo-ET Data Collection Parameters for MxA-Bound vRNP Dataset.

Data Collection - vRNPs + MxA
Microscope Titan Krios
Voltage (keV) 300
Detector Falcon IV
Magnification 105,000
Pixel Size (A) 1.1871
Total Dose (e 7A?) 138.6
Dose per Tilt (e'/AZ) Zero Tilt =20; Non-Zero Tilt =3
Defocus (um) -5.0
Number of Tilt Series 104
Tilt Range -54° t0 +54° in 2° Increments
Acquisition Scheme Dose-Symmetric
Data Collection Software SerialEM-PACE-tomo (Eisenstein et al., 2023)
5.2.6.2.1. Cryo-EM Data Processing

The 104 zero tilt movies were imported to cryoSPARC and underwent motion
correction and CTF correction in cryoSPARC Live. Initial template picking was carried
out in cryoSPARC Live using 2D class average templates from the previous dataset

processed (figure 5.14, bottom panel, figure 5.27).

The exported 5811 particles underwent one round of 2D classification, yielding 2626
particles in 16 selected classes. These 2D class averages were used in a filament
tracer job which identified 223,624 particles which were further inspected to remove
non-genuine particles, and underwent another round of 2D classification, which
yielded 3179 particles in 7 classes selected for their overall straightness (figure 5.27).

Ab-initio jobs were attempted with these particles, but no density corresponding to

316



helical vVRNP was produced, likely due to the low number of particles and their sub-
optimal straightness. Additionally, whilst clear vVRNP density was observed in the 2D
class averages, at no pointin this processing was any extra density attributable to MxA
identified. This could be because the binding of MxA to this vVRNP sample was sub-
stoichiometric, and thus the density was blurred out in the 2D classification process,
or because the MxA had dissociated from the VRNP or otherwise was not presentin the

sample complex.

- ---- o
Template Picking
5811 Particles
---- Initial 2D

Classification

.-

Filament Tracer
Inspect Particle Picks

Final 2D Classification
3179 Particles

Figure 5.27: Processing Pipeline of Zero-Tilt Exposures of MxA-Bound vRNP Cryo-ET Data in
cryoSPARC.
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Processing of the cryo-ET data processing was undertaken with assistance from Misha

Le Claire.

The 104 tilt series acquired from the MxA - vRNP dataset were pre-processed (motion
corrected and CTF corrected) using Warp (Tegunov and Cramer, 2019), as detailed in
the materials and methods chapter (section 2.5.5.). Initial tilt series alignment was
performed using AreTomo (Zheng et al., 2022) using patch tracking (as no gold fiducials
were added to this sample). Aligned tilt series were evaluated for alignment quality and
particle distribution in IMOD (Mastronarde and Held, 2017). A subset of tomograms
exhibited good sample distribution but poor alignment. These tomograms were
manually re-aligned using Etomo (Mastronarde and Held, 2017). At the time of writing,
tomogram reconstruction had been carried out, but no downstream processing had

been completed.

Representative tomograms (figure 5.28) confirmed the presence of vRNP particles with
preserved structural integrity, albeit at a reduced concentration when compared to
earlier datasets using the functionalised grid approach (figure 5.24). Some degree of
sample degradation was observed, which may be attributable to MxA binding. Given
the established role of MxA as an antiviral effector targeting vVRNP function, structural
perturbation or destabilisation may represent a component of its inhibitory
mechanism. However, additional structural analysis will be required to substantiate

this hypothesis.
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Importantly, the tomographic approach preserved particle heterogeneity and avoided
averaging artifacts, thereby enabling future identification of sub-stoichiometric
binding events. Compared with in situ cryo-ET, the use of purified complexes
substantially reduces background noise and simplifies computational processing

while maintaining near-native sample conditions.

Future processing of this dataset will focus on tomogram denoising and sub-

tomogram averaging to assess the structural basis of MxA-vRNP interaction.
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5.3. Discussion

The results presented in this chapter represent methodological progress in the
structural characterisation of influenza vRNP complexes using cryo-electron
microscopy techniques. This work addresses fundamental challenges in vVRNP
structural biology, notably the optimisation of sample preparation, concentration, and
immobilisation strategies required for high-resolution imaging of these inherently

flexible and fragile assemblies.

The enrichment protocol developed here enables the preparation of virus-derived
vVRNPs from both laboratory-adapted and chimeric influenza viruses, while
maintaining the potential for specific binding-partner interactions and preserving
native VRNP architecture. Attempts to concentrate enriched fractions demonstrated a
clear requirement for high particle concentrations for cryo-EM analysis but also
revealed that VRNP complexes are susceptible to degradation when bound by
interaction partners such as Nb170 or MxA. These findings underscore the delicate
balance between experimental tractability and biological stability in the study of

VRNPs.

The implementation of crYOLO represents the first application of this approach to
identify VRNP termini. While traditional manual or template-based picking methods
performed poorly for filament ends, crYOLO successfully identified vVRNP termini
across the training dataset. Nevertheless, subsequent 2D classification did not

resolve interpretable density corresponding to the influenza polymerase complex,
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highlighting the intrinsic difficulty of resolving low-abundance components within

heterogeneous samples using cryo-EM.

The use of carbon-support grids offered a strategic means to reduce filament flexibility
by restricting motion in the Z-direction, thereby mitigating conformational
heterogeneity. This approach proved to be effective in the Nb170-vRNP dataset which

displayed sufficient particle concentrations and structural integrity.

However, optimisation of the Nb170-vRNP sample preparation revealed that
conventional concentration methods consistently promoted aggregation and
degradation, reflecting the vulnerability of VRNP-nanobody complexes to mechanical
stress. The use of a 1:1 nanobody-to-nucleoprotein molar ratio provided a
compromise between binding efficiency and minimal free nanobody during grid
preparation, yielding samples of adequate quality but without clear evidence of
nanobody density in reconstructions. This outcome suggests that a vast excess of
binding partner is required for complete binding of the vRNP, but that such conditions

may further destabilise VRNP complex structural integrity.

The application of the functionalised grid methodology as an ‘on-grid’ concentration
approach represents a significant advancement for structural studies of vVRNP
filaments. This approach demonstrated substantial enrichment of material over
control conditions while also avoiding the mechanical stress associated with the other

concentration methods attempted earlier.
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Comparing the nucleoprotein-mediated and polymerase-mediated immobilisation of
VRNPs on functionalised grids, the polymerase-mediated immobilisation method was
able to immobilise more sample with fewer signatures of degradation or aggregation.
This differential performance is likely due to the specific targeting of the polymerase
complex rather than nucleoprotein, as there is only one copy of the polymerase per
VRNP, and immobilisation of free polymerase increases the background signal much

less than immobilisation of free nucleoprotein.

The functionalised grid method was subsequently adopted for downstream
experiments, establishing this approach as a standard component of the influenza

VRNP preparation pipeline for analysis by cryo-EM.

The data presented on MxA binding to the vVRNP represents the first biochemical
evidence for direct interactions between MxA and the VRNP. The integrated data
collection strategy, combining single particle cryo-EM analysis of zero-tilt images
within a larger cryo-ET data collection represents an efficient approach for maximising

information content.

While characteristic VRNP density was observed both on raw micrographs and in 2D
class averages, the absence of additional density attributable to MxA indicates sub-
stoichiometric binding between MxA and the vRNP. This observation is consistent with
the weak band observed in the silver stain gel reported, and the calculated low molar

ratio of MxA to nucleoprotein in the sample.
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Initial processing of the cryo-ET dataset collected has produced well-aligned
tomograms, but no morphological difference between the vVRNP — MxA and other vRNP
alone datasets have been observed. Data processing of this dataset will continue to
produce 3D reconstructions of the VRNPs present and further analysis will be carried

out to identify if extra density which could be attributed to MxA is present.

In future experiments, it would be prudent to first isolate highly concentrated vVRNPs,
determine their concentration, then add a binding partner in excess and repeat the
VRNP separation ultracentrifugation step. This may lead to the loss of some sample,
but the resulting vVRNPs would likely be more enriched, and a saturating amount of MxA

would be bound to the vRNP.

Another consideration is the involvement of GTP in MxA target binding. Given the
importance of GTP binding and hydrolysis in conformational changes of MxA (but not
necessarily binding to influenza nucleoprotein) (Paolo et al., 1999; Kochs et al., 2002;
Accola et al., 2002; Haller et al., 2010), it would be well reasoned to add supplemental
GTP into the VRNP binding partner binding step. In the experiment presented above, it
was assumed a physiological concentration of GTP would be presentin the viral lysate
(when the vRNP and MxA are first interacting) and that this would be sufficient for GTP
binding to MxA, but the effective GTP concentration is lowered significantly by the

multiple ultracentrifugation steps.
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Since this work was conceived, two relevant studies have been published, providing
complementary insights into vVRNP and vRNP-like architecture (Chenavier et al., 2025;

Peng et al., 2025).

Chenavier and colleagues produced a so-called ‘pseudo-vRNP’ by recombinant
production of an N-terminal truncation mutant influenza nucleoprotein (A1-14) and
assembling this in a VRNP-like form by the addition of a synthetic fluorescently-tagged
RNA molecule ((UC):s-fluorescein®(FAM)). This specific assembly was found to
produce an antiparallel double helix of influenza nucleoprotein with the (UC):s-FAM
RNA bound in the basic RNA binding groove. Using a standard reconstruction
approach, initial volumes were reconstructed, helical symmetry was determined, and
3D classification in cryoSPARC resulted in the production of a 3.04 A density map

corresponding to two neighbouring copies of the nucleoprotein.

Critically, this work demonstrated that different nucleoprotein truncation variants and
synthetic RNA sequences produce drastically different helical assemblies, including
single helices, and multiple double helical forms including paralleldouble helices, and
double helices without distinctive major/minor grooves. This variability may reflect the
ability of the system to adapt to different RNA sequences and associated fluorophore
molecules. However, these varying helical forms of synthetic RNPs observed are not
found in the native state of the vVRNP, thus emphasising the value of native (or near-
native, such as the case of the reconstituted RNP) vVRNP preparations, despite the

inherent complexity that these systems exhibit.
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Peng and colleagues reconstituted the influenza D virus NS-segment RNP using
tandem affinity purification, achieving substantial sample enrichment and
homogeneity. Their analyses demonstrated an antiparallel double-helical architecture,
confirmed by both cryo-EM and cryo-ET sub-tomogram averaging. Despite improved
resolution relative to prior studies, the intrinsic flexibility of influenza A vRNPs limited
resolution gains. Nevertheless, their work convincingly resolved local nucleoprotein
subunit arrangements and provided density suitable for fitting known polymerase

structures.

Given such an enriched influenza D RNP sample, from their negative stain data alone,
Peng and colleagues were able to identify the loop end of a number of RNP segments,

and the polymerase both at the end and in the middle of the RNP.

Carrying out a similar pipeline to the one attempted in this study, the authors were able
to carry out a global reconstruction of the RNP complex to reveal a double helical
structure limited to nanometre resolution. The authors note that even in the context of
such a short RNP, flexibility was still observed. By using both helical reconstruction
and particle subtraction, the authors were able to produce a density map focussed on
four nucleoprotein subunits resolved globally to 5.1 A resolution, which facilitated the

unambiguous fitting of the crystal structure of influenza D nucleoprotein.

Peng and colleagues additionally carried out cryo-ET and sub-tomogram averaging on
virion-derived influenza A VRNPs through a similar density gradient ultracentrifugation
protocol, carrying out sub-tomogram averaging on resulting VRNP segments to
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compare the architecture of the native influenza A vRNP to the reconstituted influenza
D RNP, finding broad similarities in overall double helical architecture, but unable to

determine high-resolution structures due to the flexibility of the influenza A vRNP.

Additionally, from tomography experiments performed on the reconstituted influenza
D system, Peng and colleagues were able to identify the polymerase associated to the
RNP, and convincingly rigid body fit an influenza polymerase structure into the
obtained density, further supporting the use of cryo-ET STA for the rigid body fitting of

specific structures into resulting density maps from vRNPs.

Together, these studies converge on a consistent architectural model of influenza
RNPs: the influenza vVRNP adopts an antiparallel double helix in which RNA is
encapsidated within the minor groove, with adjacent nucleoprotein subunits
connected by flexible tail loops. Importantly, the nucleoprotein — nucleoprotein
interfaces revealed in these structures provide a framework for the interpretation of

binding mechanisms of both Nb170 and MxA.

Rigid body fitting of the molecular replacement solution of the Nb170 — nucleoprotein
complex (and the resulting uncertainty underlying the molecular replacement solution)

has already been discussed in section 3.3.4.

As in chapter 3, because a consistent architectural model of hucleoprotein packaging
was converged upon across both studies, and because the helical reconstruction of
the influenza D RNP offered significantly more information across one whole turn
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(compared to much less information in other reconstructions) despite being a different
virus, an analysis was made using both the helical packaging of the influenza D RNP
and the helical reconstruction of the pseudo-vRNP reported by Chenavier and
colleagues. Here, six copies of the S09 NP R416A structure solved in this thesis
(section 3.2.5.) were rigid body fitted into each of the atomic models described and
the known MxA sensitivity residues (positions 100, 283, and 313) were highlighted

(figure 5.29).

: : Influenza A pseudo-vRNP
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Figure 5.29: MxA Sensitivity Residues Highlighted in the Context of the vRNP.

Six copies of the S09 NP R416A structure solved in this thesis with MxA sensitivity residues (100, 283,
313) displayed as atoms in spheres and coloured in green. (A) Rigid body fitting of the SO9 NP R416A as
described above into the atomic model reported by Peng and colleagues of the influenza D RNP helical
reconstruction with the reported density map coloured in grey and shaded at 30 % opacity (Peng et al.,
2025) (PDB: 9C4H; EMDB: 44980). (B) Rigid body fitting of the S09 NP R416A as described above into the
atomic model reported by Chenavier and colleagues of the influenza A pseudo-vRNP helical
reconstruction (central 6-mer) with the reported density map coloured in grey and shaded at 30 %
opacity (Chenavier et al., 2025) (PDB: 9GAT; EMDB: 51188).

In this rigid body fitting analysis, it is notable that multiple copies of the nucleoprotein

structure, when fit into the influenza D RNP structure, clash with eachother via their
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respective body domains. The packaging of the pseudo-vRNP reported by Chenavier
and colleagues was compared, and no clash was shown but the same broad mode of
nucleoprotein packaging was observed. Therefore, this observation likely reflects
differences in the influenza A and D nucleoproteins and does not negate the

conclusions made from this analysis.

Donchet and colleagues compared the structures of influenza virus nucleoproteins,
and found that the overall folds of influenza A virus nucleoprotein was very similar to
influenza D virus nucleoprotein, but an RMSD of 2.1 A (356 Ca) was observed between
the two nucleoproteins, with the most notable difference being a very short N-terminal
unstructured region (thought to be compensated by a very long C-terminal
unstructured region) when compared to influenza A virus nucleoprotein (Donchet et

al., 2019).

In both cases, the three MxA sensitivity residues are presented on an exposed surface
of the VRNP complex. If the mode of MxA oligomerisation and interaction with the vRNP
suggested in the literature is correct (Kochs et al., 2002; Accola et al., 2002; Gao et al.,
2010; Gao etal., 2011; von der Malsburg et al., 2011; Haller et al., 2015), it is likely that
MxA would be able to oligomerise around vRNPs without the necessity for major

structural rearrangements — preserving the double helical architecture of the vVRNP.

Collectively, the methodological developments presented in this chapter establish a
versatile framework for the structural study of the influenza vVRNP and its interaction
partners. They also highlight the fundamental challenges posed by VRNP heterogeneity,
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flexibility, and instability, and emphasise the need for carefully optimised binding
conditions to achieve interpretable reconstructions. The integration of native sample
preparation, on-grid immobilisation strategies, and tomographic approaches offers a
promising pathway toward resolving the structural basis of influenza vRNP regulation

and restriction.
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6. Concluding Remarks and Future Directions

This thesis presents an investigation of the influenza A virus nucleoprotein structure,
and its interactions with innate immune factors, examining the nucleoprotein and its
interactions both recombinantly as a monomer, and in the physiologically relevant
form of the vVRNP. My work encompasses three principal areas of research, outlined in
the body of this thesis: the structural characterisation of the monomeric nucleoprotein
and the production of a tractable scaffold for interaction studies with binding partners;
the biochemical and biophysical investigation of the monomeric nucleoprotein with
two interaction partners of the human innate immune system; and the structural
investigation of virion-derived VRNPs and their binding to MxA, focussing on methods

to address sample heterogeneity.

6.1. Methods to Study Influenza Nucleoprotein Structure

My work studying the structure of influenza nucleoproteins utilised multiple structural
techniques. | attempted to crystallise the nucleoprotein both alone and with added
RNA, but crystallisation was not possible for the nucleoprotein studied, despite a 98
% sequence identical nucleoprotein being readily able to form protein crystals priorin

our laboratory.

I successfully produced and utilised the nucleoprotein nanobody Nb170 as a
crystallisation chaperone to facilitate structural determination of the S09 NP R416A
nucleoprotein. This nanobody-mediated crystallisation approach reproducibly

yielded protein crystals. However, substantial crystal pathologies prevented
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successful structure refinement despite a promising initial molecular replacement
solution. The increasing R-factors during refinement indicated fundamental crystal

quality issues that precluded reliable structure determination.

The di-gluebody platform was employed to attempt to form a stable scaffold of SO9 NP
R416A nucleoprotein for routine structural determination of novel nucleoproteins,
nanobody binding site characterisation, and the study of other binding partner
interactions. The di-gluebody platform is a powerful, emerging technology which can
be further harnessed to form hetero-di-gluebodies, or higher order gluebody
assemblies to act as an orienting fiducial in cryo-EM SPA in order to solve structural
questions. However, the nanobodies selected for use in the di-gluebody study in this
thesis suffered from significant flexibility, meaning that in this work, the di-gluebody
platform was unable to be harnessed to solve the structure of nucleoproteins, or for
the formation of reproducible scaffolds to study nucleoprotein binding partner

interactions.

The megabody platform successfully enabled structural characterisation through the
formation of a stable Mb151-S09 NP R416A complex analysed by cryo-EM SPA.
Through focussed refinement, using particle subtraction and local refinement to target
the nucleoprotein, | was able to obtain a 3.1 A composite map of the megabody-
nucleoprotein complex. The nanobody exhibited an unconventional mode of binding,
predominantly mediated by C” strand contacts. Key regions of the nucleoprotein

including the C-terminus (residues 391-498) were not resolved, precluding analysis of
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the flexible C-terminal loop. Globally, the nucleoprotein was highly similar to the

previously solved NT60 NP R416A nucleoprotein, as reported.

6.2. Nucleoprotein Interaction Partners of the Human

Innate Immune System

My work studying nucleoprotein interactions with human innate immune factors
revealed direct binding between the S09 avian influenza nucleoprotein and both the
MxA L4 loop and full-length MxA. This confirmed the L4 loop’s identity as the minimal
binding epitope for nucleoprotein-based restriction of sensitive influenza A virus

infection.

While malfunctioning biosensor tips prevented complete kinetic characterisation,
comparative Rmax measurements indicated preferential MxA binding to avian-origin
nucleoproteins, consistent with literature describing enhanced sensitivity of avian

versus human-adapted strains.

My work provides the first evidence for the direct interaction between the BTN3A3
B30.2 domain with sensitive avian influenza A nucleoproteins, confirming my
hypothesis that the B30.2 domain mediates this binding interaction. My data
additionally provide the first kinetic characterisation of B30.2 binding to susceptible
avian-origin influenza A virus nucleoproteins, with notably absent binding to human-
adapted variants, providing quantitative support for strain-specific restriction

mechanisms.
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6.3. Novel Approaches to Study Influenza vRNP Structure

and its Interaction with Nucleoprotein Binding Partners

In this thesis, | have presented both historical published literature on influenza A virus
VRNP structural biology and efforts previously made by members of this laboratory
toward structural determination of the native VRNP structure. The structural
heterogeneity of viral-derived VRNPs presents a major challenge for structural biology
methods. In this work, | have presented my own efforts to enrich and rigidify virion-
derived influenza A virus VRNPs, using a combination of carbon support EM grids and
nanobody-mediated rigidification. | outlined a strategy for minimal nanobody usage to
coat the VRNP whilst maintaining sufficient vVRNP sample density on the EM grids for

efficient data collection.

While processed data did not reveal nanobody density in 2D classification - likely due
to insufficient nanobody binding — sample heterogeneity limitations prevented

achieving resolution adequate for unambiguous nucleoprotein rigid-body fitting.

In sample preparation, the binding partner enrichment method detailed (section 5.2.1.)
was validated as a successful method to coat vVRNPs with nucleoprotein binding
partners. Further, the functionalised grid approach detailed (section 5.2.5.) was
validated as a tractable strategy to sufficiently enrich structurally-intact vRNPs for
cryo-EM data collection. In using these techniques, the first biochemical evidence of

direct MxA binding to enriched vVRNPs has been presented. This methodology
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represents a significant step forward in VRNP preparation and should be further
harnessed with more homogeneous sample preparations to yield structural data of

VRNPs and their interaction partners.

6.4. Future Directions

The methodological advances developed in this work provide a foundation for future
VRNP structural studies, particularly when combined with more homogeneous sample
preparations. The validated binding partner enrichment and functionalised grid
approaches should be further developed to yield high-resolution structural data of

VRNPs and their interaction partners.

The megabody platform was successfully used to determine the structure of the
nucleoprotein, demonstrating its utility as a scaffold for the determination of protein
structure at the practical limit of current cryo-EM capabilities. This validates the

platform for future investigations of nucleoprotein-binding partner interactions.

The use of nanobodies is now common in structural biology, as demonstrated by the
use of nanobodies and their derivatives in this thesis. The specific panel of
nucleoprotein-binding nanobodies highlighted is of particular use in the study of
influenza A virus biology. However, the use of nanobodies is not limited to structural
techniques. For example, Rabouw and colleagues demonstrated their utility in live-cell

single molecule microscopy to study the lifecycle of the VRNP in the context of
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infection in a technique they name Virus Infection Real-time Imaging Negative-strand

(VIRIM-neg) (Rabouw et al., 2025).

In this technique, Rabouw and colleagues employ an influenza A virus nucleoprotein-
targeting nanobody generated by Schmidt and colleagues (Schmidt et al., 2016) -
which does not interfere with the influenza A virus replication cycle - and fuse it to a
green fluorescent protein. Rabouw and colleagues then generate a cell line expressing
the chosen nanobody-fluorescent protein construct and were able to map individual
VRNPs throughout the infection process. This technique represents a powerful real-

time imaging cell biology technique which has the potential to generate impactful data.

For nucleoprotein-binding immune factor studies, where kinetic parameters were not
able to be derived for MxA binding to the nucleoprotein, these experiments should be
repeated with a wider range of MxA analyte concentrations with enhanced biosensor

preparation protocols to minimise handling errors.

A critical limitation requiring attention is the exclusive use of monomeric influenza A
virus nucleoprotein constructs. While heterogeneous oligomeric assemblies would
preclude reliable kinetic analysis and introduce complex avidity effects — particularly
relevant for higher-order oligomers like MxA - future studies should explore more
controlled oligomeric systems to better recapitulate physiological binding conditions.
Since this is also understood to be one mode of physiological interaction between the
nucleoprotein and MxA (in the context of the vVRNP), this was studied later with virion-
derived VRNPs, but the binding kinetics were not investigated.

336



Fundamental questions regarding the mode of immune factor binding to the
nucleoprotein remain unresolved. Despite demonstrated direct MxA-nucleoprotein
interactions and established cellular localisation, no structural data exist for MxA
bound to the influenza nucleoprotein. Similarly, while direct BTN3A3 B30.2 domain-
nucleoprotein interaction has been demonstrated, structural characterisation
remains elusive. Initial strategies should employ vast molar excesses of immune
factors to favour stable complex formation, with crosslinking approaches such as
gradient fixation (GraFix) additionally available as alternative complex stabilisation

methods for cryo-EM analysis.

One critical mechanistic question concerns BTN3A3 nuclear transport. Studies of
butyrophilin localisation within the cell have shown that butyrophilin family proteins
are not solely limited to plasma membrane localisation (Karunakaran et al., 2023),
supporting the idea that the butyrophilin family may in fact be mobile in the cell. Future
investigations should employ in situ approaches including live cell imaging and cryo-

electron tomography to elucidate the proposed transport of BTN3A3 to the nucleus.

As discussed, inherent structural flexibility of virus-derived VRNP complexes is a major
limiting factor to high-resolution structure determination. Despite various attempts to
minimise this observed heterogeneity, the inclusion of all eight genome segments

further contributes to this heterogeneity.
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Further processing of the MxA-bound VRNP dataset will be carried out in an attempt to
locate MxA bound to the vRNP. If this should not be successful, optimisation of the
VRNP coating protocol should be carried out in order to ensure the complete binding

of the vVRNP with the binding partner of interest.

In the final year of this work, two significant studies were published on the structure of
influenza virus genome. As introduced in the body of the thesis, these involved cryo-
EM SPA of reconstituted influenza D virus NS segment RNPs, and cryo-ET STA of
influenza Avirus VRNPs (Peng et al., 2025), and the recombinant formation of influenza

Avirus pseudo-vRNPs (Chenavier et al., 2025).

These findings present a paradigm shift from earlier head-to-body oligomerisation
models (Coloma et al., 2020), revealing that nucleoprotein oligomerisation occurs
through flexible loop insertion into the body domain of the neighbouring nucleoprotein.
In both studies, a right-handed antiparallel double helical architecture of influenza
genome segments is revealed, and similarly that nucleoprotein monomers are
positioned with their RNA binding grooves oriented inwards towards the minor groove

of the helix.

The novel approach taken by Peng and colleagues to selectively purify the influenza D

NS segment led to minimisation of the heterogeneity observed with virion-derived

VRNP preparations.
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In future work, an influenza A virus NS segment reconstitution combined with the
optimised saturation of the resulting RNP with binding partners and finally its
enrichment on the grid by means of polymerase nanobody-mediated immobilisation,
as developed in this thesis, would be a highly promising method of both determining
the structure of the influenza A RNP in a controlled experimental set up, and also
determining the mode of binding of immune factors of interest to the RNP. This would
ensure minimal sample heterogeneity and maximal RNP occupancy by the binding

partner chosen.

Peng and colleagues were additionally able to visualise the polymerase of influenza D
virus RNPs using cryo-ET STA, which represents the optimal approach for polymerase

visualisation, since signal averaging limitations of cryo-EM SPA are circumvented.

The issue with identifying one specific molecule in a biological complex of many
similar molecules on a low-contrast tomogram or micrograph is highly challenging.
This could be experimentally aided by the development of a fiducial marker for this
specific molecule which suspends the molecule in an obvious way to make particle

identification easier.

One potential approach utilises the gluebody technology platform, where higher order
nanobody complexes are used to suspend multiple copies of the same molecule with
a given orientation, distance, and angular positioning from a defined origin. The penta-
gluebody enables the target of a gluebody to be suspended from a pentameric E. coli
Shiga toxin subunit for the ease of particle identification and amplification of particle
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number (Yi et al., 2025) and represents a potential method of accurately obtaining a
high concentration of proteins of interest on the cryo-EM grid for structure

determination.

Alternatively, atomic force microscopy (AFM) allows determination of ultrastructural
information of purified samples including details up to the right-handedness of vRNPs
(Nakano et al., 2021; Chenauvier et al., 2023) and the ability to study conformational
dynamics of recombinant RNPs (Carlero et al., 2024). This methodology could also be
employed to determine the low-resolution ultrastructure of interaction partner-bound

VRNPs to yield initial low-resolution data on such questions.

In situ cryo-electron tomography continues advancing to determine structural
information within the context of live infections (Graham and Zhang, 2023).
Unpublished work from the Grimes laboratory achieved sufficient resolution for the
accurate determination of the handedness of the VRNP in situ (right-handed) by direct
comparison to HA structures in the same dataset (Misha Le Claire, personal
communication). Future developments in this field will enable improved mechanistic
understanding of the influenza lifecycle and vRNP-host factor interactions in

physiological contexts.
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7. Appendix

7.1. Nanobody and Gluebody Numbering Scheme

All nanobodies were donated by Dr. Florian Schmidt, and published in (Schmidt et al.,

2016) with the exception of the final two nanobodies in the table below, VHH1_Hanke

and VHH2_Hanke, which were presented in (Hanke et al., 2016). In these two cases,

Hanke and colleagues additionally confirmed that these nanobodies, VHH1 and VHH2,

block influenza infection. One megabody produced by Dr. Amanda Zhu was used in

this work, based on the nanobody VHH151, Mb151.

Table 7.1: Nanobody and Gluebody Numbering Scheme

Nanobody Gluebody VvRNP Nuclear | NP Nuclear | vVRNP Activity
number number Import Blocker Import Blocker Blocker
(VHH/NDb)

22 44M Y N Y

28 45M Y N N

52 47M Y N N

77 46M Y N N

103 50M Y N N

108 51M Y N N

135 52M Y N N

151 538 Y N Y

170 548 N N N

191 558 Y N N

296 56S Y N N

341 578 Y N N

355 58S Y N N

495 598 Y N Y

508 60S Y N N
1_Hanke 48S Y N Y

2 _Hanke 49S Y N N
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