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ABSTRACT

Envelope-displayed viral glycoproteins mediate host cell entry and are a key determinant of
species tropism. As the glycoproteins are the sole antigens exposed on the mature virion surface,
they are also primary targets of the host humoral immune response that arises during infection
and immunisation. Macromolecular structure determination of these therapeutically important
targets constitutes an important approach to obtain molecular-level insights into viral protein
structure and function.

The emergence and re-emergence of Old World (OW) and New World (NW)
mammarenaviruses (family Arenaviridae) from rodent reservoirs persistently threatens human
health. The GP1 subunit of the envelope glycoprotein spike complex (GP) is responsible for
receptor attachment during host cell entry. Here, I report the GP1 structure of OW Loei River
virus (LORV) and the GP1 structures of NW Junin virus (JUNV) and NW Machupo virus
(MACYV) in complex with neutralising antibodies (nAbs). Comparative analyses of the GP1
glycoprotein architectures of LORV and previously characterised mammarenaviruses expands
our understanding of the structural classes sampled by the GP1 glycoproteins and provide
molecular blueprint for immunogen design that is capable of mimicking the mature OW
mammarenaviral GP. Glycan mapping analysis further revealed a pronounced glycan-mediated
masking of the LORV GP, rationalising the observed immune-evasive properties of OW
mammarenaviruses. Furthermore, structural characterisation of the nAb epitopes on JUNV and
MACYV GP1s provides a template for understanding the antigenic surface of the NW GP1 and
augments efforts to develop nAb-based prophylactics that target the NW arenavirus surface.

Rabies lyssavirus (RABV; family Rhabdoviridae) is the causative agent of rabies,
which causes approximately 60,000 deaths annually. NAb-based therapeutics constitute an
important part of the rabies treatment. Structure elucidation of the higher-order assembly of
RABV glycoprotein (RV-G) allows identification and characterisation of the full antigenic
surface of the spike, including the quaternary nAb epitopes. Here, I characterised the structure
of RV-G in complex with two nAbs. The structural data revealed the architecture of the first
full-length lyssavirus glycoprotein structure in prefusion state and defined nAb-targeting
epitopes in the context of a trimeric spike. This work serves as a template for structure-guided
engineering of next generation RABV vaccines. The structural insights on the nAb epitopes
may also augment the optimisation of pre-existing antibody-based post-exposure prophylactics.

Through crystallographic and cryogenic electron microscopy analysis, the work
included in this thesis expand our appreciation of the conformational landscape covered by the
glycoproteins of mammarenaviruses and lyssaviruses. The data presented will empower
strategies focused on the development of immunogens that resemble the glycoprotein spike
presented on the mature virion and capable of eliciting protective immune response.
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1 INTRODUCTION

1.1 THE FAMILY ARENAVIRIDAE: AN OVERVIEW

Established in 1976, the family Arenaviridae encompassed rodent-borne enveloped viruses
with bisegmented, ambisense single-stranded RNA genome (Fenner, 1976). The genome
encodes for surface glycoprotein complex (GP), matrix protein (Z), RNA-dependent RNA
polymerase (L), and nucleoprotein (NP) (Hallam et al., 2018b). The family name “arena” was
derived from the Latin word ‘arenosus’, meaning ‘sandy’, and was given due to the grainy
appearance of the ribosomes acquired from host cells as visualised by electron microscope
(Tani et al., 2012). The family was monogeneric with a single genus Arenavirus.

With the discovery of arenaviruses that infect snakes (e.g. boa constrictors and pythons)
in 2012-2014 (Bodewes et al., 2013; Hetzel et al., 2013; Stenglein et al., 2012), the
International Committee on Taxonomy of Viruses (ICTV) accepted a proposal to establish a
new genus, Reptarenavirus, while the genus Arenavirus was renamed Mammarenavirus, which
harbours the “classical” arenaviruses that infect mammalian hosts (Radoshitzky et al., 2015)
(Fig. 1.1). Since then, members of the genus Reptarenavirus have increased to five species,
namely California, Giessen, Golden, Ordinary, and Rotterdam reptarenaviruses. These
reptarenaviruses are found to be the culprits of boid inclusion body disease (BIBD) that is
associated with eventual death of affected snakes, and have been confirmed in captive snakes
in Asia, Australia, Europe, and North America (Argenta et al., 2020). On the other hand, the
genus Mammarenavirus consists of 39 distinct rodent and bat-borne (Downs et al., 1963;
Radoshitzky et al., 2015) species according to ICTV taxonomy (Fig. 1.2), although the number
of undiscovered and newly discovered arenaviruses that have yet to be included remains

uncertain. Mammarenaviruses are further divided into Old World (OW) and New World (NW)



serogroups based on their genetic, geographical, and epidemiological relationship (Charrel et
al., 2008; Radoshitzky et al., 2015).

The discovery of Haartman Institute snake virus-1 (HISV-1) in 2015 marks a departure
from the genome and gene organisation of the established arenaviruses (Hepojoki et al., 2015).
While HISV-1, like reptarenaviruses, infects snakes, its non-canonical RNA genome lacks an
open-reading frame (ORF) for the Z protein (Hepojoki et al., 2018), reflective of a complicated
snake arenaviral biology and the widespread recombination and reassortment of arenaviral
genome in alethinophidian host (Stenglein et al., 2015). Identification of HISV-1 led to the
formation of a third genus Hartmanivirus (Fig. 1.1) which houses alethinophid arenaviruses
that lack Z coding frame (Maes et al., 2018). The genus currently consists of 4 species,
including Haartman, Muikkunen, Schoolhouse, and Zurich hartmaniviruses. So far it is unclear
whether hartmaniviruses contribute to BIBD pathogenesis.

The fourth genus Antennavirus with two new species was established in 2019 (Fig. 1.1)
following the identification of arenaviruses that infect frogfish, namely Striated and Hairy
antennaviruses (originally referred to as Wenling frogfish arenavirus 1 and 2, respectively)
(Abudurexiti et al., 2019; Shi et al., 2018). Unlike mammarenaviruses, reptarenaviruses, and
hartmaniviruses, antennaviruses have tri-segmented RNA genomes, with GP and NP encoded
on separate segments (Shi et al., 2018).

Finally, the family Arenaviridae with its four genera Mammarenavirus, Reptarenavirus,
Hartmanivirus, and Antennavirus is classified under the order Bunyavirales (Fig. 1.1). As the
number of negative and ambisense segmented RNA viruses increases steadily, Bunyaviridae
(previously a family) has been re-ranked as the order Bunyavirales to accommodate all related
viruses (ICTV TaxoProp 2016.030a-vM). As per ICTV taxonomy, the order now contains

twelve large and diverse family members, including Arenaviridae. As my DPhil research



primarily focused on the glycoproteins of mammarenaviruses, the following sections in this

chapter discuss them in detail.

genus family
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Fig. 1.1. Maximum likelihood phylogenetic tree of the complete L. amino acid sequences
of 50 arenaviruses assigned to the family Arenaviridae. The genera Antennavirus (blue dots;



white dots for unclassified viruses within the genus), Hartmanivirus (green dots),
Mammarenavirus (red dots), and Reptarenavirus (yellow dots), along with representative
viruses of other bunyavirus families are shown. The maximum likelihood tree with 1,000
bootstrap replicates was produced using RAXML (v. 8) and visualised using FigTree. The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap is
shown next to branch nodes. This figure is reproduced from the ICTV webpage:
https://talk.ictvonline.org/ictv-reports/ictv_online report/negative-sense-rna-viruses/w/arenaviridae/,

where this work is licensed under a Creative Commons Attribution License (CC BY-SA 4.0).
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Fig. 1.2. Maximum likelihood phylogenetic trees of the L amino acid sequences of the
genus Mammarenavirus. The phylogeny includes sequences of 44 mammarenaviruses
assigned to 39 species (red dots) and 9 unclassified mammarenaviruses (white dots).
Representative viruses of the genera Hartmanivirus and Reptarenavirus are also included
(green and yellow dots, respectively). Viruses belonging to the OW and NW complexes are
indicated by background shading of red and green, respectively. The tree was generated using



the same software and parameters as the one presented in Fig /.. This figure is reproduced
from the ICTV webpage: https://talk.ictvonline.org/ictv-reports/ictv_online report/negative-

sense-rna-viruses/w/arenaviridae/1117/genus-mammarenavirus, where this work is licensed
under a Creative Commons Attribution License (CC BY-SA 4.0).

1.2 MAMMARENAVIRUSES

1.2.1 The Impacts of Mammarenaviruses

The genus Mammarenavirus constitutes a considerable number of diverse rodent-borne viruses
(Hallam et al., 2018b). The interaction between these viruses and human populations has
dramatically increased due to the extensive overlapping of human dwellings and rodent host
reservoirs over the past decades (Blasdell et al.,, 2016). Largely endemic in the African
continent and the Americas (Hallam et al., 2018b) (Fig. 1.3), the known geographical
distribution of mammarenaviruses has expanded following the recent discovery of novel
species in China, Thailand, and Cambodia (Blasdell et al., 2016; Li et al., 2015; Wu et al.,
2018). The increased frequency of viral outbreaks, combined with the continuous discovery of
new arenaviruses with unknown zoonotic potential, present a major risk and burden to public
health and to the socio-economic development of affected countries.

Many mammarenaviruses are highly pathogenic and capable of causing fatal human
haemorrhagic fever (HF) upon zoonosis to humans (Paessler and Walker, 2013). While most
mammarenaviruses circulate within their respective endemic regions, lymphocytic
choriomeningitis virus (LCMV) constitutes the most widely prevalent mammarenavirus as it
is carried and transmitted by common house mouse, Mus musculus (Lavergne et al., 2016). In
West Africa, Lassa virus (LASV) is spread by the Natal multimammate mouse (Mastomys
natalensis) and plagues Guinea, Sierra Leone, Nigeria, and Liberia (Safronetz et al., 2013).
Fortunately, the spread of LASV outside of these regions has been limited. LASV recorded its
largest known outbreak in 2018 when the virus spread to eighteen Nigerian states (Zhao et al.,

2020). In 20202021, Nigeria continued to face a large Lassa fever outbreak with upwards of



20% case fatality while the COVID-19 pandemic, caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), wreaked havoc across the world (Bagcchi, 2020). Another
deadly mammarenavirus, Lujo virus (LUJV), was responsible for a limited but highly fatal
outbreak (80% case mortality rate) in South Africa in 2008 (Simulundu et al., 2016).

In South America, virulent Junin virus (JUNV), Machupo virus (MACV), Guanarito
virus (GOTV), Sabia virus (SABV), and Chapare virus (CHAV) circulate in multiple hot spots
(Paessler and Walker, 2013). High mortality rates following the rapid onset of severe HF
underscore the public health impacts of arenaviral infections and the wide scale need for
effective vaccines and therapeutics. For example, MACV and CHAYV, aetiological agents of
Bolivian and Chapare haemorrhagic fevers (BHF and CHHF), are both endemic in Bolivia with
case fatality rates reported up to 35% and 60%, respectively (Escalera-Antezana et al., 2020;
Patterson et al., 2014). Alarmingly, a CHAV outbreak near La Paz, Bolivia in 2019 has been
confirmed to be facilitated by human-to-human transmission (Escalera-Antezana et al., 2020).
Mammarenaviruses also pose a threat to North America. Indeed, Whitewater Arroyo virus
(WWAYV) was tentatively associated with three human fatalities in California from 1999 to
2000 (Enserink, 2000). WWAYV has since then been recovered from woodrats in New Mexico,
Utah, Oklahoma, and Texas (Fulhorst et al., 2001).

As viral surveillance initiatives continue to develop, the diversity of the family
Arenaviridae 1is anticipated to grow dramatically. The recent identification of novel
arenaviruses in China, Thailand, and Cambodia underscores the wider-than-expected
geographical and host range of mammarenaviruses, and the existence of more undiscovered
arenaviruses around the world (Blasdell et al., 2016; Li et al., 2015; Wu et al., 2018). A recent
seroprevalence study revealed that Wenzhou virus (WENV), first identified in Zhejiang
Province, China in 2014, may sporadically infect humans (Guo et al., 2020). Indeed, a separate

study showed that patients from Cambodia with fever and respiratory illnesses were tested



positive for WENV, indicating that the virus may be spreading more widely among humans in
Asia (Blasdell et al., 2016). Evidently, a genetic variant of WENV named Cardamones was
identified in Cambodia in 2016, and has been associated with patients presenting with dengue-
like and influenza-like symptoms (Blasdell et al., 2016). Similarly, isolation of Loei River virus
(LORYV) from Bandicota rat in Thailand and Ryukyo virus (RYKYV) from Ryukyo mouse in
China highlights the growing concerns for arenaviral epidemiology and zoonotic transmission
in Asia (Blasdell et al., 2016; Wu et al., 2018).

Zoonotic mammarenaviruses are also economically relevant pathogens. JUNV, the
causative agent for Argentine haemorrhagic fever (AHF), poses a pronounced threat to the
Argentinian economy (Grant et al., 2012). The pampas (plains for crops and livestock), where
JUNV circulates, are vital to the nation’s agricultural industry. The health impact of AHF on
the agricultural workers, who are often rural populations in endemic areas, directly translates
to the economic damage (Burrell et al., 2017). Furthermore, the possibility that pathogenic
mammarenaviruses such as LASV, JUNV, and MACV could be used as biological warfare
agents has also raised the political profile of these viruses (Borio et al., 2002). Indeed, in line
with the politico-economic motivation, the United States Army Medical Research Institute of
Infectious Diseases (USAMRII) and the Argentine Ministry of Health and Social Action
worked together to develop a vaccine utilising an attenuated JUNV strain (Candid#1) which
proved to be successful against JUNV with an estimated effectiveness of 95% in humans
(Maiztegui et al., 1998). Along with other deadly viral diseases such as COVID-19, Rift Valley
fever, Ebola virus disease, and henipaviral diseases, Lassa fever has been included in World
Health Organization’s (WHO) list of priority diseases for research and development in
emergency contexts, owing to the great public health risk and epidemic potential of LASV

(Mehand et al., 2018).



Infectious diseases, including those associated with emerging viruses, constitute a
major cause of morbidity and mortality globally, resulting in more than fifteen million deaths
annually (Morens et al., 2004). Many of the pathogenic causative agents remain undiagnosed,
misdiagnosed, or underdiagnosed due to the lack of understanding of both the ecological and
epidemiological patterns of these pathogens and diseases. Therefore, as more emerging
arenaviruses are detected, it is of paramount importance to characterise them to bridge the gap

of information concerning their human pathogenic potential and the corresponding therapeutic

countermeasures.
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Fig. 1.3. Geographic distribution of human pathogenic mammarenaviruses. This map
summarises the distribution of human pathogenic OW and NW mammarenavirus species. The
year of the first description is indicated in brackets. This figure is reproduced from Viruses
(Fehling et al., 2012), where this work is licensed under a Creative Commons Attribution
License (CC BY-NC-SA 3.0).



1.2.2 Epidemiology and Clinical Features

As detailed in section 1.2.1, mammarenaviruses represent some of the deadliest human
pathogens, including LCMV, LASV, LUJV, JUNV, MACV, SABV, CHAYV, and GTOV
(Hallam et al., 2018b). They circulate in nature within their respective rodent hosts, with the
exception of Tacaribe virus (TCRV), a mammarenavirus non-pathogenic to humans isolated
from the Artibeus species bats (Neotropical fruit bats) (Downs et al., 1963). Each
mammarenavirus is closely associated with a specific rodent host, although some can be carried
by a few closely related species. Therefore, geographical distribution of their rodent hosts
corresponds to the geographical range of virus dissemination. For instance, LCMV is the only
arenavirus to exhibit a worldwide distribution (Fig. 1.3) due to the widespread presence of
common house mouse, M. musculus (Lavergne et al., 2016). According to their genetic and
geographical relationships, mammarenaviruses are categorised into OW and NW serogroups
(Fig. 1.2), in which the former circulates in the African and Asian continents, and the latter are
distributed in the Americas (Charrel et al., 2008; Radoshitzky et al., 2015).

Human activities such as agricultural, urban land expansion, and recreational work
involving incursions into rodent host habitats promote increased interactions between infected
rodents and the human populations (Jones et al., 2013). Interestingly, natural ecological
perturbation of the rodent host environment may also result in the spread of mammarenaviruses.
Indeed, MACYV infection cases increased dramatically following flooding in El Beni region of
Bolivia (Charrel et al., 2011). A number of cases have also been attributed to laboratory-
acquired infection as arenaviruses are infectious as aerosols (Buchmeier et al., 1974; Pfau,
1996). Therefore, pathogenic mammarenaviruses including LASV, LUJV, JUNV, MACV,
CHAYV, GOTV, and SABV have been listed as Biosafety Level 4 (BSL-4) pathogens (Charrel
et al.,, 2011). Hospitals also constitute a growing player in mammarenaviral transmission.

Nosocomial infection of LASV in Nigeria represents a significant burden to the healthcare



system, with 8% of total cases occur among healthcare workers in the 2018 Lassa fever
outbreak (Dan-Nwafor et al., 2019). Infection cases of LCMV originated from organ donors
have also been reported, indicating a newly discovered route in which mammarenaviruses may
be transmitted (Fischer et al., 2006; Mrzljak et al., 2020).

Mammarenaviral infections in humans are usually initiated by contacts of broken or
abrased skins with contaminated materials such as secretions and excretions from infected
rodents, or via inhalation of aerosolised virus particles (Buchmeier et al., 2013; Charrel et al.,
2008; Grant et al., 2012). While majority of the patients remain asymptomatic or manifest
relatively mild illnesses, some develop severe diseases including fatal HFs. LCMV infection
is typically mild with symptoms such as fever, headache, myalgias, nausea, vomiting, malaise,
and anorexia (Bonthius, 2012). Following a short period of recovery, some patients, however,
go on to develop acute central nervous system disease including aseptic meningitis and
encephalitis, which may result in temporary or permanent neurological damage (Bonthius,
2012). LCMV is generally not fatal, with a reported case mortality rate up to 1% (CDC, 2014).

LASV, on the other hand, is estimated to cause up to 300,000 infections annually, with
high case morbidity (30%) and mortality rates (15-20%) (McCormick and Fisher-Hoch, 2002;
McCormick et al., 1987). The onset of Lassa fever, when symptomatic, typically occurs 1-3
weeks after infection, and includes dengue- and influenza-like symptoms (Hallam et al., 2018b).
Severe cases of Lassa fever may result in facial and lung oedema, mucosal bleeding,
convulsions, disorientation, internal bleeding, coma, and death (Bausch et al., 2001; Frame et
al., 1970; Hirabayashi et al., 1988; McCormick et al., 1987; Monath et al., 1974). Diagnosis of
LASV infection is, however, difficult due to the highly similar symptoms that are
indistinguishable from malaria, yellow fever, and other HFs such as Ebola virus disease, which

also circulate in LASV-endemic areas (Richmond and Baglole, 2003).
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Like LASV, other pathogenic mammarenaviruses including JUNV, MACV, GTOV
cause similar symptoms and diseases in humans but with subtle differences. For instance, while
majority of the LASV infected patients recover after the (gradual) initial phase of malaise and
fever, rapid disease progression beyond this stage is the norm for JUNV, MACV, and GTOV
infection, resulting in AHF, BHF, and Venezuelan haemorrhagic fever (VHF), respectively
(Pfau, 1996). Indeed, neurologic illnesses, internal bleeding, and thrombocytopenia (platelet
deficiency) are more common in the three Latin American HFs than Lassa fever (Pfau, 1996).
This differential pathogenicity between OW LASV and NW JUNV, MACV, GTOV is
reflected in their relative case fatality rates, with an estimated 15-20% for LASV but up to 35%
for JUNV, MACV, and GTOV (Pfau, 1996; Yaro et al., 2021). Hepatitis (liver inflammation),
on the other hand, is more frequent and severe in LASV infection, but unusual and mild in
JUNV, MACYV, and GTOV infections (Pfau, 1996).

Newly discovered mammarenaviruses harbouring unknown zoonotic and pathogenicity
potential represent a major public health concern. Recent identification of WENV and its
variant, Cardamones, in China and Cambodia, respectively, signifies a wider distribution of
mammarenaviruses in Asia than previously known (Blasdell et al., 2016; Li et al., 2015). While
the cross-species transmission potential and pathologic roles of WENYV in humans are currently
unknown, the Cardamones variant has been isolated from patients presenting symptoms such
as fever, headache, nausea, cough, and rhinorrhoea (Blasdell et al., 2016). These patients were
tested negative for influenza and dengue infection but positive for anti-arenavirus IgG,
although diagnostic tests with higher specificity are required to identify the specific causative

agent in the seropositive patients (Blasdell et al., 2016).
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1.2.3 Genome Organisation and Gene Expression

Although pathobiologically diverse, mammarenaviruses share a genomic structure comprising
a bisegmented, ambisense single-stranded RNA genome. Each of the segments, designated
small (S) and large (L), respectively, contains two nonoverlapping ORFs separated by an
intergenic region (IGR) (Fig. 1.4) (Buchmeier et al., 2013). The 3.4 kb S segment encodes for
the viral nucleoprotein (NP) and glycoprotein precursor that is later cleaved into stable signal
peptide (SSP), GP1, and GP2 subunits (Fig. 1.4). Together, the noncovalent association of
SSP—-GP1-GP2 forms the GP (Crispin et al., 2016; Nunberg and York, 2012). The 7.2 kb L
segment encodes for the RNA-dependent RNA polymerase (L) and matrix protein (Z) (Fig.
1.4) (Meyer et al., 2002). While the length of the RNA genomes varies slightly for individual
arenaviruses, the general genome organisation is well conserved across the mammarenavirus
family. Indeed, the RNA sequences of the S and L segments are often used to derive
phylogenetic relationships among known and newly discovered arenaviruses (Blasdell et al.,

2016; Meyer et al., 2002; Stenglein et al., 2012).
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Fig. 1.4. Arenavirus genome replication and gene transcription. The arenavirus replication
cycle takes place entirely in the cytoplasm of infected cells. The L polymerase associated with
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the viral RNPs initiates transcription from the viral promoter located within the untranslated
region (UTR, black boxes) at the 3' termini of the viral RNAs. Primary transcription results in
the synthesis of NP (A) and L (B) mRNAs from the S and L segments, respectively.
Transcription termination is mediated by a secondary hairpin structure formed by the intergenic
region (IGR) found in both viral RNA segments between each of the two encoded genes.
Subsequently, L adopts a replicase mode and moves across the IGR to generate a copy of the
full-length antigenome S and L viral RNAs. The antigenomic RNA S and L segments serve as
templates for the synthesis of GP (panel 4; S segment) and Z (panel B; L segment) mRNAs.
The antigenomic S and L RNA segments also serve as templates for the amplification of the
corresponding viral RNA genome species. This figure is reproduced from Viruses (Martinez-
Sobrido and de la Torre, 2016), where this work is licensed under a Creative Commons
Attribution License (CC BY 4.0).

The coding organisation of mammarenavirus S and L segments does not conform to the
typical negative-sense coding arrangements (Meyer et al., 2002). On S segment, the NP gene
is encoded in a negative-sense polarity whereas the GP gene is encoded in a pseudo positive-
sense polarity (Fig. 1.4) (Auperin et al., 1984a; Southern et al., 1987). On L segment, the L
and Z genes are encoded in an identical fashion as the way NP and GP genes are encoded on
the S segment, respectively (Singh et al., 1987). In brief, the NP (from S segment) and L (from
L segment) ORFs are first transcribed into genomic complementary messenger RNA (mRNA),
followed by replication of the genomic RNAs by the polymerase to generate the full-length
antigenomic RNAs. The GP (from S segment) and Z (from L segment) ORFs are then
transcribed using the antigenomic RNAs as templates (Buchmeier et al., 2013; Ferron et al.,
2017). Termination of mRNA transcription occurs at sites within the non-coding IGR, which
was predicted to adopt a stable hairpin secondary structure as a mean of transcription
termination (Fig. 1.4) (Auperin et al., 1984a; Auperin et al., 1984b; Pinschewer et al., 2005).

The ambisense coding strategy allows the arenavirus to regulate its early and late gene
expression (Auperin et al., 1984b; Southern et al., 1987). Indeed, mRNA for NP can be detected
merely 2 h post infection, even in the absence of protein synthesis (Franze-Fernandez et al.,

1987). On the other hand, mRNA for GP can only be detected 4 h after in vitro infection when
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protein translation and synthesis are fully active (Franze-Fernandez et al., 1987). Such pattern
of gene transcription regulation indicates that GP and Z protein productions are highly
dependent on the presence of antigenomic RNA templates manufactured by early gene
transcription products, NP and L proteins. The viral RNAs are encapsidated by the NP, and
together with L, form ribonucleoprotein (RNP) complexes which are active in replication and
transcription (Papageorgiou et al., 2020). Once GP mRNA and protein synthesis have started,
its production level continues to ramp up, overtaking the protein production level from L
segment-derived genomic mRNA (Fuller-Pace and Southern, 1988). Furthermore, qT-PCR
data suggests that the level of viral RNA transcription peaks at 48 h post infection, followed
by a decline in the abundance of viral RNA (Haist et al., 2015).

Viral genomic and antigenomic RNAs are uncapped, exposing the 3' end of the S and
L segments, which contain highly conserved 19-nucleotide (nt) untranslated regions (UTR)
(Auperin et al., 1982b). This region has been proposed to serve as a promoter for the viral
polymerase (Auperin et al., 1982a). Interestingly, the 3' 19-nt sequence is reverse complement
to the 5' end of viral genomic and antigenomic RNAs, allowing the formation of a panhandle
structure between 5' and 3' termini of both S and L segments (Auperin et al., 1982a; Auperin
et al., 1982b; Meyer et al., 2002). Indeed, circular RNPs within arenavirus virion particles have
been observed by electron microscopy, indicating a putative functional role of such double-
stranded characteristic of the 5' and 3' UTR in promoter recognition by the viral polymerase
for transcription initiation (Hass et al., 2006; Perez and de la Torre, 2003; Radoshitzky et al.,
2015). The 5' termini of the arenaviral genomic RNAs also contain an additional nontemplated
G nucleotide, which has been proposed to allow L polymerase to initiate replication using a
prime-and-realign mechanism (Garcin and Kolakofsky, 1990, 1992; Polyak et al., 1995). The

UTR duplex with the additional nontemplated G overhang also allows the RNA to escape
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immune detection by retinoic acid-inducible gene I (RIG-I) receptor, an innate immune sensor
responsible for type-1 interferon (IFN) response (Marq et al., 2010).

In contrast to viral genomic and antigenomic RNAs, arenaviral mRNAs bear 5'-7-
methylguanylate caps, which the virus obtains via cap snatching, a process by which a short
segment of host cell RNA is removed through endonucleolytic cleavage and used as a 5' cap
for priming viral RNA synthesis (Meyer and Southern, 1993; Polyak et al., 1995; Raju et al.,
1990). Many viruses utilise a cap snatching mechanism, including Arenaviridae,
Orthomyxoviridae, Peribunyaviridae, and Phenuiviridae (Olschewski et al., 2020). As
described, viral transcription is terminated by the IGR which contains termination signal. The
exact sequence of the IGR appears to be non-crucial as utilising heterologous IGR sequences
from distantly related arenaviruses does not interrupt viral transcription termination, indicating
that the folding of a stable hairpin structure likely plays a major role in viral transcription
termination (Iwasaki et al., 2016). Of note, mammarenaviral mRNAs are not polyadenylated

at the 3' termini (Meyer and Southern, 1993; Singh et al., 1987; Southern et al., 1987).

1.24 Structure and Components of the Virion

The electron cryomicroscopy single-particle analysis (cryo-EM SPA) method involves
grouping protein or virus particles that are similar or identical in size, shape, and conformation
together to boost image signal-to-noise ratio (Stass et al., 2019). However, members of the
genus Mammarenavirus form pleomorphic (variable in shape) virus particles and thus, are not
amenable to the SPA method, as the lack of regularity in virion size and shape hinders particle
alignment and averaging in a coherent manner (Stass et al., 2019; Tani et al., 2012).
Consequently, the virion ultrastructure (typically in ~10-20 A resolution range) is more
usefully studied using electron cryotomography (cryo-ET) with subtomogram averaging (STA),

whereas high-resolution structures of the isolated viral components are determined by X-ray
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crystallography and cryo-EM SPA. When combined, these data provide a holistic structure-
based molecular overview of the architectures and functions of the viruses and their
components.

The presence of host ribosomes acquired during virus assembly and budding gives
mammarenaviruses a sandy appearance when viewed under transmission electron microscopes
(Fig. 1.5A). The virion particles are roughly spherical but highly heterogeneous in size, with a
diameter of 50-200 nm (Buchmeier, 2002; Charrel and de Lamballerie, 2003; Jay et al., 2005;
Meyer et al., 2002). The virions possess a lipid bilayer envelope, flanked by the membrane-
bound GP spikes on the extra-viral side, and intraviral domains of GP in contact with a layer
of Z protein on the intraviral side (Fig. 1.5B). The interior of the virus particles is partially

filled with RNP, which is composed by NP, L, and viral RNA genomes (Li et al., 2016).
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Fig. 1.5. Structure overview of LASV virion and GP spike. (A) Electron microscopy image
of arenavirus particles displaying grainy/sandy appearance given by the presence of acquired
host ribosomes during virus assembly. Scale bar = 100 nm. (B) Structure of LASV spike
determined using cryo-ET and STA. (Left) LASV GP spike structure reconstructed by STA
segmented to three spike protomers and coloured different shades of brown. The membrane
(M) and the Z layer are coloured light blue and dark blue, respectively. The GP intraviral tails
are located between the M and Z layers. (Right) A LASV virion is shown cut open highlighting
the irregular organisation of the GP spikes, membrane, Z layer, and RNP density (grey). (C)
Organisation of the trimeric GP. (Top) The LASV GP1-GP2 trimer (PDB ID: 5VK2) (Hastie
et al., 2017) is shown as cartoon and coloured orange, green, and purple for each of the three
protomers (GP A—C). The GP1 subunit is in a light shade and the GP2 subunit in a dark shade.
(Bottom) The crystal structure of the LASV GP trimer docked into the STA reconstructed
volume (white) of the LASV GP spike, in the same orientation as shown in the top panel. The
N-linked glycans are shown as sticks. Note that panel A4 is adapted from CDC webpage
(www.cdc.gov/vhf/virus-families/arenaviridae.html) and panel B from PLoS Pathogens (Li et
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al., 2016) under a Creative Commons Attribution License (CC BY 3.0 and 4.0). Panel C is
adapted from Science (Hastie et al., 2017) with permission from the AAAS.

Chemical cross-linking studies and sucrose density gradient analysis revealed that the
GP complexes assemble on the virion surface as trimeric spikes (Schlie et al., 2010). The
stoichiometry was further confirmed by STA analysis of 3D volumes of GP spikes extracted
from tomograms of inactivated LASV virions, with each spike consisting of three protomers
of GP1-GP2 heterodimers organised into a tripartite assembly, measuring approximately 9 nm
in height above membrane and 10 nm in width (Fig. 1.5B) (Li et al., 2016). The tripodal GP
complexes distributed randomly across the surface without higher-order clustering, as shown
when the STA sub-volumes were mapped back (template matching) onto the whole virion
structure (Fig. 1.5B) (Li et al., 2016). Fitting of the high-resolution crystal structure of LASV
GP1-GP2 heterodimer (PDB ID: 5VK2) into the STA volume places the GP1 receptor-binding
glycoprotein atop the membrane-anchored GP2 class I fusion glycoprotein (Fig. 1.5C) (Hastie
et al., 2017). Earlier studies have established that the unique 58-amino acid long myristoylated
SSP retains with the GP1-GP2 heterodimer in the membrane (Nunberg and York, 2012; York
and Nunberg, 2007a). The structural topology and arrangement of SSP, however, have so far
not yet been resolved by the 14-A resolution STA map. Detailed discussion of the
mammarenaviral GP complex is further outlined in section 1.3.

Examination of the tomographic slices of inactivated LASV virions revealed the
presence of two layers of density immediately underneath the viral membrane (Li et al., 2016)
(Fig. 1.5B). These layers were assigned to the three 41-residue long intra-viral tails of the GP2
glycoproteins (total molecular mass of 14 kDa), followed by the 99-residue long (molecular
mass of 11 kDa) Z protein (Fig. 1.5B). The mammarenaviral Z is a multifunctional protein due
to its multi-domain architecture (Fehling et al., 2012). The crystal and nuclear magnetic

resonance (NMR) structures of LASV Z revealed that the protein consists of three domains: a
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N-terminal domain (NTD), which contains a membrane-anchoring myristoylation site, a
central zinc-binding ‘Really Interesting New Gene’ (RING) domain, and a C-terminal (CTD)
late (L) domain (Fig. 1.6A) (Hastie et al., 2016b).

Each Z domain have specific roles. For example, the highly flexible NTD contains a
14-carbon fatty acid chain (myristate), which is covalently attached to a glycine residue at
position two (G2) (Perez et al., 2004). The myristyl moiety is important for membrane
anchoring, Z self-assembly, and Z—GP association functionalities (Capul et al., 2007; Perez et
al., 2004). Z has also been shown to directly interact with SSP but the molecular details of such
interaction remain unresolved (Fehling et al., 2012). Furthermore, the NTD of Z exhibits an
antagonistic role against host immune response by binding to RIG-I receptors to downregulate
cellular IFN response (Xing et al., 2015). The highly conserved central RING domain (~40—-60
residues) is well-ordered with a single a-helix and multiple -strands (Fehling et al., 2012;
Hastie et al., 2016b). The RING domain is capable of interacting with NP and L proteins,
therefore important for RNP packaging and incorporation at the budding site (Capul et al., 2011;
Loureiro et al., 2011; Wilda et al., 2008). This conserved Z—NP association has been observed
in LASV, LCMV, Mopeia virus (MOPV), JUNV, and TCRV (Casabona et al., 2009; Groseth
et al., 2010; Levingston Macleod et al., 2011; Ortiz-Riafio et al., 2011; Shtanko et al., 2010).
Proline rich motifs (e.g. PT/SAP and PPxY, where ‘x’ represents any amino acid) in the CTD-
L domain mediate virus budding by interacting with components of the endosomal sorting
complex required for transport (ESCRT) pathway (Freed, 2002; Perez et al., 2003). Indeed,
expression of Z protein alone is sufficient for the production of lipid-enveloped virus-like
particles (VLPs) (Hoenen et al., 2007; Strecker et al., 2003; Ziegler et al., 2016). Similar to the
NTD, the NMR structure of the CTD of Z revealed that it is structurally disordered (Volpon et
al., 2008; Volpon et al., 2010). Its flexibility is likely important to mediate its interactions with

various binding partners (May et al., 2010). Interestingly, previous studies of LCMV and
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LASV Z showed that the protein self-assembles into an oligomeric state, indicating a functional
role of this higher order assembly (Hastie et al., 2016b; Kentsis et al., 2002). Crystal structure
of LASV Z revealed a ring of dodecameric state formed by six dimers (Hastie et al., 2016b)
(Fig. 1.6A). It has been shown that the RING domain is highly crucial for LCMV Z self-
assembly. Such higher order assembly increases local Z concentration and thus enhances its
biochemical activities (Hastie et al., 2016Db).

As described, Z proteins act as an interaction hub (Fig. 1.6D), connecting viral surface
GP spikes, viral RNP, and host ESCRT machinery to drive virus assembly and budding
(Fehling et al., 2012). While the molecular basis of these interactions remains to be determined,
structural and functional investigations of Z binding partners including the viral NP and L
proteins provide important information. The crystal structure of LASV NP revealed that the
~570-residue protein consists of two domains connected by a flexible linker: an a-helical NTD
and an o/p fold of CTD (Brunotte et al., 2011) (Fig. 1.6B). The presence of a deep nucleotide-
binding pocket of ~20 A long in the NTD reflects its function in RNA binding (Brunotte et al.,
2011). Additionally, the NTD has been implicated in NP oligomerisation, as shown by the
crystal structure and cryo-EM analysis, revealing a ring-shaped trimeric NP assembly
(Brunotte et al., 2011) (Fig. 1.6B). The precise roles of NP trimers warrant further
investigations, but it has been hypothesised that the assembly prevents NP from binding to
cellular RNA (Hastie et al., 2011). The structure of NP NTD—-single-stranded RNA suggested
that the CTD pivoted slightly away from its position to make RNA-binding pocket accessible.
This rotation, however, disrupts the trimeric arrangement. It is postulated that the NP may then
form a linear, continuous chain along the viral RNA molecule (Hastie et al., 2011). The NP-Z
interaction is mediated through the CTD of NP, which also displays anti-IFN activity (Ortiz-

Riano et al., 2011).
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L polymerase is the largest structural protein encoded by mammarenaviruses. At
~2200-residue long and ~200 kDa molecular mass, cryo-EM structures of OW LASV and NW
MACYV L revealed that the polymerase consists of three domains: a N-terminal protease-
associated domain, a central RdARp domain, and a C-terminal PB2-like domain (Peng et al.,
2020) (Fig. 1.6C). The central RARp domain forms a functional core, sandwiched by the NTD
cap-snatching endonuclease region and the NTD core region. The RdRp domain adopts a
highly conserved “cupped” right hand-like architecture, consisting of thumb, palm, and fingers
subdomains (Choi, 2012; Jacome et al., 2015; Peng et al., 2020). The palm subdomain contains
a six-stranded B-sheet flanked by multiple a-helices. The inner surfaces of the NTD core and
RdRp thumb subdomain form a highly positive-charged RNA template-binding channel that
leads to the catalytic active site within the palm subdomain. Interestingly, the binding of 3'-
viral RNA induces dimerisation of L proteins (Peng et al., 2020). A recent study demonstrated
that L-L interaction stabilises the CTD, which in turn facilitates transcription and replication
activities of arenaviral polymerases (Sanchez and de la Torre, 2005). The RdRp core domain
also mediates Z—L interaction (Wilda et al., 2008). It is postulated that Z protein binding blocks
the entry of nucleoside triphosphate (NTP) to the catalytic active site to initiate virion assembly
and budding (Peng et al., 2020). The CTD of L is composed of two subdomains: a helical
subdomain and an apical domain which contains four aromatic residues responsible for cap

binding (Peng et al., 2020).
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Fig. 1.6. Structure overview of mammarenaviral Z, NP, and L proteins. (A) Structure of
LASV Z. (Left) NMR structure of LASV Z. The structure (Volpon et al., 2010) is shown in
cartoon representation and coloured as a rainbow ramped from N- (blue) to C-terminus (red).
Zinc ions are shown as red spheres. The structure shown represents only one snapshot of an
NMR solution structure ensemble. The inherent flexibility of NTD and CTD are indicated by
the disordered loops. (Right) The crystal structure of dimeric Z-RING domain. The structure
(Hastie et al., 2016b) is shown as cartoon with the RING monomers coloured as yellow and
blue, respectively. A ring of dodecameric state formed by six RING dimers is shown on the
left, with a close-up of a single dimer shown on the right. Zinc ions are shown as grey spheres.
(B) Structure of LASV NP. (Left) The crystal structure (Brunotte et al., 2011) of LASV NP is
shown as cartoon. The NTD is coloured in dark green and the CTD is coloured in light cyan.
The NTD contains a deep cavity (dashed purple oval) previously shown to bind pyrimidine
nucleotides. (Middle) The structure of NP-NTD bound to RNA (Hastie et al., 2011) is shown
as surface representation. Electrostatic surface potential of NP is calculated using Adaptive
Poisson-Boltzmann Solver (APBS), showing a deep basic groove through which the single-
stranded RNA channels. (Right) Negative stained EM analysis of ring-shaped trimeric NP
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assembly (Brunotte et al., 2011). Class averages obtained and overlay of the NP trimer onto
the class average are shown. Scale bar = 5 nm. (C) The crystal structure of MACV L
polymerase. The structure (Peng et al., 2020) was determined in dimeric form but only one of
the monomers is shown here for clarity. The NTD, central RARp domain, CTD, and RNA are
coloured green, orange, light cyan, and black, respectively. (D) Schematic drawing showing
the interactions of Z protein with GP, NP, and L proteins. Z protein (blue) associates with GP
(red) through interaction with the SSP of GP. Z protein directly interacts with the CTD of NP
(light green) and the L polymerase (orange) through the Z RING motif. Some parts of this
figure are adapted from previous publications under Creative Commons Attribution Licenses
(CCBY 3.0 and 4.0): (4, right) is adapted from Journal of Virology (Hastie et al., 2016b); (B,
middle) from PNAS (Hastie et al., 2011); (B, right) from Journal of Biological Chemistry
(Brunotte et al., 2011); and (D) from Viruses (Fehling et al., 2012).

1.2.5 Lifecycle and Replication

1.2.5.1 Host Cell Entry

Human infection occurs when broken skin of an individual comes into direct contact with
rodent excrement contaminated with mammarenavirus particles, or through inhalation of
aerosolised excreta and secreta from infected rodents (Buchmeier et al., 2013; Grant et al.,
2012). The initial cellular targets remain unclear, but it is hypothesised that alveolar
macrophages are the first cell types infected (Gonzélez et al., 1980; Walker et al., 1982). The
viruses then spread to other host tissues following migration of infected macrophages to the
draining lymph node (Gonzalez et al., 1980).

As previously described, mammarenaviruses are categorised into two subclasses,
termed Old World (OW) and New World (NW) serogroups, based on their genetic and
geographical relationships (Charrel et al., 2008; Radoshitzky et al., 2015) (Fig. 1.2 and 1.3).
Host cell entry pathways differ between OW and NW mammarenaviruses, and are initiated by
the specific interaction of the viral GP1 with host cell receptors. For instance, OW viruses such
as LASV and LCMYV interact with O-mannose glycans containing xylose-glucuronic acid sugar
repeats presented on a-dystroglycan (a-DG), an extracellular matrix protein, to mediate entry

(Cao et al., 1998). LUJV, on the other hand, has recently been shown to use the cell surface
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receptor neurophilin-2 (NRP2) as primary receptor (Cohen-Dvashi et al., 2018; Raaben et al.,
2017).

Several recent studies have identified alternative receptors for LASV and LCMV,
indicative of the utilisation of a-DG-independent host cell entry pathways by OW
mammarenaviruses. Indeed, in the absence of a-DG, DC-SIGN (dendritic cell-specific
intercellular adhesion molecule-3-grabbing-nonintegrin) and LSECtin (liver and lymph node
sinusoidal endothelial calcium-dependent lectin) from the C-type lectin family, and Tyro3 and
Axl from the TAM family have been shown to play a role in LASV and LCMV cellular
infection (Fedeli et al., 2018; Goncalves et al., 2013; Shimojima and Kawaoka, 2012;
Shimojima et al., 2012). It is postulated that in endothelial cells where a-DG is expressed at
low level, other receptors are engaged for a productive host cell entry (Fedeli et al., 2018).

Following cellular receptor attachment, virus particles are internalised via endocytosis
and delivered to acidified endosomes. In endosomes, LASV switches from using the cell
surface a-DG to an intracellular receptor, lysosomal-associated membrane protein 1 (LAMP1),
to facilitate viral-host membrane fusion activity of GP2 (Cohen-Dvashi et al., 2015; Cohen-
Dvashietal., 2016; Jae et al., 2014). Interestingly, LAMP1 utilisation is not a strict requirement
for LASV entry and infection. However, binding of LAMP1 by LASV has been shown to
promote membrane fusion events at a higher pH threshold, thus increasing the efficiency of
LASV infection before the virions encounter an increasingly acidic and proteolytic
environment in the late endosomes (Hulseberg et al., 2018). Apart from LASV, LAMPI
recognition has so far not been reported in other OW mammarenaviruses. This receptor
switching mechanism is, however, not unique, and has been observed in other HF virus such
as Ebola virus (Jae and Brummelkamp, 2015), which binds to several different receptors at the

cell surface but requires the lysosomal protein, Niemann-Pick C1, for membrane fusion.
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Similarly, LUJV has been suggested to switch from NRP2 to endosomal/lysosomal tetraspanin
(CD63) that assists pH-dependent GP2-mediated membrane fusion (Raaben et al., 2017).

NW mammarenaviruses are further subdivided into four clades, namely clade A-D
(Bowen et al., 1997; Clegg, 2002). Clade B viruses such as JUNV, MACV, SABV, GTOV,
CHAYV, and clade D (also named clade A/Rec) WWAYV recognise transferrin receptor 1 (TfR1)
of their respective rodent host (Abraham et al., 2009; Flanagan et al., 2008; Radoshitzky et al.,
2007; Radoshitzky et al., 2008; Zong et al., 2014). The ability of these NW mammarenaviruses
to also use human TfR1 (hTfR1) constitutes a primary determinant of zoonosis and
pathogenicity in humans (Flanagan et al., 2008). In contrast to the carbohydrate-driven
interaction between OW mammarenaviral GP and receptors, protein—protein interactions
dominate the mode of receptor recognition by NW arenaviral GP (Abraham et al., 2010).
However, not all NW viruses use TfR1. Clade C NW mammarenaviruses such as Oliveros
virus (OLV) and Latino virus (LATV) utilise a-DG as host receptors (Spiropoulou et al., 2002).
To date, the cellular receptor for clade A NW mammarenaviruses has yet to be established.

Like OW viruses, NW mammarenaviruses has been observed to recognise more than
one receptor. For example, human T-cell immunoglobulin and mucin-domain containing
proteins 1 (hTIM1) promotes host cell entry for clade B NW JUNV, MACV, TCRV, and
Amapari virus (AMAYV) (Jemielity et al., 2013). Furthermore, C-type lectins such as DC-SIGN
and its homologue, L-SIGN, have been shown to substantially augment JUNV entry and
infection by acting as a co-receptor to hTfR1 (Martinez et al., 2013). The ability of both OW
and NW mammarenaviruses to recognise C-type lectins underscores a functional role of the
glycans on the GP. Additionally, siRNA screens uncovered voltage-gated calcium channels
(VGCCs) as potential co-receptor for JUNV entry, especially during early infection (Lavanya
et al., 2013). Indeed, VGCCs co-downregulate with TfR1 upon virus binding and are required

for efficient acidic pH-dependent GP2-mediated membrane fusion (Lavanya et al., 2013).
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1.2.5.2 Endocytosis and pH-Dependent Fusion

GP-mediated receptor engagement triggers internalisation of the attached virions via
endocytosis. OW mammarenaviruses are endocytosed through an unknown clathrin, caveolin,
and dynamin-independent pathway (Fig. 1.7) but multiple components of the ESCRT have
been identified to be important for cell entry (Pasqual et al., 2011; Rojek et al., 2008b).
Interestingly, productive infection of OW viruses does not rely on small GTPases Rab5 and
Rab7, which are important for vesicular trafficking to and from early and late endosomal
compartments, suggesting an unconventional endosomal delivery of virus particles (Rojek et
al., 2008b). Indeed, the optimal pH for LASV GP2-mediated membrane fusion seems to be
remarkably low (< pH 4.5), as opposed to pH 5.0—6.0 of fusion observed in other viruses (e.g.
influenza virus and JUNV) that utilise Rab5- and Rab7-dependent endosomal trafficking route
(Cosset et al., 2009; Martinez et al., 2009; Sieczkarski and Whittaker, 2003).

LASV entry involving a pathway resembling micropinocytosis (uptake of
macromolecules by invagination of the plasma membrane) facilitated by heparan sulfate and
LAMPI1 has been reported for Axl receptor-mediated entry (Fedeli et al., 2018; Goeijenbier et
al., 2013). On the other hand, the role of macropinocytosis (non-selective ingestion of
extracellular materials by actin-dependent extension of plasma membrane ruffles) in LCMV
and LASYV viral entry remains elusive. Indeed, LCMV and LASV were shown to enter human
epithelial cells via a-DG using macropinocytosis, which is highly dependent on the actin
dynamics (Oppliger et al., 2016). The loss or perturbation of the structural integrity and
dynamics of actin cytoskeletons in monkey cells, however, does not affect host cell entry,
highlighting the differential phenotypes of viral entry in different cell types (Rojek et al.,
2008b).

In contrast to OW viruses, entry of NW mammarenaviruses relies on clathrin-dependent

endocytosis (Rojek et al., 2008b). Following TfR1 attachment and rapid internalisation by host
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cell, virus particles are trafficked to early and late endosomes (Oldenburg et al., 2007; York
and Nunberg, 2006). However, depending on cell types, NW viruses have been observed to
bypass the early compartments (Martinez et al., 2007; Rojek et al., 2008b; Roldan et al., 2016).
Delivery of the virus to late endosomal compartments seems to be a requirement for both TfR1-
dependent and TfR 1-independent entry pathways, as low pH environment is essential for GP2-
mediated membrane fusion activity (e.g. < pH 5.5 for JUNV GP) (Martin et al., 2010; Roldan

et al., 2016; York and Nunberg, 2006).
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Fig. 1.7. Host cell entry pathways utilised by OW and NW mammarenaviruses. Upon
receptor engagement (e.g. a-DG), OW viruses such as LASV and LCMYV enter host cells via a
clathrin-, caveolin, dynamin-, and actin-independent endocytotic pathway that delivers the
virus particles to endosomes without involving Rab5- and Rab7-dependent processes, such as
early-to-late endosomal trafficking. In contrast, NW viruses such as JUNV, enter cells by
clathrin-mediated endocytosis. Here, viruses and receptors are represented by spiky circles and
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ball-and-stick schematics, respectively. This figure is adapted from Virology (Kunz, 2009) with
the permission from Elsevier.

Upon exposure to acidic pH in late endosomes, mammarenaviral GP undergoes
conformational changes leading to membrane fusion. For OW viruses, the GP1 subunit has
been observed to adopt a structural state at low pH, where it is no longer a-DG-binding
competent (Cohen-Dvashi et al., 2015). For LASV, the utilisation of LAMP1 as intracellular
receptor promotes fusion event (Cohen-Dvashi et al., 2016; Hulseberg et al., 2018). Eventually,
structural changes in GP1 destabilise the metastable prefusion GP complex and lead to the
molecule detaching from GP2 (Branco et al., 2010; Elagoz et al., 2002). The class I GP2 fusion
glycoprotein subsequently undergoes a structural reorganisation from the prefusion state to a
highly stable, extended six-helix bundle post-fusion conformation, which exposes and inserts
the hydrophobic fusion peptide into endosomal membrane (Hastie et al., 2016a; Hastie et al.,
2017; Igonet et al., 2011; Parsy et al., 2013). Collapse of the GP2 protein ultimately brings the
viral and host membranes into proximity for fusion (White et al., 2008). In contrast to the
structural changes observed for OW arenaviral GPI1, the conformation of recombinantly
expressed NW arenaviral GP1 has not been observed to alter upon pH change (Abraham et al.,
2010; Clark et al., 2018; Mahmutovic et al., 2015; Shimon et al., 2017; Zeltina et al., 2017).
While it has yet to be experimentally shown, it seems likely that NW arenaviral GP1, like OW
GP1, dissociates from GP2 at acidic pH to allow fusogenic rearrangement of GP2 and to
activate fusion event (Pasquato et al., 2018).

Further description and discussion of GP2-mediated membrane fusion is detailed in

section 1.3.
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1.2.5.3 Transcription, Translation, and Genome Replication
Viral-host membrane fusion releases viral RNA genomes into the cytoplasm. As outlined in
section 1.2.3, mammarenaviruses contain two ambisense single-stranded RNA segments: S and
L, where the former encodes for GP and NP proteins and the latter encodes for L and Z proteins
(Buchmeier et al., 2013) (Fig. 1.4). To briefly summarise, early gene expression involves the
transcription and translation of NP and L proteins from S and L segments, respectively, as they
are encoded in the sense orientation (Auperin et al., 1984b; Southern et al., 1987). Together
with the viral RNAs, they form RNP, representing the minimal active complex required for
initiation of replication (Papageorgiou et al., 2020). NP and L replicate the viral genomes into
viral antigenomes (Emonet et al., 2009). GP and Z are encoded in an antisense orientation and
cannot be directly transcribed. Late gene transcription of GP and Z, therefore, uses the viral
antigenomes as templates. Gene transcription are terminated by the stable hairpin secondary
structure adopted by non-coding IGR situated between the coding genes in the S and L
segments (Auperin et al., 1984a; Auperin et al., 1984b; Pinschewer et al., 2005). However, the
L polymerase reads through the IGR hairpins to make complimentary antigenomes. The
antigenomes also serve as intermediate templates for viral genome replication (Emonet et al.,
2009; Ferron et al., 2017).

L polymerase has been proven to be error-prone, as shown for OW LCMYV, in which
the mutation rate was estimated to be on the order of 1-5 X 10 (Grande-Pérez et al., 2016).
The polymerase also contains endonuclease activity required for cap snatching activity of the
5'-7-methylguanylate cap sequence from host cellular mRNAs (Kranzusch et al., 2010; Morin
et al., 2010; Raju et al., 1990). The 5' mRNA cap serves the purposes of translation initiation
and stability (Both et al., 1975; Furuichi et al., 1977). Viral mRNAs are translated into proteins

by host ribosomes.
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GP is translated in the endoplasmic reticulum (ER), where it undergoes signal peptidase
(SPase) cleavage of SSP from GP1 and GP2, and asparagine (V)-linked glycosylation (Eichler
et al., 2003, 2004). SSP retains and associates with the GP2 subunit, an unusual protein
processing strategy unique to arenaviruses (York and Nunberg, 2007a). The SSP-GP1/2
glycoprotein is furthered cleaved in the cis and trans-Golgi network by cellular proprotein
convertase subtilisin kexin isozyme-1 (SKI-1)/site-1 protease (S1P) to yield a functional
tripartite SSP—GP1-GP2 spike (Beyer et al., 2003; Burri et al., 2013a; da Palma et al., 2014;
Kunz et al., 2005; Lenz et al., 2001; Rojek et al., 2008a). Detailed discussion of the
mammarenaviral GP is outlined in section 1.3. A schematic representation of mammarenaviral

gene transcription, replication, and translation is shown in Fig. 1.8.
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Fig. 1.8. Schematic representation of mammarenavirus gene transcription, replication,
and translation. (A) Mammarenavirus life cycle. Arenaviruses enter host cells via receptor-
mediated endocytosis. Acidic pH associated with endosomal trafficking promotes merger of
the host and viral membranes, releasing the viral RNPs. Early transcription involves
transcription and translation of NP and L, which in turn transcribes the viral genomes into
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antigenomes. Late gene transcription uses the antigenomes as templates, producing GP and Z.
GP are translated and processed in the ER and Golgi networks. Localisation of all viral
components at the membrane budding site initiates virus assembly. (B) Biosynthesis of GP
spike in the ER with SSP cleavage by SPase and maturation by SKI-1/S1P along the secretory
pathway. SSP is myristoylated (myr) and remained associated with GP2. (C) Assembled
arenaviral virion structure showing the tripartite GP spike, Z, L, NP, and the ambisense,
segmented single-stranded RNA genome. This figure is reproduced from Viruses (Burri et al.,
2012) under a Creative Commons Attribution License (CC BY-NC-SA 3.0).

1.2.5.4 Virion Assembly and Budding

Once sufficient amounts of NP and Z are synthesised, capsid assembly begins in the cytoplasm.
Each of the structural protein plays a major role in virus assembly and budding. For instance,
the packaging of viral genome involves the interactions between L, NP and viral RNAs
(Buchmeier et al., 2013). While NP and L are crucial in RNA synthesis, Z is not strictly
required for RNA replication or transcription (Cornu et al., 2004). Instead, Z has multiple
functions due to its multi-domain structure (Hastie et al., 2016b) (Fig. 1.6A). In particular, its
NTD contains a myristylation site that allows the protein to anchor itself to the host plasma
membrane (Perez et al., 2004). A glycine residue at position two (G2) is critical for the
myristylation of Z and its subsequent membrane localisation (Perez et al., 2004). Furthermore,
its central RING domain has been shown to bind both NP and L proteins, sequestering the viral
RNPs from sites of RNA synthesis in the cytoplasm to the virion membrane budding site
(Capul et al., 2011; Loureiro et al., 2011; Wilda et al., 2008). Finally, the C-terminal proline-
rich L domain (e.g. PT/SAP, PPPY, and APPY) interacts with ESCRT machinery such as
tumour susceptibility gene 101 (Tsgl01) protein, which is required for sorting of endocytic
cargos into multivesicular bodies (Freed, 2002; Perez et al., 2003; Urata et al., 2006). Indeed,
the role of L domain in matrix protein for viral budding has also been observed in other viruses
such as Sendai virus and Marburg virus (Irie et al., 2007; Urata et al., 2007). Furthermore,
mammarenaviral Z protein has been proven to induce membrane budding even in the absence

of other arenaviral structural proteins (Strecker et al., 2003).
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The co-localisation of Z with GP protein at the plasma membrane is highly dependent

on the myristylation of Z (Capul et al., 2007). While the exact molecular mechanism of Z-GP

association remains unknown, it is postulated that Z protein interacts with the SSP and

intraviral C-terminal domain of GP2 (Capul et al., 2007). In toto, Z acts as a major hub (Fig.

1.9) that recruits and interconnects GP, NP, viral RNAs, membranes, and a myriad of host cell

factors (Urata and de la Torre, 2011). The formation of higher-order Z layer at the inner leaflet

of the membranes, along with GP spikes and ESCRT complexes, is thought to provide the

membrane curvature require for budding (Urata and Yasuda, 2012). Host cellular ribosomes

are often packaged together within the virion during assembly and budding (which gives

arenaviruses their sandy appearance) but the role, if any, of these ribosomes is unknown (Sarute

and Ross, 2017).
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Fig. 1.9. Model of arenavirus
budding. Myristoylation (myr) of Z
at residue G2 facilitates its
interaction ~ with  the plasma
membrane, where Z likely forms
higher-order complexes. The central
RING domain of Z is involved in
binding and recruiting NP, L, and
viral RNA to the membrane budding
site. The proline-rich L domain
located within the CTD of Z
facilitate its interactions with host
cellular factors including the ESCRT
machinery for virus egress. The NP
has also been described as an
accessory factor for recruiting
additional ESCRT complex
components to the budding sites. The
figure is adapted from Advances in
Virology (Urata and de la Torre,
2011), under a Creative Commons
Attribution License (CC BY 3.0).



1.2.6 Therapeutics

As outlined in sections 1.2.1 and 1.2.2, pathogenic mammarenaviruses cause a range of
diseases from influenza- and dengue-like fever, body aches, malaise, dehydration to cases of
human HFs and deaths (Hallam et al., 2018b; Pfau, 1996). Therapeutics and prophylactics are,
thus, crucial to minimise the severity and danger of the corresponding illnesses, and more
importantly to avoid deaths.

One of the most common treatments involves passive immunisation of patient sera
containing high titre of neutralising antibodies (nAbs) (Enria et al., 2008). Such strategy has
been particularly effective for JUNV-induced acute diseases (Enria et al., 1984; Maiztegui et
al., 1979; Zeitlin et al., 2016). However, treatment of Lassa fever patients with convalescent
plasma seems to constitute a limited efficacy (Hallam et al., 2018a; McCormick et al., 1986).
Indeed, plasma sera only provided partial protection, with a general consensus that cell-
mediated immune responses may play a bigger role in LASV clearance (Hallam et al., 2018a;
ter Meulen et al., 2000). This divergence in treatment outcome highlights the differential
immunogenicity of OW and NW mammarenaviruses, and the requirement to tailor treatments
for individual mammarenavirus-derived disease.

In cases where nAbs are not the dominant player, such as during OW LASYV infection,
other therapeutics have been proposed, tested, and approved. Ribavirin, a ribonucleoside
analogue antiviral medication often used to treat chronic hepatitis C infection (Martin and
Jensen, 2008), has been proven to be effective as a prophylaxis to treat NW JUNV and OW
LASV (Carrillo-Bustamante et al., 2017; McCormick et al., 1986; Salazar et al., 2012;
Veliziotis et al., 2020; Weissenbacher et al., 1986). Indeed, intravenous ribavirin treatment
within 6 days of the onset of Lassa fever resulted in a significant reduction of fatality rate to
5% (McCormick et al., 1986; Vela, 2012). Further studies have also implicated the potential

antiviral function of ribavirin for LCMYV infection (Moreno et al., 2012). While ribavirin has
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been used in the treatment of BHF (MACYV), its limited usage and results warrant more
extensive investigations to assess its role in combating BHF (Kilgore et al., 1997).

Currently, there are no internationally approved vaccines for mammarenaviruses.
However, the development of vaccines, with a predominant focus on LASV and JUNV, have
shown promising results. For instance, the JUNV vaccine strain, Candid#1, licensed in
Argentina, has been proven successful for AHF (Maiztegui et al., 1998). In addition, other
vaccine strategies and platforms have also been explored and investigated. For example,
heterologous vaccination with LASV and apathogenic MOPV, a closely related OW
mammarenavirus species, showed cross-protection in rhesus monkeys (Kiley et al., 1979).
Likewise, immunisation using JUNV with apathogenic TCRV led to heterologous protection
of guinea pigs against JUNV challenge (Coto et al., 1967). Interestingly, unlike JUNV/TACV
vaccine, clearance of LASV/MOPV was achieved without the appearance of nAbs, indicating
that other components in cellular immunity (e.g. CD4+ and CD8+ T-cell) is highly important
for protection against mammarenaviral infections (Kiley et al., 1979; Olschldger and Flatz,
2013).

Vaccine development for LASV is especially important due to the persistent outbreaks
of Lassa fever in West Africa, with an estimated 180 million people living at risk of the disease
(Fichet-Calvet and Rogers, 2009). The absence of a LASV vaccine, despite developments in
vaccine research, is largely due to the lack of safety, immunogenicity, and efficacy data due to
the high cost of biocontainment requirement, absence of appropriate small animal models, and
high genetic diversity of LASV species (Lukashevich and Pushko, 2016). The most advanced
candidates, which show promising results in non-human primates (NHPs), include
recombinant vesicular stomatitis virus (VSV)-LASV and ML29, a live reassortant of LASV
and MOPV, a non-pathogenic OW mammarenavirus closely related to LASV (Huttner et al.,

2015; Lukashevich et al., 2008). A recent study utilising a recombinant measles vaccine strain
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simultaneously expressing LASV GP and NP has shown protection against LASV challenge
in NHPs after a single dose (Mateo et al., 2019). This candidate has been selected by the
Coalition for Epidemic Preparedness Innovations (CEPI) to enter human clinical trials (Mateo
etal., 2019).

In addition to passive immunisation and ribavirin, a number of antiviral medications
and small molecules have been tested for protection against mammarenaviral infection using
animal models. For example, favipiravir (T-705), an anti-influenza compound that targets RNA
polymerases of RNA viruses (Furuta et al., 2002; Furuta et al., 2005), was found to inhibit NW
arenaviral infection including JUNV, MACV, GTOV and Pichinde virus (PICV) (Gowen et
al., 2007; Mendenhall et al., 201 1a; Mendenhall et al., 2011b). Small molecule ST-336 showed
antiviral activity by binding to the GP spikes and disrupting host cell entry by JUNV, MACV,
and GOTV (Bolken et al., 2006), whereas ST-193 and ST-294 demonstrated activity for
inhibition of pH-dependent GP2 fusion activity (Bolken et al., 2006; York et al., 2008).
Genistein, a tyrosine kinase inhibitor, showed promising prophylactic potential when it
inhibited PICV cell entry and virus propagation (Vela et al., 2008). Other compounds exhibit
differential efficacy against different mammarenavirus species. Trifluoperazine and
chloropromazine, which inhibit viral replication, were effective against JUNV and TACV but
not PICV, indicative of the challenge in searching and designing broad-spectrum antivirals
against diverse arenaviruses (Candurra et al., 1996).

Shared usage of hTfR1 as cellular receptor by clades B and D NW mammarenaviruses
represents a possible route of intervention (Abraham et al., 2009; Choe et al., 2011;
Radoshitzky et al., 2007). While engineered protein decoys mimicking viral cellular receptors
constitutes a promising strategy, they have to compete with natural host receptors that generally
exist in high abundance, thus suffer from low potency at the clinically achievable dosage

(Wycoff et al., 2015). Therefore, instead of hTfR1, a recent study has utilised modified rodent
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host-derived TfR1 orthologues, termed ‘Arenacept’, that are recognised by NW arenaviruses
with high affinity due to their co-adaptation and co-evolution in rodent host (Cohen-Dvashi et
al., 2020). Arenacept were found to be effective against pseudotyped and live infectious JUNV
and MACYV, indicating its potential as a broad spectrum and high potency immunotherapeutic

agent against TfR1-utilising arenaviruses (Cohen-Dvashi et al., 2020).

1.3 MAMMARENAVIRAL GLYCOPROTEIN COMPLEX (GP)

1.3.1 Structure and Conformations

Encoded by the S genome segment, the mammarenaviral GP is expressed as a polypeptide
precursor, composed of SSP, GP1 receptor binding glycoprotein, and GP2 fusion glycoprotein
(Nunberg and York, 2012). Maturation of the GP precursor requires two cleavage events (Fig.
1.8B). First, the 58-amino acid SSP is cleaved from the GP1 and GP2 subunits by cellular
signal peptidases (SPases) in the ER but remains associated with the GP (Eichler et al., 2003,
2004; York and Nunberg, 2007a). The second event involves cleavage of GP1/2 by cellular
proprotein SKI-1/S1P (recognises the motif RXLX, where X is a hydrophobic residue except
cysteine) in the Golgi compartments, yielding a non-covalently associated SSP-GP1-GP2
(molecular mass of ~75kDa per protomer) heterotrimer which assembles on the envelope
membrane as tripartite GP spikes (Burri et al., 2013a; da Palma et al., 2014; Lenz et al., 2001;
Lietal., 2016).

Briefly, SSP is a 58-amino acid peptide that contains a myristoylation site at the G2
position for membrane anchoring, allowing it to remain associated with the GP2 subunit
(Briknarova et al., 2011; York and Nunberg, 2007b; York et al., 2004). The retained SSP has
been reported to play essential roles in GP biosynthesis, fusion activity, cleavage, and
maturation (Agnihothram et al., 2006; Albarifio et al., 2011; Bederka et al., 2014). GPI

glycoprotein is responsible for receptor attachment. The specific interaction between GP1 and
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target receptors initiates host cell entry, and thus, constitutes an important determinant of cell
and tissue tropism and cross-species transmission (Wang et al., 2016). The GP2 glycoprotein
is a class I viral fusion protein that mediates membrane fusion after viral particles are
internalised into acidic endosomes (Eschli et al., 2006). Fusion of viral and host endosomal
membranes releases the viral RNA genomes for transcription and replication (Fehling et al.,
2012).

As described in section 1.2.5.1, the 40-45 kDa mammarenaviral GP1 recognises a
number of cellular receptors for host cell entry. OW mammarenaviruses such as LCMV and
LASV (Cao et al., 1998) and clade C NW mammarenaviruses (Spiropoulou et al., 2002) have
been shown to recognise a-DG. Members of the C-type lectin family such as DC-SIGN and
LSECtin, and members of the TAM family such as Axl and Tyro3 have also been shown to be
utilised by OW mammarenaviruses (Fedeli et al., 2018; Goncalves et al., 2013; Shimojima and
Kawaoka, 2012; Shimojima et al., 2012). On the other hand, clades B and D NW viruses use
rodent host TfR1 to mediate entry (Abraham et al., 2009; Choe et al., 2011; Radoshitzky et al.,
2007). Similarly, other host receptors such as DC-SIGN, L-SIGN, hTIM1, and VGCCs have
been shown to promote NW viral entry (Jemielity et al., 2013; Lavanya et al., 2013; Martinez
et al., 2013). Interestingly, LUJV GP1 utilises NRP2 as receptor, indicative of a functional
divergence from the other OW and NW viruses (Raaben et al., 2017). Furthermore, LASV and
LUJV GP1s have been demonstrated to bind LAMP1 and tetraspanin, respectively, to facilitate
membrane fusion activity (Jae et al., 2014; Raaben et al., 2017). The ability of mammarenaviral
GP1 to recognise more than one host receptors allows efficient viral entry, especially in cells
that exhibit low expression of the primary receptors (a-DG and TfR1) (Fedeli et al., 2018).

The first GP1 structure of NW MACV (PDB ID: 2WFO) was reported in 2009 by
Bowden et al., and subsequently in complex with hTfR1 (PDB ID: 3KAS) by Abraham et al.

in 2010. The monomeric MACV GP1 structure adopts a o/p architecture (Fig. 1.10A). A
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central seven-stranded B-sheet is sandwiched between three a-helices and connecting loops.
The overall fold is stabilised by four disulfide bonds (Abraham et al., 2010; Bowden et al.,
2009). Despite the low sequence conservation (estimated ~24—47% sequence identity) between
NW mammarenaviral GP1s, the observed MACV GP1 fold is recapitulated by JUNV GP1
(PDB ID: 5EN2, 5NUZ, and 5W1K) and WWAW GP1 (PDB ID: 5NSJ) (Fig. 1.10A),
reflective of their common TfR1-binding functionality (Clark et al., 2018; Mahmutovic et al.,
2015; Shimon et al., 2017; Zeltina et al., 2017). The crystal structure of MACV GP1-hTf{R1
complex also revealed that the apical domain of the receptor interacts with a central groove
formed by loop 3, loop 7, and the central B-sheet of MACV GP1 (Fig. 1.10B). Notably, residue
Tyr211nrr1 inserts and occupies this GP1 pocket (Abraham et al., 2010).

Identification of the receptor-binding site (RBS) on the GP1 molecule is critical for
antibody design and drug development. Indeed, structural studies of antibody-mediated
neutralisation of NW JUNV GP1 (PDB ID: 5NUZ, SEN2, and 5SW1K) revealed that the
antibodies engage the GP1 molecule at the RBS, precluding TfR1 recognition (Clark et al.,
2018; Mahmutovic et al., 2015; Zeltina et al., 2017) (Fig. 1.10B). Furthermore, the insertion
of a tyrosine residue by the complementary-determining region (CDR) loop encoded by the
antigen-binding fragment (Fab) into the central JUNV GP1 pocket suggests that this signature
interaction represents a neutralisation mechanism involving receptor mimicry, and that the
RBS constitutes a key site of vulnerability (Zeltina et al., 2017) (Fig. 1.10B). However, a recent
structural investigation of a cross-reactive MACV/JUNV nAb (PDB ID: 5SWIM) did not
observe the aforementioned tyrosine-mediated mode of GP1 recognition, indicative of the
flexibility and variability of GPl-antibody interaction in accommodating sequence and

structural variations among NW mammarenaviral GP1s (Clark et al., 2018).

38



GP1yacy GP1 yny GP1wwav
(PDB: 2WFO) (PDB: 5NUZ) (PDB: 5NSJ)

MACV GP1-hTfR1 JUNV GP1-Fab OD01 JUNV GP1-Fab GD01 JUNV GP1-Fab CR1-28 MACV GP1-Fab CR1-07
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Fig. 1.10. Structure overview of NW mammarenaviral GP1s. (A) The crystal structures of
monomeric MACV, JUNV, and WWAV GPls. The structures are shown in cartoon
representation and coloured as a rainbow ramped from N- (blue) to C-terminus (red). The N-
and C-termini are shown as blue and red spheres, respectively. Crystallographically observed
N-linked glycans are shown as yellow sticks, with constituent nitrogen and oxygen atoms
coloured blue and red, respectively. (B) The crystal structures of MACV-hT{R1, MACV—Fab,
and JUNV-Fab complexes. The structures are shown as cartoon. GP1 molecules are coloured
as a rainbow, hTfR1 in light grey, Fab heavy chain in dark grey, Fab light chain in light grey.
VHu, Vi, Cu, and Cr denote the antibody variable heavy, variable light, constant heavy, and
constant light-chain domains, respectively. The GP1 pocket-inserting tyrosine residues
encoded by the Fab CDR loops are shown as black sticks and labelled accordingly.

The monomeric GP1 structure of OW LASV (PDB ID: 4ZJF) was reported in 2015 by
Cohen-Dvashi et al (Fig. 1.11A). Structural comparison between LASV GP1 and MACV GP1

revealed significant differences outside of the conserved central -sheet core, reflecting the
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evolutionary distance between OW and NW viruses. Indeed, the differential arrangement of a-
helices and termini between LASV and MACV GPls is consistent with their differential
receptor usage (Fig. 1.11B) (Cohen-Dvashi et al., 2015). The reported structure of isolated
LASV GP1 could pull down endogenous LAMPI at pH 5.0 but not a-DG at pH 5.0 and pH
8.0, indicating that the observed structure adopts a primary receptor-binding incompetent
conformation and thus, likely does not resemble the native structure presented on the virion
spike (Cohen-Dvashi et al., 2015).

Structural elucidation of OW LCMV and LASV GP1-GP2 heterodimers (PDB ID:
SINE and 5VK2, respectively) revealed that the GP1 molecule sits atop the cognate GP2
subunit where the elongated N-terminus of GP1 extends downwards and interacts with GP2
(Hastie et al., 2016a; Hastie et al., 2017) (Fig. 1.11A). This GP1-GP2 arrangement was further
confirmed by a 14-A STA map of LASV GP (Fig. 1.5B) (Li et al., 2016). Comparison of a
LASV GP1-GP2 structure obtained at pH 8.0 and the monomeric LASV GP1 structure
obtained at pH 5.0 revealed major structural differences (Hastie et al., 2017) (Fig. 11.B). The
observed conformational differences in the GP1 suggests that the change in pH from neutral to
acidic associated with virion internalisation and endosomal trafficking causes the GP1
molecule to change from the neutral-pH conformation (a-DG-binding) to the acidic-pH
conformation (LAMP1-binding) (Li et al., 2016) (Fig. 1.11C). Indeed, the putative LAMP1-
binding histidine triad (His92, His93, and His230) on LASV GP1 has been hypothesised to act
as a pH sensor (Cohen-Dvashi et al., 2015). Structure of monomeric Morogoro virus (MORYV)
GP1 (PDB ID: 5NFF) (Fig. 1.11A), an apathogenic OW virus, highlights its high structural
similarity with the monomeric LASV GP1 conformation, and the sequence and structural
conservation of the histidine triad (Israeli et al., 2017). Although several residues crucial for a-

DG binding were identified in a mutagenesis study (Hastie et al., 2016a), the structural basis
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of GP1-a-DG recognition has yet been reported, likely due to the flexibility of glycan—glycan
interactions, which are typically non-conducive for structural biology studies.

Unlike NW viruses where GP2-free GP1 is sufficient for TfR1 recognition (Abraham
et al., 2010), OW viruses such as LASV and LCMYV require the tripartite assembly to achieve
a-DG engagement (Cohen-Dvashi et al., 2015; Hastie et al., 2016a). Similarly, most nAb
against OW LASV recognise epitopes formed by the extended N-terminus of GP1 and parts of
GP2 that interact with the N-terminus of GP1, as shown by the crystal structure of LASV
GP1-GP2-Fab complex (PDB ID: 5VK2) (Hastie et al., 2017; Robinson et al., 2016), whereas
NW GP1 alone can elicit strong antibody-mediated host immune response (Borenstein-Katz et
al., 2019).

In contrast to the conformational plasticity displayed by the acidic-pH monomeric GP1
and neutral-pH heterodimeric GP1-GP2 structures, monomeric NW GP1s from JUNV,
MACV, and WWAY adopt a similar structural state at both acidic and neutral pH (Bowden et
al., 2009; Shimon et al.,, 2017; Zeltina et al., 2017). Given that the isolated NW
mammarenaviral GP1s are capable of binding to TfR1 and vaccine and infection-elicited
monoclonal antibodies (mAbs), it has been postulated that the observed NW GP1 conformation
likely resembles that presented on the virion spike (Abraham et al., 2010; Clark et al., 2018;
Mahmutovic et al., 2015; Zeltina et al., 2017). However, this hypothesis requires further
confirmation as the structure of NW GP1-GP2 heterodimer has yet been reported.

A recent structural study of GP2-free LUJV GPI1 in complex with NRP2 (PDB ID:
6GHS) revealed a novel mammarenaviral GP1 architecture (Fig. 1.11A) that is dissimilar to
the previous OW and NW GP1 folds discussed above (Cohen-Dvashi et al., 2018). Interestingly,
structural alignment of LUJV GP1 with OW and NW GP1s showed that LUJV GP1 contains
features from both the OW and NW GP1 folds (Fig. 1.11B), suggesting that LUJV structurally

and functionally diverge from the established OW and NW viruses early in the evolution
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(Cohen-Dvashi et al., 2018). Of note, the observed LUJV GP1 structure adopts a receptor-
binding competent conformation, indicating that the structure likely resembles the native
conformation displayed on the virion spike (Cohen-Dvashi et al., 2018). To summarise, an
outline of mammarenaviral GP1 structures determined to date, including the new structures

reported in this thesis, is listed in Table 1.1.
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Fig. 1.11. Structure overview of OW mammarenaviral GP1s. (A) The crystal structures of
monomeric LASV (top left), MORYV (top middle), LUJV (top right) GP1s and LASV (middle)
and LCMV (bottom) GP1-GP2. Water molecules, ligands, and protein chains (e.g. receptor
and antibody fragments) not comprising GP1 molecules are not shown. The GP1 structures are
shown in cartoon representation and coloured as a rainbow ramped from N- (red) to C-terminus
(blue). The N- and C-termini are shown as blue and red spheres, respectively. The GP2 subunits
are shown as white cartoons. Unresolved regions are shown as dashed lines.
Crystallographically observed N-linked glycans are shown as yellow sticks, with constituent
nitrogen and oxygen atoms coloured blue and red, respectively. (B) Structure comparison of
OW and NW GP1s. The crystal structures of LASV GP1, MACV GP1, and LUJV GP1 were
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superimposed. The GP1 structures are shown in cartoon representation. Monomeric LASV
GP1 is coloured light grey, MACV GP1 in green, LASV GP1 (determined in the presence of
GP2; denoted as GP1%45V SP) in blue, and LUJV GP1 (determined in the presence of NRP2) in
orange. GP2 and NRP2 are not shown for clarity. (C) Structural transitions and LAMP1 binding
of the LASV GP spikes upon acidification as determined by STA. GP structures at different
pH are shown from side (fop row) and top (bottom row). All volumes were filtered to 17-A
resolution. The GP protomers are coloured in different brown shades, with the residual density
corresponding to LAMPI coloured in green. Insets in the lower left corners show a close-up of
the interface between two spike GP1 monomers. Insets in the top right corners show Western
blot analysis of GP1 and GP2 subunits. The arrowheads indicate the missing density in the
central top part and side of the pH 3.0 structure. Note that the figure in panel C is reproduced
from PLoS Pathogens (Li et al., 2016) under a Creative Commons Attribution License (CC
BY 4.0).

Table 1.1. Summary of mammarenaviral GP1 structures determined to date.

pH at
Mammarenavirus which the | PDBID | References
structure
was solved
LASV GP1 (Cohen-
5.0 47JF .
(monomeric, apo) Dvashi et al.,
2015)
LASV GP1
(trimeric, associated with GP2, 8.0 5VK2 (Hastie et al.,
2017
bound to Fab 37.7H) )
LCMV GP1 (Hastie et al.,
(dimeric, associated with GP2, apo)
MORYV GP1 (Israeli et al.,
i 4.0 SNFF 2017)
[0)%% (monomeric, apo)
LUJV GP1 (Cohen-
9.5 6GHS .
(monomeric, bound to NRP2) Dvashi et al.,
2018)
P t al.
LORV GP1 (Pryce ctal.
2018)
. 5.0 6HJ6 . .
(monomeric, apo) Discussed in
Chapter 3
P t al.
LORV GP1 ( ré%elz) .
) 8.0 6HJC ) )
(monomeric, apo) Discussed in
Chapter 3
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NW

MACYV GP1 (Bowden et
(monomeric, apo) >3 2WFO al., 2009)
MACV GP1 (Abraham et
(monomeric, bound to hTfR1) >3 3KAS al., 2010)
MACV GP1 (Clark et al.,
(monomeric, bound to Fab CR1-07) >3 SWIM 2018)
MACV GP1 Tobe | Discussed in
(monomeric, bound to Fab MAC1) 6.0 reported | Chapter 4
JUNV GP1 (Mahmutovic
(monomeric, bound to Fab GDO1) 8.0 SEN2 etal., 2015)
JUNV GP1 (Zeltina et
(monomeric, bound to Fab OD01) 36 SNUZ al., 2017)
JUNV GP1
(monomeric, bound to Fab CR1-28 and 7.7 5WiK | (Clarketal,
Fab CR1-10) 2018)
JUNV GP1 Tobe | Discussed in
(monomeric, bound to Fab JUN1) 73 reported | Chapter 4
WWAYV GP1 (Shimon et
(monomeric, apo) 8.7 SNSJ al., 2017)
WWAYV GP1 (Pryce et al.,
(monomeric, apo) 56 6HJS 2018)
WWAYV GP1 (Pryce et al.,
7.5 6HJ4 2018)

(monomeric, apo)

Membrane fusion constitutes an important host cell entry event that merges viral and

host membrane bilayers into one to initiate the release of viral genomes into the cytoplasm for

transcription and replication (White et al., 2008). The fusion pathway of membrane apposition

to hemifusion intermediate (outer contacting lipid monolayers merge but the inner leaflets

remain intact) to full fusion pore formation is orchestrated by the viral fusion glycoprotein

(Harrison, 2008). The fusion protein is displayed on the mature virion surface in a prefusion

conformation that is often, but not always, metastable. Following virion internalisation, acidic
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endosomal pH and/or receptor binding trigger structural rearrangement of the fusion protein
from pre to post-fusion conformation, through a number of intermediate structures, to expose
the hydrophobic fusion peptide/loop which embeds into the target membrane (Halldorsson et
al., 2018; Harrison, 2008; Kielian and Rey, 2006). Sequential conformational changes
involving the formation of an extended structure and a fold-back compact structure overcome
the large energy barrier to viral and target cell membrane merger (Cohen and Melikyan, 2004).

Based on their distinct structural properties, viral membrane fusion proteins are
typically classified into class I, II, and III. Class I and II fusion proteins contains mostly o-
helices and B-sheets, respectively, whereas class I1I fusion protein consists of a combination of
both a-helices and B-sheets (White et al., 2008). The ~35 kDa mammarenaviral GP2 subunit
belongs to the class I viral fusion protein (Eschli et al., 2006). The first two structures of the
mammarenaviral GP2 from OW LCMV (PDB ID: 3MKO) and NW GTOV (PDB ID: 4C53)
were reported in 2011 and 2013 by Igonet et al. and Parsy et al., respectively (Fig. 1.12A).
Structural overlay analysis revealed that the two GP2 structures adopt a similar overall
architecture (a 2.2-A root mean square deviation [RMSD] over 96 Co. residues) (Igonet et al.,
2011; Parsy et al., 2013). The structures present an extended o-helix-rich post-fusion
conformation consists of an 85-A-long ~45-amino acid N-terminal helix and a ~10-amino acid
short parallel C-terminal helix, connected by a ~50-residue “T region”, which is composed of
a long “T-loop” and a small a-helix (“T-helix”) (Fig. 1.12A). While the N-terminal helices
from the two structures superimpose well (~1.0-A RMSD), a greater structural variability is
observed in the T region and C-terminal helix (> 3.0-A RMSD) despite the 50% amino acid
sequence identity between OW LCMV and NW GTOV GP2, reflecting the intrinsic differences
between OW and NW GP architecture.

Determination of the prefusion structure of OW LCMYV GP2 (in association with GP1;

PDB ID: 5INE) revealed several drastic differences when compared with the post-fusion
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structure (Fig. 1.12B) (Hastie et al., 2016a). In the prefusion structure, the elongated N-
terminal helix is folded as four distinct segments: three a-helices and a loop. Furthermore, the
T-loop forms antiparallel B-strands instead of the short helix observed in the post-fusion
structure. The C-terminal helix forms hydrophobic contacts with T-region B-stands and the N-
terminus of GP1 in the prefusion state, instead of packing against the long N-terminal helix
observed in the post-fusion structure (Fig 1.12B).

High GP2 amino acid sequence homology (approximately 60%) is routinely observed
amongst OW and NW mammarenaviruses, substantially more so than the GP1 counterparts
(~20—-40%), due to the conserved membrane fusion functionality of GP2 (Brouillette et al.,
2017; Meulen et al., 2004). Indeed, the crystal structure of OW LASV GP1-GP2 trimer (PDB
ID: 5VK2) showed that the GP2 subunit adopts a similar prefusion architecture when compared
with the GP2 from the LCMV GP1-GP2 heterodimer structure, with a 2.0-A RMSD over the
entire structure and a 1.0-A RMSD over the o-helices and B-sheets of GP1 and all of GP2 (Fig.
1.12B) (Hastie et al., 2017). The trimeric LASV GP1-GP2 structure also reinforces the
necessity of SKI-1/S1P enzymatic processing of GP1/2, as the cleavage (RRLL motif) of C-
terminus of GP1 from the N-terminus of GP2 is required to pivot the GP1 C-terminus away
from the GP2 and allow the formation of the tripartite assembly without steric clashes at the
trimerisation interface (Hastie et al., 2017). In toto, comparison of various GP2 structures
provides a molecular blueprint of the structural rearrangement involved in the conversion from
a compact tripod prefusion state to the extended six-helix bundle post-fusion state. To

summarise, an outline of mammarenaviral GP2 structures published to date is listed in Table

1.2.
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C-terminal
helix
N-terminal
helix
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GP2 oy GP2g10v Overlay of
(PDB: 3MKO) (PDB: 4C53) GP2, v and GP2g10y

Fusion peptide
and loop

/
T-region

C-terminal helix
GP2 cyy GP2 sy Overlay of
(PDB: 5INE) (PDB: 5VK2) GP2 cyyvand GP2 sy

Fig. 1.12. Structure overview of OW and NW mammarenaviral GP2s. (A) Structures of
OW LCMV GP2 (left) and NW GTOV GP2 (middle) in post-fusion conformation. The
structures are shown in cartoon representation and coloured as a rainbow from N- (blue) to C-
terminus (red). Unresolved regions are shown as dashed lines. (Right) Structural overlay of
LCMV GP2 (rainbow) and GTOV GP2 (grey). (B) Structures of OW LCMV GP2 (/eft) and
LASV GP2 (middle) in prefusion conformation. The GP2 structures were determined in the
presence of the cognate GP1 subunits, which are not shown here. The structures are presented
as in panel 4. The long N-terminal helix in post-fusion conformation is folded as four distinct
segments: three a-helices (a, ¢, d) and a loop (b). The T-loop observed in the post-fusion
structures forms antiparallel B-strands. (Right) Structural overlay of LCMV GP2 (rainbow) and
LASV GP2 (grey).
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Table 1.2. Summary of mammarenaviral GP2 structures determined to date.

Mammarenavirus pH at which the PDB ID | References
structure was solved
LCMV GP2 (Igonet et
(post-fusion) 7.0 3MKO al., 2011)
LCMV GP2 (Hastie et
ow (prefusion) 73 SINE | 41, 2016a)
LASV GP2 (Hastie et
(prefusion) 8.0 SVK2 al., 2017)
GTOV GP2 (Parsy et
W (post-fusion) 33 4c33 al., 2013)

The 58-amino acid retained myristoylated SSP is highly conserved amongst
mammarenaviruses and contains two hydrophobic transmembrane domains connected by a
short extra-viral loop (Eichler et al., 2003, 2004; Saunders et al., 2007). Importantly, SSP plays
essential roles in GP cleavage maturation and membrane fusion activity (Albarifio et al., 2011;
Bederka et al., 2014). It was previously shown that SSP association is crucial in allowing JUNV
to exit from the ER and enter the Golgi network where SKI-1/SIP protease is located
(Agnihothram et al., 2006). Moreover, the specific interaction between SSP and GP2 stabilises
the prefusion GP complex. Multiple residues at the transmembrane domain and intraviral tail
of GP2 have been identified as essential for SSP association (Wang et al., 2016). This
SSP—-GP2 interaction provides a target for drug compounds such as ST-294, ST-193, ST-161,
16GS8, and F3406 (Messina et al., 2012; Wang et al., 2016). These inhibitors disrupt the
SSP—-GP?2 interface and thus destabilise the prefusion GP spike (Larson et al., 2008; Lee et al.,
2008). Of note, the structural basis of SSP, SSP—GP1-GP2, and SSP—GP2 interactions remains

unresolved.
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1.3.2 Shielding of the Protein Surface by N-linked Glycosylation
The mammarenaviral GP spike is heavily glycosylated, ranging from eight to fifteen sites (N-
X-S/T, where X is not P), in which the N-linked glycosylation is estimated to account for
approximately 30-40% of the GP molecular mass (Parsy et al., 2013; Watanabe et al., 2018).
The location of N-linked glycosylation sites in the GP1 vary across OW and NW
mammarenaviruses, but are more conserved among viruses within the same serogroups (Table
1.3) (Sommerstein et al., 2015; Wang et al., 2016). Furthermore, OW GP1s (~6-10 sites) and
clade C NW GP1s (9-10 sites) are generally more glycosylated than clade B and D GP1s (~4-7
sites) (Sommerstein et al., 2015; Wang et al., 2016), likely due to the requirement for a-DG
and C-type lectin receptor recognition (Cao et al., 1998; Goncalves et al., 2013). Interestingly,
clade A NW GP1s are also highly glycosylated (~8—11 sites), though their cellular receptor has
not yet been established. On the other hand, N-linked glycosylation sites in the GP2 are less
abundant (~3-5 sites) than the cognate GP1 and are highly conserved across OW and NW
viruses (Wang et al., 2016).

N-linked glycosylation plays a number of important roles, including mammarenaviral
GP folding, processing, maturation, receptor-binding, and immune evasion (Bonhomme et al.,
2011; Bonhomme et al., 2013; Braakman and van Anken, 2000; Wright et al., 1989). For
instance, N-linked glycans may contribute to constructing the RBS on GP1. Together with the
pH-sensing histidine triad, the second N-linked glycosylation site (Asn89) on LASV GP1
forms the LAMP1-binding site (Cohen-Dvashi et al., 2015). On MACV GP1, the pyranose ring
of N-acetylglucosamine (GlcNAc) moiety from Asn95 glycosylation site forms a stacking
interaction with Phe98, which in turns interacts with hTfR1 (Abraham et al., 2010; Bowden et
al., 2009). Furthermore, the first two N-linked glycosylation sites (Asn85 and Asn95) on

LCMYV GPls are essential to ensure viral fitness and rescue (Bonhomme et al., 2013). Indeed,
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the functional importance of these two sites are reflected by the high degree of conservation

across mammarenaviruses (Bonhomme et al., 2013).

Table 1.3. N-linked glycosylation location in mammarenaviral GP sequences. Predicted
N-linked glycosylation was determined according to NXT/S motifs, where X # P, using the
NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/). This table is adapted from

Virologica Sinica (Wang et al., 2016), with permission from Springer Nature.

Virus GP1 GP1? GP2 GP2° Length
Lujo - 73 - - 93 104- - 112- 148- - - 1946 - 327 335 352 357 4 454
Dandenong — 80 85 95 — 114 - - 124—- - 171 - - 2327 - 371 — 396 401 3 498
LCMV - - 8 95 - 114- - 124- - 171 - - 2326 - 371 - 3964013 498
Lunk - 77 82 92 - 111- - 121 - - 168- - 2296 - 368 — 393 398 3 495
Merinowalk — 73 82 92 — 102 - - 112122 164 170 - - 2309 — 371 379 396 401 4 497
OW Ippy 66 — 78 8 97 107 - - 117 — 159 165 197 — 228 10 - 369 377 394 399 4 495
LASSA - - 79 8 99 109 - - 119- - 167 - - 2247 - 365373 390 395 4 491
Loeiriver 65 77 — 87 97 107 - - 117 — 159 165 — — 225 10 332 366 374 391 396 5 492
Morogoro - - 78 88 98 108 - - 118 - - 166 - - 2227 — 363 371 388 393 4 489
Mopela - - 78 88 98 108 - - 118 - - 166 - - 2227 — 363 371 388 393 4 489
Luna - - 78 8 98 108 - - 118- - 166 - - 2247 - 365373 390 395 4 491
Mobala - - 78 8 98 108 - - 118 - - 166 - - 2247 — 365 373 390 395 4 491
Nw Oliveros - 75 — 90 101 112 117 — 131 - - 180 — 234 251 9 - 389 397 414 419 4 518
C Latino - 75 — 90 101 112 117 — 131 138 — 180 — 231 248 10 - 386 394 — 416 3 515
Junin - - - 95 105- - - - - 166178- - - 4 — 357 365 382 387 4 485
Machupo - - 8 95 — - - - - 137166178 - - - 5 — 368 376 393 398 4 496
Tacarbé - - 83 95 - - - - 124129 - 176188 - - 6 - 367 375 392 397 4 495
NW Cupixi - - - - 8 99 - - 125- - 174- - 2145 315 352 360 377 382 5 480
B Amapai - - - - 8 99 - - 128- - 174- - 2145 315 352 360 377 382 5 481
Guanarito - - - - 8 - - - 125- - 174 - 202214 5 314 351 359 376 381 5 479
Chapare - 69 - 88 8 - - - 125- 171178 - - 2187 - 356 364 381 386 4 484
Sabia - 69 - 8 8 - - - 125- 171178 - - 2227 - 360 368 385 390 4 488
Pichindé 67 74 — 89 100 111 116 121 132 — - 181 217 — 241 11— 379 387 404 409 4 503
Pirital - 75 — 90 101 112 117 122 133 — — 181 218 — 243 10 - 381 389 406 411 4 510
RW Parana - 74 - 89 - 111 116 119 130 — - 170 215 219 240 10 - 378 386 403 408 4 507
Flexal - 74 - 89 - 111116 - 130 - - 179 — 2232408 - 378 386 403 408 4 507
Allpahuayo — 74 — 89 — 111 - 119130 - - 179 — 2232408 - 378 386 403 408 4 507
:‘:‘;‘;g"a'e’ 73 - 8 - - - 123126 - 165176 - - 2157 315 352 360 377 382 5 480
NW Skinnertank — 73 — 88 - - - - 129- 168 178 - - 2146 316 353 361 378 383 5 481
D Tamiami - 73 - 8 - - - 117128- - 179- - 218 6 320 357 365 382 387 5 485
Bearcanyon — 73 - 8 - - - - 130 - - 179- - 2165 - 355 363 380 385 4 483

Note: 2 The number of N-Linked glycosylation sequons on GP1. ® The number of N-Linked glycosylation sequons on GP2.

A recent mass spectrometry study revealed the composition of LASV GP N-linked

glycans, and when mapped onto the structure of LASV GP1-GP2 ectodomain, the glycans

were observed to form a dense shield consisting of oligomannose-type glycans patches (Fig.
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1.13) (Watanabe et al., 2018). The dense coverage of the GP proteinaceous surface by N-linked
glycans is thought to facilitate protection from the host immune system, including detection by
nAbs (Sommerstein et al., 2015; Zeltina and Bowden, 2017). Indeed, the coexistence of high
LASV viral load and high antibody titres highlights the inefficient antibody-mediated
neutralisation response against LASV infection (Fisher-Hoch and McCormick, 2001; Johnson
et al., 1987). A negative correlation has been observed between the GP glycan density and the
humoral immune response. In contrast to LASV, where a majority of the nAbs target the
quaternary epitopes or the GP2 subunit (Robinson et al., 2016), JUNV GP1 with four N-linked
glycans, elicits a higher nAb titre than viruses with GPls consisting of more glycans
(Sommerstein et al., 2015). Moreover, deletion of selected glycan sites in JUNV GP1 has
demonstrated a more potent nAb response than wild type GP1, suggestive of increased
antibody accessibility to neutralising epitopes (Sommerstein et al., 2015).

Glycan-mediated immune evasive properties displayed by the mammarenaviral GP (e.g.
LASYV) are reminiscent to those observed on the human immunodeficiency virus type-1 (HIV-
1) envelope glycoprotein (Env) (Doores, 2015). Indeed, the glycan-mediated immunoevasive
properties of LASV (Watanabe et al., 2018) and HIV (Crispin et al., 2018) seem to exceed
other highly glycosylated viruses for which glycan coat has been characterised, including the
haemagglutinin glycoprotein of influenza virus (Wanzeck et al., 2011) and the glycoprotein
spikes of coronavirus (Watanabe et al., 2020) and Ebola virus (Ritchie et al., 2010).
Interestingly, anti-HIV broadly nAbs (bnAbs) recognise patches of mannose-, hybrid-, and
complex-type glycans presented on the Env (Falkowska et al., 2014; Pancera et al., 2013;
Scanlan et al., 2002). Similarly, bnAbs against Dengue virus (DENV) E surface glycoprotein
are able to cross-neutralise all four DENV serotypes by binding to conserved epitopes
comprised of glycans (Rouvinski et al., 2015). Therefore, isolation of bnAbs targeting

conserved mammarenaviral GP glycans may constitute a feasible therapeutic strategy against
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“evasion strong” mammarenaviruses (Burton, 2017), such as LASV, with heightened

resistance to antibody-mediated neutralisation.
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Fig. 1.13. Compositional
analysis and structure-based
mapping of LASV GP N-
linked glycans. (A) Quantitative
site-specific N-linked  glycan
analysis of LASV GP. The bar
graphs represent the relative
quantities of each glycan group
with oligomannose-type glycan
series (M9 to M5;
ManyGIcNAc, to MansGIlcNAc,)
(green),  afucosylated  and
fucosylated hybrid glycans
(Hybrid & F Hybrid) (dashed
pink), and complex glycans
grouped according to
fucosylation and number of
antennae (Al to FA4) (pink).
The pie charts summarize the
quantification of these glycans.
(B) Modelling experimentally

observed glycosylation onto the crystal structure of the trimeric LASV GP1-GP2 (PDB ID:
5VK?2) (Hastie et al., 2017). The glycans are coloured according to the oligomannose content,
as defined by the upper-right-hand key. The locations of a-DG and LAMP1 binding sites have
been previously proposed and are annotated in cyan and dark blue, respectively. GP1 and GP2
are coloured light grey and dark grey, respectively. This figure is reproduced from PNAS
(Watanabe et al., 2018), under a Creative Commons Attribution License (CC BY 4.0).

1.4 RABIES VIRUS

1.4.1 Rabies Disease

The genus Lyssavirus (Greek ‘lyssa’, meaning ‘rage’), within the family Rhabdoviridae (Greek

‘rhabdos’, meaning ‘rod’) of the order Mononegavirales, contains 17 members, including

rabies virus (RABV), the prototype species of the genus (Walker et al., 2018). Although most
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lyssaviruses are carried by bats, RABV has extremely wide host range, encompassing many
mammalian species such as foxes, racoons, dogs, and humans (Marston et al., 2018). Indeed,
RABYV is endemic within domesticated and wild dog populations, particularly in Asia and
Africa (Fooks et al., 2017). Today, an estimated of 3 billion people are living at risk of RABV
infection, making the virus one of the most globally prevalent zoonotic pathogens (Hellert et
al., 2020; Knobel et al., 2005).

Human RABYV infection is usually initiated via a bite or scratch, where >99% of human
cases are accounted by dog bites (Brunker and Mollentze, 2018). Following initial infection,
RABYV amplifies in the local muscle tissues before retrogradely transports via peripheral nerves
to dorsal root ganglia, and ultimately to the central nervous system (CNS) as a primary site of
replication (Guo et al., 2019). Infected patients generally present one to ten-day period of fever,
headache, malaise, myalgias, photophobia, and a tingling, prickling, or burning sensation at the
site of bite (Giesen et al., 2015). Disease progression is indicated by excessive motor activity,
followed by hydrophobia (fear of water) and dysphagia (difficulty in swallowing) (Jackson,
2018). During the latter stages of the disease, muscle spasms, paralysis, and hallucinations are
common. Eventually, patients become comatose, and death occurs shortly thereafter
(Kauffman and Goldmann, 1986). Following the onset of symptoms, RABV infection almost
always results in mortality and therefore, poses a persistent threat to human health and
economy.

Although a human vaccine is available against RABV, the virus causes approximately
60,000 deaths each year (Fooks et al., 2017). Administration of post-exposure prophylaxis
(PEP) consisting of three to four doses of vaccine over the first week and one dose of rabies
immunoglobulin (RIG) without delay is crucial for virus clearance before it enters the nervous
system (Cantaert et al., 2019). The expense and complications associated with the production

and administration of rabies vaccine and serum-derived RIG, combined with the low
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availability of PEP in affected countries, highlights the need for optimised vaccines and

prophylactics capable of preventing against infection.

1.4.2 RABY Lifecycle
RABYV is an enveloped virus with a non-segmented, negative sense RNA genome of
approximately 12 kb in length (Zhang and Fu, 2012). The genome encodes for five structural
proteins in a conserved order: nucleoprotein (N; ~57 kDa), phosphoprotein (P; ~38 kDa),
matrix protein (M; ~25 kDa), envelope glycoprotein (G; ~65 kDa), and the large RNA
polymerase (L; ~244 kDa). When viewed under the electron microscope, RABV virions appear
as 130—250 nm long bullet-shaped particles (Guichard et al., 2011). The N protein encapsidates
the RNA genome to form a tightly coiled helical RNP, which extends along the longitudinal
axis of the virion (Wunner, 2007). The RNP is surrounded by the lipoprotein viral envelope
composed of the lipid bilayer and M. The membrane-anchored G assembles as a trimeric spike
on the virion surface and is responsible for host cell entry, including receptor attachment and
membrane fusion activity. The N, P, and L proteins are involved in polymerase activity. Indeed,
P interacts with N to prevent non-specific binding of N to cellular RNA (Mavrakis et al., 2003),
while P acts as a non-catalytic factor in transcription and replication of the viral genome by
stabilising the P-L complexes on the RNA template (Chenik et al., 1998; Fu et al., 1994).
Viral entry is initiated by the interaction between RV-G and host receptors. A number
of receptors have been implicated to facilitate this host cell recognition event, including the
nicotinic acetylcholine receptor (nAChR) (Lentz et al., 1982; Lentz et al., 1983), nerve cell
adhesion molecule (NCAM) (Thoulouze et al., 1998), the low-affinity nerve growth factor
receptor (p75NTR) (Tuffereau et al., 1998), and metabotropic glutamate receptor 2 (mGluR2)
(Wang et al., 2018). nAChR is expressed in neuromuscular junctions and has been suggested

to facilitate RABYV infection of and replication in muscle cells (Lafon, 2005), NCAM is a cell
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adhesion glycoprotein expressed on neurons and lymphocytes (Thoulouze et al., 1998) while
p75NTR mediates retrograde axonal transport of RABV (Gluska et al., 2014). Expression of
mGluR2 is localised to neuronal cells of the brain (Wang et al., 2018). The ability of RABV to
recognise different receptors reflects the efficient spread of the virus through the CNS.

Upon receptor attachment, virus particles are internalised via receptor-mediated
endocytosis and delivered to acidified endosomes. Low pH in the late endosomal compartment
triggers fusogenic rearrangement in RV-G from prefusion to post-fusion conformation to
mediate fusion of virus and endosomal membranes and the release of helical RNP into the
cytoplasm (Yang et al., 2020). The five structural genes (N, P, M, G, and L) are transcribed
into five separate positive sense 5'-capped and 3'-polyadenylated mRNAs, a process driven by
the viral L and P proteins. In addition, transcription of the full-length negative sense viral
genome produces a positive sense antigenome cRNA, which serves as a template for the
replication of negative sense progeny viral RNA. The N, P, M and L proteins are translated
from their respective mRNAs by free cytoplasmic ribosomes, whereas the RV-G is synthesised
by the rough ER-bound ribosomes (Wunner and Conzelmann, 2013). The polypeptide transits
through the lumens of ER and Golgi network where protein folding, quality control, and
glycosylation take place.

Virus assembly and budding is initiated by the formation of RNP when N, P, and L
interacts with the progeny viral RNA genome (Liu et al., 2004). Subsequently, the association
of M protein with the RNP inhibits transcription and promotes replication (Finke et al., 2003).
Furthermore, M—RNP interaction condenses the RNP into a tightly coiled helical state in which
the polymerase activity is halted, and is proposed to give the RABV virion its bullet-shape
morphology (Wunner and Conzelmann, 2013). Localisation of M to the cellular membrane
where glycosylated trimeric RV-G are located also allows M proteins to interact with the

intracellular tails of RV-G (Mebatsion et al., 1999). The PPEY motif (L domain) in M is
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associated with virus budding (Harty et al., 1999). Oligomerisation of M at the membrane
increases the binding affinity of M for the RV-G and lipid bilayer, and may play a major role
in membrane curvature and virus egress (Graham et al., 2008). The RABV lifecycle is

summarised in Fig. 1.14.
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Fig. 1.14. RABYV lifecycle. Host cell entry of RABV is mediated by receptor-mediated
endocytosis, a process initiated by the interaction between viral surface RV-G and cell surface
receptors (step 1). Subsequently, acidification of the endosomal compartments associated with
the vesicle trafficking promotes the fusion of the viral membrane with the endosomal
membrane to release the viral genome (uncoating, step 2). The encapsidated negative-sense
single stranded RNA genome is transcribed by the polymerase complex, starting with a short,
uncapped leader RNA (IeRNA), followed by the transcription of 5’ end-capped (cap) and
polyadenylated (A) mRNAs and their translation into the viral proteins nucleoprotein (N),
phosphoprotein (P), matrix protein (M), glycoprotein (G) and polymerase (L). N, P, M, and L
are synthesised in the cytoplasm, while G is translated and processed in the ER and Golgi
networks (steps 3 and 4). In replication mode, the full-length anti-genomic RNA is produced.
The synthesised anti-genome functions as a template for the synthesis of additional copies of
genomic viral RNA (step 5). The viral components are assembled, and the RABV virions bud
and are released, starting a new round of infection (step 6). This figure is adapted from Nature
Reviews Microbiology (Fisher et al., 2018), with the permission from Springer Nature.
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143 Rabies Virus Glycoprotein (RV-G)

The envelope surface of RABV is decorated by a spike glycoprotein, RV-G, which facilitates
receptor recognition and entry of the virus into the host cell (Guo et al., 2019). Endocytic uptake
of RABYV is initiated following the interaction between RV-G and host cell receptors. Although
a number of receptors have been implicated to facilitate this host cell recognition event,
including nAChR (Lentz et al., 1982; Lentz et al., 1983), NCAM (Thoulouze et al., 1998),
p75NTR (Tuffereau et al., 1998), and mGluR2 (Wang et al., 2018), none of these molecules
have been shown to be absolutely necessary for RABV infection, and little is known about the
molecular determinants of this process. Following host cell attachment, pH changes associated
with endosomal trafficking of RABV trigger conformational rearrangement of RV-G from the
prefusion form to the low-energy post-fusion state, using released energy to promote merger
of the viral and host endosomal membranes (Yang et al., 2020).

As described in section 1.3.1, viral fusion glycoproteins are divided into three structural
classes: I, II, and III (Harrison, 2008). While the native trimeric architecture of RV-G remains
unknown, RV-G has been shown to adopt a class III architecture similar to the fusion
glycoproteins of vesicular stomatitis virus (VSV), Mokola virus (MOKYV), Chandipura virus
(CHAYV) and herpesviruses (e.g. Epstein-Barr virus (EBV), herpes simplex virus (HSV), and
human cytomegalovirus (HCMV)) (Hellert et al., 2020; Yang et al., 2020). Unlike Class I
fusion protein such as arenaviral GP2 glycoprotein where pH-dependent fusogenic
rearrangement is irreversible (Hastie et al., 2016a; Hastie et al., 2017; Igonet et al., 2011; Parsy
et al., 2013), Class III fusion proteins undergo reversible pH-triggered conformational changes
between pre- and post-fusion states (Backovic and Jardetzky, 2011). To date, post-fusion
structures are available for VSV-G (Roche et al., 2006), MOKV-G (Belot et al., 2020), EBV
glycoprotein B (gB) (Backovic et al., 2009), HSV gB (Heldwein et al., 2006), HCMV gB

(Chandramouli et al., 2015), and CHAV (Baquero et al., 2015) fusion glycoproteins (for CHAV
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a structure of a putative intermediate is also known) (Fig. 1.15A). However, the trimeric
prefusion structures of a class III fusogen are only known for VSV-G (Roche et al., 2007) and
HCMYV gB (Liu et al., 2021) (Fig. 1.15B), which exhibit a number of features that set it apart
from class I and II fusion proteins, including a tripod-like assembly where the membrane-
linked C-termini are separated by ~60 A. The structure of RV-G in the trimeric pre- or post-
fusion states remains unknown. Indeed, the unstable nature of RV-G trimer upon extraction
from membranes using detergents poses an obstacle to recombinant protein production for

structural studies (Gaudin et al., 1991; Whitt et al., 1991).

VSV-Gpostfusion CHAV-Gpostfusion MOKYV-Gpostfusion HCMV gBpostfusion EBV gBpostfusion HSV-1 gBpostiusion
(PDB: 5I12M) (PDB: 4D6W) (PDB: 6TMR) (PDB: 7KDD) (PDB: 3FVC) (PDB: 4HSI)

VSV-Gprefusion
(PDB: 5128)

HCMV gBprefusion CHAV-Gintermediate
(PDB: 7KDP) (PDB: 5MDM)

Fig. 1.15. An overview of the structures of class III viral membrane fusion proteins. (A)
Post-fusion structures of VSV-G (PDB ID: 512M), CHAV-G (PDB ID: 4D6W), MOKV-G
(PDB ID: 6TMR), HCMV gB (PDB ID: 7KDD), EBV gB (PDB ID: 3FVC), and HSV-1 gB
(PDB ID: 4HSI). The structures are shown in cartoon representation. One of the protomers is
coloured as a rainbow from N- (blue) to C-terminus (red), with the other two protomers
coloured light grey and dark grey for clarity. The structures are presented such that the fusion
domains or fusion loops are oriented upright (towards the host cell membrane). The N- and C-
termini are shown as blue and red spheres, respectively. Unresolved regions are shown as
dashed lines. (B) Prefusion structures of VSV-G (PDB ID: 512S) and HCMV gB (PDB ID:
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7KDP) and intermediate structure of CHAV-G (PDB ID: SMDM). The structures are shown
in cartoon representation and coloured as in panel 4. The structures are presented such that the
fusion domains or fusion loops are oriented downwards (towards the viral membrane).

Structural elucidation of monomeric RV-G ectodomain at both pH 8.0 (PDB ID: 6LGX)
and pH 6.5 (PDB ID: 6LGW) conformations provides a molecular blueprint for the pre-to-post
structural transition of RV-G (Yang et al., 2020) (Fig. 1.16A). The ~80 A tall basic pH-
structure of RV-G ectodomain is composed of three domains: a membrane-distal pleckstrin
homology domain (PHD), a membrane-proximal fusion domain (FD) and a central domain
(CD) that is involved in the trimerisation of the molecule. The PHD sits atop the FD while the
CD is positioned at the side of the PHD—CD interface. This domain arrangement is similar to
that observed in the prefusion structure of VSV-G (PDB ID: 512S) (Roche et al., 2007).
Structural superimposition of the basic- and acidic-pH RV-G structures further revealed that
the pH-dependent structural rearrangement involves dramatic inter-domain reorientations and
concomitant domain—linker reconstructions of the structure (Fig. 1.16B). Indeed, while the
individual domains remain largely unaltered, the CD was rotated by approximately 180° and
the FD is flipped by 60°. The antigenic deconfiguration associated with the pH-dependent
conformational changes is reflected by the elongation of the RV-G structure to ~120 A tall

where the PHD is now sandwiched between the CD and FD (Fig. 1.16B).
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Fig. 1.16. An overview of reported RV-G ectodomain structures at pH 8.0 and pH 6.5. (A)
The crystal structures of RV-G ectodomain at basic pH 8.0 (left; PDB ID: 6LGX) and acidic
pH 6.5 (right; PDB ID: 6LGW). The structures are shown in cartoon representation with
domains CD, PHD, and FD coloured green, cyan, and magenta, respectively, and domain-
linkers in grey. The heights of the molecules are labelled. The regions that are not visible in
the structure are indicated with dashed lines. (B) Basis of low-pH-induced structural transition
in RV-G. Structural superimposition of the basic- and acidic-pH RV-G ectodomain structures
based on PHD. The structures are shown as in panel A, with the RV-G®®i¢ and RV-G*idic
coloured green and magenta, respectively. The domain orientation observed in the CD and FD
are marked and labelled.

RV-G spikes protrude from the virus envelope and constitute the primary target of the
nAb response arising during infection and immunisation. Extensive epitope mapping studies
have demonstrated that nAbs predominantly target five regions on RV-G, which are defined as
major sites I, I, III, IV, and a minor site termed ‘a’ (Benmansour et al., 1991; De Benedictis
et al., 2016; Lafon et al., 1983; Nagarajan et al., 2008) (Fig. 1.17A). Furthermore, recent
structural studies of monomeric RVG ectodomain have provided some structure-based models
for how some nAbs may interrupt p7SNTR recognition (Yang et al., 2020) and block fusogenic
rearrangements (Hellert et al., 2020). However, there is limited information for how the mature
and trimeric RV-G spike complex is recognised by nAbs, including those currently being used

clinically for PEP in India (e.g. nAb Rabl or ‘Rabishield’; produced by Mass Biologics and
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Serum Institute of India Pvt. Ltd.). Additionally, there is a paucity of knowledge with regards
to how RV-G interacts with receptors during host-cell entry.

Current licenced nAbs for rabies treatment do not offer full coverage against all
circulating RABYV strains, posing a risk for lack of efficacy and viral escape (De Benedictis et
al., 2016). Indeed, the clinical trial of a nAb CL184 (produced by Crucell) had been halted due
to a lack of broad RABV coverage. On the other hand, bnAbs RVC20 and RVCS58 exhibit high
neutralisation potency and were able to neutralise 35 tested RABYV isolates and 25 non-RABV
lyssaviruses (De Benedictis et al., 2016), indicative of the importance to identify bnAbs that
are able to recognise conserved RV-G sequences from all lineages. Indeed, based on an analysis
of the sequence conservation of the known RV-G antigenic sites (Fig. 1.17A) across the genus
Lyssavirus, seven sequentially conserved and solvent accessible regions were proposed as
possible cross-neutralising epitopes (Buthelezi et al., 2016). The crystal structure of PHD of
RV-G in complex with nAb RVC20 suggests that the antibody prevents fusogenic
rearrangement of RV-G by locking the glycoprotein in its prefusion state (Hellert et al., 2020)
(Fig. 1.17B). Additionally, in corroboration with the reversible nature of pH-dependent
conformational changes of RV-G, the ability of nAb 523-11 to recognise the CD of RV-G in
both pre- and post-fusion structures underscores the functional significance of both prefusion
and postfusion-targeting nAbs (Yang et al., 2020) (Fig. 1.17C). Therefore, the combination of
nAbs consisting of potent and large breadth of reactivity against all RABV strains and multiple

RV-G structural states will significantly boost PEP efficiency.
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Fig. 1.17. Representation of antigenic sites on the RV-G. (A) Schematic showing the relative
position and amino acid numbering of the antigenic sites (I, II, III, IV, and a) within the RV-G
ectodomain. (7op) Linear representation of the antigenic sites. The numbering relates to the
mature glycoprotein (after removal of the 19-mer signal peptide). Disulfide bonds are shown
as solid lines (based on VSV-G) and dashed lines as defined by (Walker and Kongsuwan, 1999).
(Bottom) Surface representation of the antigenic sites. Trimeric VSV-G ectodomain (PDB ID:
512S) were shown as surface representation, with the three G protomers coloured in white, light
grey, and dark grey, respectively. The antigenic sites as shown in the top row are coloured
accordingly. (B) The crystal structure of the PHD of RV-G in complex with single-chain
variable fragment (scFv) RVC20 (PDB ID: 6TOU). The structure is shown in cartoon
representation. The PHD is coloured as a rainbow ramped from N- (blue) to C-terminus (red).
Vu and Vi denote variable heavy chain (grey) and variable kappa light chain (white).
Unresolved regions are shown as dashed lines. (C) The crystal structure of RV-G in post-fusion
conformation bound to scFv 523-11 (PDB ID: 6LGW). The structure is shown as in panel B
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with the central domain (CD), pleckstrin homology domain (PHD), and fusion domain (FD)
coloured as green, blue, and purple, respectively. Vi and Vk denote variable heavy chain (grey)
and variable kappa light chain (white). Unresolved regions are shown as dashed lines. Note
that figure in panel 4, top row is reproduced from Antibody Technology Journal (Nagarajan et
al., 2014), under a Creative Commons Attribution License (CC BY-NC 3.0).

1.5 THESIS AIMS

Emergence and re-emergence of zoonotic viruses pose a prominent threat to the public health
and social economy. Therefore, understanding of the pathobiological features of the viruses
including the molecular determinants of virus-host interactions, allows us to predict and
determine their capability to spread into new host reservoirs and formulate efficient
prophylaxis and treatments against these pathogens.

The diversity of mammarenaviruses is reflected by the continual discovery of novel
species with unknown zoonotic potential in new territories. Indeed, the discovery of Asiatic
WENYV, LORV, and RYKYV, which are closely related to OW LASV, highlights the wider than
previously appreciated geographic distribution of mammarenaviruses (Blasdell et al., 2016; Li
et al., 2015; Wu et al., 2018). Here, I focus on the mammarenaviral receptor-binding GP1, a
key molecule responsible for host cell entry and thus, a primary determinant of cell tropism
and cross-species transmission. To better understand the receptor tropism and pathogenic
potential of Asiatic mammarenaviruses, I report the crystal structures of monomeric LORV
GP1 obtained at both basic and acidic pH. Furthermore, comparison of the two LORV GP1
structures with previously reported OW monomeric GP1s provides structure-based template
for studying the RBS, which rationalises the differential receptor tropism observed in these
viruses. This work expands our appreciation of the structural landscape sampled by the
mammarenaviral GP1s and provides a structure-guided rationale for designing a vaccine that

resembles the GP spikes presented on the mature virion.
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NAbs have been shown to be effective for the prevention and treatment of HF
mammarenaviral infection (Enria et al., 1984; Maiztegui et al., 1979). Characterisation of the
key sites of vulnerability on the mammarenaviral GP is thus important for the rational design
of nAb-based prophylactics that target the mammarenavirus surface. In collaboration with Dr.
Katie Doores (King’s College London, U.K.) and Prof. Dr. Daniel Pinschewer (University of
Basel, Switzerland), we utilised a mouse model of MACV and JUNYV infection combined with
antigen-specific B cell sorting to isolate nAbs specific to MACV and JUNV GPls.
Crystallographic investigation of the Fab fragments of nAbs in complex with their cognate
GP1 antigens reveals the mechanisms of nAb-mediated neutralisation of NW arenaviruses and
a structure-based model for how cross-reactive nAbs may recognise multiple mammarenaviral
species.

Structure elucidation of the full-length trimeric GP spike provides a template for
understanding the antigenic surface of the GP and identifying the higher-order quaternary nAb
epitopes. While the structural studies of mammarenaviral GP or GP1-GP2 were hampered by
the current COVID-19 pandemic, our ongoing collaboration with Dr. Alexander Douglas
(Jenner Institute, University of Oxford, U.K.) on the structural characterisation of RV-G yields
promising preliminary results. In this project, the structure of the trimeric, full-length RV-G
spike in complex with nAbs was characterised using cryo-EM and SPA. The initial cryo-EM
data illuminate the trimeric arrangement of the RV-G spike and the distinct nAb-targeting
epitopes, providing structural framework for immunogen design and molecular basis for nAb-

mediated neutralisation of RABV.

64



2 MATERIALS AND METHODS

2.1 MOLECULAR BIOLOGY AND MICROBIOLOGY

2.1.1 Complementary DNA (cDNA) Templates
Genes encoding nucleotide sequences of target protein constructs were codon optimised for
mammalian cell expression system and synthetically manufactured by GeneArt™ (Life
Technologies) as lyophilised DNA fragments or within a delivery vector. Constructs were
designed with restriction sites (e.g. Agel, Kpnl, EcoRI, Xhol sites) at both 5' and 3' ends to
facilitate cloning into the desired expression vectors such as pHLsec (Aricescu et al., 2006).
Construct design was guided by factors including: number of cysteine residues, number
of N-linked glycosylation site (lesser number of glycans facilitates cystallogenesis), removal
of transmembrane regions for soluble protein expression (using TMHMM  server:

http://www.cbs.dtu.dk/servicess TMHMM/) (Mdller et al., 2001), and sequence alignment

(using Clustal Omega server: https://www.ebi.ac.uk/Tools/msa/clustalo/ and MultAlin server:

http://multalin.toulouse.inra.fr/multalin/) (Corpet, 1988; Sievers and Higgins, 2014; Sievers et

al., 2011) with structurally characterised homologous and orthologous proteins. The studied

protein constructs with their corresponding Genbank accession numbers are listed in Table 2.1.

Table 2.1. List of studied protein constructs.

Protein Name Protein construct Genbank accession
boundaries number
LORV GP1 Met80-Thr238 AHE76159.1
JUNV GP1 Asp87—Asn232 ACO52428.1
MACYV GP1 Glu87—-Phe257 AAS77647.1
RABV G Metl-Leu524 AAA47209.1
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Anti-JUNV Fab JUNI See Appendix 8.1 for nucleotide and amino acid sequences
Anti-MACYV Fab MAC1 | See Appendix 8.1 for nucleotide and amino acid sequences
Anti-RABV Fab 17C7 See Appendix 8.1 for nucleotide and amino acid sequences

Anti-RABV Fab 1112-1 Derived from murine hybridoma cells. The sequence is
currently being determined.

2.1.2 Cloning of cDNA into Expression Vectors

Lyophilised DNA (strings or within delivery vector) and primers were resuspended in sterile
deionised water or 10 mM Tris (pH 8.0) buffer solution. Target genes were amplified using
polymerase chain reaction (PCR) with gene-specific primers (section 2.1.2.1). PCR-amplified
cDNAs were then treated with restriction enzymes and ligated into appropriate expression

vectors (section 2.1.2.2).

2.1.21 Primer Specifications

DNA primers (synthetically manufactured by Thermo Fisher Scientific) were designed to
contain restriction endonuclease sites with short CG-rich overhangs to facilitate restriction
digestion and overlapping sequence complementary to the start (5') or end (3') of the desired
protein construct. The lengths of the primers were adjusted based on the melting temperature
(Tw) of the primer—construct complementary pair. The Tr, was set to between 64°C and 68°C,

calculated using the online NEB Tm calculator (https://tmcalculator.neb.com/). Lyophilised

DNA primers were resuspended in sterile deionised water or 10 mM Tris (pH 8.0) buffer

solution to a final concentration of 100 pM.
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2.1.2.2 Expression and Transfer Vectors

PCR-amplified cDNAs were inserted into the pHLsec expression vector (Aricescu et al., 2006)
(Fig. 2.1A) using restriction site ligation. The pHLsec vector contains a secretion signal
sequence (MGILPSPGMPALLSLVSLLSVLLMGCVA) and a C-terminal hexa-histidine (Hise)
tag, facilitating the production of secreted mammalian soluble constructs and protein
purification by immobilised metal ion affinity chromatography, respectively. Typically,
cDNAs encoding the protein of interest were inserted into the vector between Agel and Kpnl
restriction sites. The EcoRI site was used for constructs that included their signal peptide
sequences. Xhol was used to create constructs lacking a C-terminal Hise tag.

For protein production using an established lentivirus system (Elegheert et al., 2018),
the pHR-CMV-TetO; transfer plasmid (Fig. 2.1B) was used. Protein constructs were cloned
into the plasmid using the EcoRI and Xhol sites. Transfection of Lenti-X human embryonic
kidney (HEK) 293T cell line with this plasmid allowed the production of lentivirus carrying
target gene that was capable of infecting and transducing a target cell line (see section 2.2.2 for

stable cell line production using lentivirus).
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Fig 2.1. Plasmid maps. (A) pHLsec (Aricescu et al., 2006) and (B) pHR-CMV-TetO>
(Elegheert et al., 2018) are annotated with features and relevant restriction enzyme sites. All
construct inserts were cloned into the plasmids at the multiple cloning site (MCS), where
restriction sites such as EcoRI, Agel, Kpnl, and Xhol are encoded. Plasmid maps are generated
in SnapGene software.

2.1.3 Polymerase Chain Reaction (PCR)

Target genes (Table 2.1 and Appendix 8.1) were amplified using the manufacturer’s
recommended PCR protocol for the Phusion® High-Fidelity PCR Mastermix with HF buffer
(New England Biolabs, NEB). Each PCR reaction was assembled in a 50 pL. volume (22.5 pL
deionised water, 1.5 puL dimethyl sulfoxide (DMSO), 25 uL 2x Phusion Master Mix, 0.5 pL
template DNA, and 0.5 pL primers) with 15-20 ng of template DNA and 0.5 uM of each
forward and reverse primer. A representative thermocycling protocol is shown in Table 2.2.
The resulting PCR products were analysed using agarose gel electrophoresis, followed by DNA
band excision from the agarose gel and purification using QIAquick® Gel Extraction Kit

(Qiagen), as per the manufacturer’s standard protocol.
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Table 2.2. PCR thermocycling conditions.

Step Temperature (°C) Duration
Initial Denaturation™ 98 30s
Annealing* 98 10s
Elongation* 72 30s
Final Elongation 72 10 min
Hold 4 0

*These steps are repeated for 35 cycles.

2.14 Agarose Gel Electrophoresis

Agarose gel electrophoresis was used to monitor the success of molecular cloning and identify
amplified PCR products and restriction digested gene fragments. Agarose gels were prepared
by adding 1% (w/v) of agarose powder to 1x TAE buffer (Tris, acetic acid,
ethylenediaminetetraacetic acid (EDTA)) and heating the mixture until the powder fully
dissolved. SYBR™ Safe stain (Thermo Fisher Scientific) was added at a 1:10,000 v/v ratio
before the gel had cooled and set. 6x gel loading dye was added to the samples at a 1:6 dilution
before the samples were loaded onto the gel. Analyte DNA was separated by electrophoresis
at 100 V for 20 minutes, followed by visualisation using a blue light transilluminator for DNA

band excision, or imaged with UV light using a ChemiDoc™ System (BioRad).

2.1.5 Restriction Enzyme Digestion

Purified PCR products, gene fragments, and vector DNA were prepared for ligation by
digestion using restriction enzymes. Each restriction reaction was assembled as per the
manufacturer’s protocol with DNA samples (< 1 pg), restriction enzymes, and CutSmart®

buffer (NEB). The most commonly used enzymes include Agel-HF® (NEB), Kpnl-HF®
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(NEB), EcoRI-HF® (NEB), and XhoIl® (NEB). The reaction mixture was incubated at 37°C
for 1 h and the reaction was stopped by adding gel loading dye. The digested fragments were
separated by agarose gel electrophoresis as described in section 2.1.4. The target DNA bands
at correct molecular weights were excised and the DNA was purified using the QIAquick®

Gel Extraction Kit (Qiagen).

2.1.6 DNA Ligation

Restriction digested DNA fragments/inserts and vectors were ligated using Quick Ligation™
Kit (NEB) following the manufacturer’s Quick Ligation protocol. DNA inserts and vectors
were mixed at a 3:1 molar ratio with Quick Ligase and Quick Ligase Reaction Buffer from the
kit. Reactions were incubated for 15 min at room temperature (25°C) prior to transformation

of competent Escherichia coli (E. coli) or storage at -20°C.

2.1.7 Transformation of Chemically-Competent E. coli

Following the ligation of target constructs into expression vectors, plasmids were transformed
into Library Efficiency® DH5a™ competent E. coli (Invitrogen). 30 uL aliquots of competent
cells (stored at -80°C before use) were gently thawed on ice and pipetted into sterile 1.5 mL
Eppendorf tubes prior to supplementation with 3 uL of ligated plasmid DNA. When purified
DNA of higher concentration (e.g. from miniprep) was used for transformation, the volume
used was greatly reduced or the DNA was diluted to a maximum concentration of 10 ng. The
cell-DNA mixture was incubated on ice for 30 mins before subjected to heat shock for 45 s at
42°C using a water bath. The cells were immediately cooled on ice for 2 min prior to the
addition of 300 pL S.O.C. medium (super optimal broth; Invitrogen). The cells were
subsequently transferred to a 50 mL Falcon tube and incubated at 37°C for 1 h in a shaking

incubator (180 rpm) for recovery. 130 pL of cell cultures were plated onto Luria broth (LB)-
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agar plates containing ampicillin at 100 pg/mL. The plates were incubated at 37°C for 18 h to
enable selection of colonies that were successfully transformed with circularised vector, as the

pHLsec and pHR-CMV-TetO> plasmids contain ampicillin resistance (AmpR) gene.

2.1.8 Plasmid Amplification and Purification
A single colony from the LB-agar plate was used to inoculate 5 mL of LB medium in a Falcon
tube supplemented with ampicillin at 100 pg/mL. The culture was incubated at 37°C for 18 h
in a shaking incubator (180 rpm). The bacterial cells were subsequently harvested by
centrifugation at 4000 x g for 8 min, supernatant discarded, and plasmid DNA was extracted
using the QIAprep® Spin Miniprep Kit (Qiagen), as per the manufacturer’s protocol. To
confirm the integrity and quality of all ligated DNA inserts, 5 pL of purified plasmids at
80—100 ng/uL and 5 pL of primers at a concentration of 5 uM were mixed in Eppendorf tubes
and sent for sequencing analysis (Eurofins genomics, previously GATC Biotech). Sequencing
primers complementary to the regions immediately adjacent to the MCS in pHLsec and pHR-
CMV-TetO: were used:
forward pHLsec sequencing primer: TTCCTACAGCTCCTGGGCAAC;
reverse pHLsec sequencing primer: CACCAGCCACCACCTTCTGATAG;
forward pHR sequencing primer: CGTCGTCGTGCTCGTTTAGTGAAC;
reverse pHR sequencing primer: CCAGAGGTTGATTATCGATACGTACGATATCAAG

Once the target DNA construct was confirmed by sequencing analysis and tested by
small-scale transient protein expression (see section 2.3.1), E. coli transformation was repeated
as previously described using the miniprep-purified plasmids. The colonies were subsequently
inoculated into four 2 L flasks, each containing 500 mL LB medium supplemented with 100
pg/mL ampicillin. The cell cultures were incubated at 37°C for 18 h in a shaking incubator

(180 rpm). Bacterial cells were pelleted by centrifugation at 4000 x g for 15 min. Plasmids
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were purified from cell pellets using HiSpeed® Plasmid Giga EF Kits (Qiagen) following

manufacturer’s protocol. Purified plasmids (2—3 mg/mL) were stored at -20°C.

2.1.9 Gene Mutagenesis Using Splicing by Overlap Extension PCR

To introduce a site-directed mutation into the gene construct, overlap extension PCR (OE-PCR)
was performed as described in (Heckman and Pease, 2007). Three separate PCR experiments

(Fig. 2.2) involving four primers (two flanking primers and two mutagenic primers) were

performed. PCR #1 using 5' flanking primer and the 3' mutagenic primer and PCR #2 using 5'

mutagenic primer and 3' flanking primer produced intermediate PCR products that contained

overlapping regions of the entire gene construct. PCR #3 used 5' and 3' flanking primers and

PCR products from reactions #1 and #2 as DNA templates, producing a complete DNA

containing the desired mutation. Subsequent cloning of the amplified gene proceeded as

outlined in sections 2.1.4-2.1.8.
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Fig 2.2. A schematic outline of site-directed mutagenesis accomplished by OE-PCR. The
blue DNA template represents the gene of interest. The red arrows represent the flanking
primers (a and d) and the mutagenic primers (b and c) containing the intended mutation (black
bar).
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2.2 MAMMALIAN TISSUE CULTURE

2.2.1 Cultivation of Mammalian Cell Lines

Cell culture was performed in a laminar flow cabinet using good microbiological practices.
Cells were cultured and maintained in T175 flasks (Corning) at 37°C with 5% CO- until
~80-90% cell confluency was reached. To passage, medium was removed from the flasks and
the cell monolayer were washed with 10 mL of phosphate buffered saline pH 7.4 (PBS, Gibco).
Cell detachment from the flask was done through 5 min incubation of 5 mL of trypsin-EDTA
(Gibco). To stop the trypsin reaction, 20 mL of cell culture medium was added to resuspend
the cells. The resuspended cells (2—-3 mL) were added to a new T175 flask and diluted with
medium to a final volume of 25 mL. The passage steps were repeated again upon reaching

~80-90% cell confluency. The mammalian cell lines used are listed in Table 2.3.

Table 2.3. Summary of cell types used and their corresponding growth media.

Cells Cell culture media

Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma)

Human embryonic kidney 10% fetal calf serum (FCS, Sigma)
(HEK) 293T 1% non-essential amino acids (NEAA, Gibco)
1% L-glutamine (Gibco)

DMEM (Sigma)
Madin-Darby Canine Kidney II 10% FCS (Sigma)
(MDCK-II) 1% NEAA (Gibco)

1% L-glutamine (Gibco)
Glasgow’s Minimum Essential Medium (GMEM, Gibco)
10% FCS (Sigma)
1% NEAA (Gibco)

Baby hamster kidney
(BHK) 21
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2.2.2 Production of Stable Cell Lines

Recombinant protein and virus-like particle (VLP) expression using stable cell lines is a cost
and time effective method that has proven to be useful for increasing expression yield in a
scalable and reliable way. All stable cell lines (Table 2.4) were produced using an established

protocol involving lentiviral transduction, as described in Elegheert et al. 2018.

Table 2.4. Summary of the production and usage of stable cell lines.

Cells Method Use
HEK293T Protein and VLP expression
Lentiviral transduction
MDCK-II VLP expression
2.2.3 Storage and Revival of Cell Lines

When cells were not in use for protein and VLP production, they were stored at -80°C to ensure
sustained viability. To prepare the cells for long-term storage, medium was removed from the
flasks and cells were washed with PBS (Gibco) followed by 3 mL of trypsin-EDTA (Gibco)
for detachment, as described in section 2.2.1. Cells were resuspended with 5 mL of appropriate
medium supplemented with FCS. The cells were aliquoted into cryo-vials and DMSO was
added as cryo-protectant to a final concentration of 10%. Vials were inserted into a CoolCell®
container (Biocision) for a controlled freezing of the cells within the container.

To thaw and revive the cells, the cryo-vials were placed into a 37°C water bath up to
maximum 1 min, and immediately followed by centrifugation at 1000 x g for 3 mins to separate
the cell pellet from the medium containing trypsin-EDTA and DMSO. The cell pellet was
resuspended in 20 mL of medium, transferred to T175 flasks, and allowed to grow at 37°C and

5% CO:s.
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2.3 RECOMBINANT PROTEIN EXPRESSION AND PURIFICATION

2.3.1 Small-Scale Protein Expression

Prior to large-scale protein production, small-scale expression tests were performed to ensure
that the designed protein constructs were optimal for expression. HEK293T cells were typically
used for this step due to their rapid growth rate and the ability for enzymatically controlled
asparagine-linked glycosylation processing (e.g. with the use of alpha-mannosidase inhibitor)
(Aricescu et al., 2006; Elbein et al., 1990). Following cell passaging (section 2.2.1), 2mL of
resuspended cells were diluted with 10mL of DMEM supplemented with 10% FCS, 1% NEAA,
and 1% L-glutamine. The cells were subsequently inoculated into 24-well plates (0.5 mL per
well) and allowed to grow to ~80% confluency overnight at 37°C and 5% CO..

Per well, 0.8 pg of purified DNA (e.g. from miniprep) was diluted in 50 pL of serum-
free DMEM (1% NEAA, 1% L-glutamine) and 2 pL of lipofectamine® 2000 (Invitrogen)
transfection agent was also diluted in separate 50 pL of serum-free DMEM in parallel. The
DNA and lipofectamine were allowed to sit for 5 min before mixing to enable DNA-
lipofectamine complex formation. The mixture was incubated for 20 min at room temperature.
The medium was exchanged with 400 uL fresh DMEM (10% FCS, 1% NEAA, 1% L-
glutamine) per well, and topped up with 100 pL of the DNA-lipofectamine mixture after 20
min. The steps above were repeated for two wells as positive (a construct known to express
protein) and negative (no DNA added, only DMEM) controls. Cells were incubated at 37°C
and 5% CO; for 72 h. Subsequently, the cell culture supernatants and dislodged cells were
harvested and analysed using sodium dodecyl sulphate polyacrylamide gel electrophoresis

(SDS-PAGE) and Western blots.
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2.3.2 SDS-PAGE

The separation of protein samples according to molecular mass using SDS-PAGE allows the
identification of target protein and monitoring the purity of protein samples. NuPAGE 4-12%
Bis-Tris gels (Life Technologies) were used in a mini gel tank (Life Technologies) filled with
I1x NuPAGE MES SDS Running Buffer. The samples were mixed with reducing loading dye
(250 mM Tris-HCI pH 6.8, 10% SDS, 50% glycerol, 25% p-mercaptoethanol, 0.01%
bromophenol-blue) or non-reducing loading dye (125 mM Tris-HCI pH 6.8, 20% glycerol, 4%

SDS, 0.1% bromophenol-blue) before loading into the gel columns. BenchMark™

protein
ladder (Invitrogen) was added to allow protein molecular weight estimation. If the gel was to
be used for western blot, BenchMark™ pre-stained protein ladder (Invitrogen) was also added
to allow visualisation of successful transfer. SDS-PAGE was performed by applying a 180 V
current for 45 min (when the dye running front reached the end of the gel). The gel was
removed from its plastic cast and stained with SimplyBlue™ SafeStain (Thermo Fisher

Scientific) or InstantBlue™ Protein Stain (Expedeon), or used for western blot. Stained gels

were visualised using the ChemiDoc™ System (BioRad).

233 Western Blot
The SDS-PAGE gel was assembled into a commercial iBlot™ 2 Transfer Stacks (Life
Technologies) and blotted onto a nitrocellulose membrane using an iBlot™ 2 Gel Transfer
Device (Life Technologies) per manufacturer’s instructions. The preset manufacturer’s
protocol PO (20 V for 1 min, 23 V for 4 min, and 25 V for 2 min) was used to transfer protein
bands from SDS-PAGE to the nitrocellulose membrane.

The nitrocellulose membrane was incubated with 5% (w/v) milk powder in PBS for 45
min at room temperature. The membrane was then further incubated with primary antibody

diluted in 5% (w/v) milk-PBS for 1 h at room temperature. The membrane was washed three
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times with PBS for 15 min prior to incubation with a secondary antibody diluted in 5% (w/v)
milk-PBS for 1 h at room temperature. Most commonly used primary antibodies (diluted
1:1000 v/v) included mouse-derived monoclonal anti-penta-histidine antibody (Qiagen, ID:
34660) and glycoprotein-specific neutralising antibodies. Most commonly used secondary
antibody (diluted 1:2000 v/v) included goat-derived horseradish peroxidase (HRP)-conjugated
anti-mouse IgG antibody (Sigma). The membrane was washed six times with PBS containing
0.05% (v/v) Tween20 (PBS-T) for 30 min. Clarity™ Western ECL substrate kit (Bio-Rad) was
used for detection (horseradish peroxidase-luminol system) and the signals were visualised and

captured using the ChemiDoc™ system (Bio-Rad).

234 Large-Scale Protein Expression

Once the expression of the target protein constructs had been confirmed by small-scale
expression tests and analysed with SDS-PAGE and Western blot, large-scale expression of the
target protein was performed. HEK293T cells were first cultured in T175 flasks as detailed in
section 2.2.1 and subsequently transferred to 2,125 c¢cm? area roller bottles (Cellmaster™,
Greiner BioOne). Roller bottles were placed in roller cabinet at 37°C for 3—4 days for the cells
to reach ~80—-90% confluency.

Each roller bottle of cells was transfected with 0.5 mg of purified DNA (e.g. from
Gigaprep). Prior to mixing the DNA with polyethylenimine (PEI, Polyscience Inc.) transfection
agent, 10% (v/v) chloroform was added to the DNA and mixed vigorously to sterilise the DNA,
followed by centrifugation for 10 min at 13,400 x g. The sterilised DNA was carefully pipetted
off the upper layer of the mixture and added to 50 mL FCS-free DMEM (1% NEAA, 1% L-
glutamine) and 1 mg of PEI. The mixture was incubated at room temperature for at least 10

min to allow DNA—PEI complex formation. The medium in the roller bottles was replaced with

200 mL of fresh DMEM (2% FCS). The DNA—-PEI mixture was added into the roller bottles
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in the presence of 5 uM of kifunensine, a class 1 a-mannosidase inhibitor. Cells were incubated

in a rolling cabinet at 37°C for 72—-96 h for recombinant protein expression.

2.3.5 Cell Supernatant Harvesting and Diafiltration

Cell culture supernatants were harvested and centrifuged for 20 min at 4,000 x g to remove the
cell debris. Supernatants were filtered through 0.22 um Stericup® filter units (Millipore)
followed by diafiltration using the AKTA flux tangential flow filtration system (GE
Healthcare), fitted with three 10 kDa molecular weight cut-off membranes. Supernatants were
first concentrated to a smaller volume (~100—150 mL) and then buffer exchanged into 10 mM
Tris pH 8.0, 150 mM NaCl to remove components in the FCS-supplemented DMEM medium

that can strip nickel ions from nickel affinity columns.

2.3.6 Immobilised Metal Ion Affinity Chromatography (IMAC)

Target proteins containing C-terminal Hiss tag were purified using 5 mL HisTrap™ FF (GE
Healthcare) nickel affinity columns that were prepacked with pre-charged Ni Sepharose 6 Fast
Flow resin. AKTA liquid chromatography systems (GE Healthcare) were used throughout the
purification steps. The columns were first washed with filtered deionised water to remove the
20% ethanol used for nickel resin storage, followed by equilibration with buffer containing 10
mM Tris pH 8.0, 150 mM NacCl for at least five column volumes. Concentrated and diafiltrated
supernatants were then loaded onto the equilibrated column at a flow rate of 5 mL/min to allow
the Hise-tagged target proteins to bind to the immobilised nickel ions. The flowthrough solution
was collected for SDS-PAGE analysis to confirm that all target proteins were bound to the
resin. To remove non-specific contaminants that were weakly bound to the resin, imidazole-
containing wash buffer was passed through the columns in the manner of a sequential increase

in imidazole concentration (20 mM imidazole for 10—15 min, 30 mM imidazole for 10—15 min,
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40 mM imidazole for 10 min, and 50 mM imidazole for 10 min). Buffer containing 250 mM

imidazole was used to elute target proteins from the resin.

2.3.7 Enzymatic Deglycosylation

Endoglycosidase Fi (endoF1) was added at a mass ratio of 1:100 (endoFi:protein) to the IMAC-
purified protein samples, and incubated for 18 h at room temperature. Glycoproteins expressed
in the presence of kifunensine contain N-linked high-mannose glycan chains (GlcNAc2Mans.
9). EndoF; cleaves these glycans, resulting in a single N-acetylglucosamine (GlcNAc) moiety
linked to the asparagine residue. Deglycosylated protein samples were subsequently subjected

to size exclusion chromatography (SEC) prior to crystallisation experiment.

2.3.8 Size Exclusion Chromatography (SEC)

SEC was performed to ensure high purity of protein samples, estimate molecular weights and
oligomerisation state of the proteins, and for buffer exchange of samples. Superdex™ 200
Increase 10/300 GL column (Sigma) was connected to the AKTA liquid chromatography
systems (GE Healthcare). The column was first washed with filtered and degassed deionised
water to remove the 20% ethanol used for column storage, and then equilibrated with buffer
containing 10 mM Tris pH 8.0, 150 mM NaCl. Protein samples were concentrated to 500 uL.
and filtered using Millipore™ Amicon™ centrifugal filter units (10 kDa or 30 kDa molecular
weight cut-off) and Millipore™ Ultrafree 0.22 pm centrifugal filter units, respectively. The
samples were then injected into the column via a 500 puL sample delivery loop. SEC was
performed at a flow rate of 0.75 mL/min with a column pressure limit of 2.2 MPa. Sample
solutions passing through the column were tracked by the AKTA UV absorbance unit (mAU)
device, fractionated, and collected. Fractions that gave high mAU corresponding to the

presence of proteins were assessed using SDS-PAGE and western blot analysis. Fractions
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containing the target proteins were pooled and concentrated. Protein concentration was

measured using Nanodrop 1000 Spectrophotometer (Thermo Fischer Scientific).

2.3.9 Enzyme-Linked Immunosorbent Assay (ELISA)

Antibodies JUN1-7 and MACI1 binding: High binding ELISA 96 half-well microplates
(Corning) were coated with purified JUNV GP1 or MACV GP1 (25 puL, 3 pg/mL in PBS)
overnight at 4°C. Plates were washed five times with PBS containing 0.05% Tween-20 (PBS-
T) and blocked with blocking solution (5% non-fat milk in PBS-T) for 1 h at room temperature.
The blocking solution was removed and serially diluted antibodies (starting at 10 pg/mL, 1:5
dilution in blocking solution) was added for 2 h at room temperature. Plates were washed five
times with PBS-T. Secondary antibody (goat anti-mouse IgG Fc, biotin-conjugate, Thermo
Fisher Scientific, 1:1,000) was added for 30 min and plates were washed as described above
before alkaline phosphatase (AP)-conjugated streptavidin (1:10,000, Invitrogen) was added for
30 min. Following a final wash, p-nitrophenyl phosphate substrate (Sigma) was added to detect

binding and the optical densities (ODs) were measured at 405 nm.

Antibodies JUN1-7 binding competition: 96-half well ELISA microplates (Corning) were
coated with purified JUNV GP1, washed with PBS-T, and blocked with blocking solution, as
described above. The blocking solution was removed and serial diluted Fab JUN1 (at 50 pg/mL,
1:5 dilution in blocking solution) was added for 30 min at room temperature. IgG JUN1-7 and
ODO1 were added at the ECgo concentration and incubated for a further 1.5 h. Plates were
washed five times with PBS-T. Secondary antibody (goat anti-mouse IgG Fc biotin-conjugate,
Thermo Fisher Scientific, 1:1,000) was added for 30 min. Plates were washed as described
above and streptavidin-AP (1:10,000, Invitrogen) was added for 30 min. Following a final wash,

p-nitrophenyl phosphate substrate (Sigma) was added to detect binding and the ODs were
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measured at 405 nm. The competition is reported for JUN1 Fab at 50 pg/mL and is reported

relative to the % competition measured for JUN1 IgG.

Antibodies 17C7, RVC20, and 1112-1 binding competition: 96-half well ELISA microplate
was coated with purified RV-G (50 pL, 1 pg/mL in PBS), washed with PBS-T, and blocked
with blocking solution, as described above. The blocking solution was removed and
immobilised RV-G was saturated with Fab 17C7 (50 pL, 20 pg/mL in PBS) for 1 h at room
temperature. Fab 17C7 was removed and serial diluted IgG 1112-1 (at 0.6 pg/mL, 1:6 dilution
in blocking solution) was added for 1 h at room temperature. Plate was washed five times with
PBS-T and secondary antibody (goat anti-mouse IgG Fc, AP-conjugate, Thermo Fisher
Scientific, 1:1000) was added for 1 h at room temperature. Following a final wash, p-
nitrophenyl phosphate substrate (Sigma) was added to detect binding and the ODs were
measured at 405 nm. This experiment was repeated with IgG 1112-1 alone and with Fab

RVC20 replacing Fab 17C7.

2.4 VIRUS-LIKE PARTICLE (VLP) PRODUCTION AND PURIFICATION

24.1 VLP Stable Cell Line Culture

MDCK-II cells (kindly provided by Dr. Thomas Strecker, Philipps University of Marburg)
stably expressing LASV glycoprotein (GP) complex were cultured in 25 mL of DMEM
supplemented with 10% FCS, 1% NEAA, and 1% L-glutamine at 37°C and 5% CO; until
~80-90% cell confluency was reached (~72 h) (as described in section 2.2.1). To start VLP
expression, the medium was discarded, and cells were washed with 10 mL of phosphate
buffered saline pH 7.4 (PBS, Gibco). 20-25 mL of fresh DMEM supplemented with 2% FCS

was then added to the cells and incubated at 37°C and 5% CO- for 96 h for VLP expression.
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2.4.2 VLP Purification

After 96 h, the cell culture supernatant was cleared by centrifugation at 3,000 x g, 4°C for 30
min. The supernatant was aliquoted into 25 x 89 mm Open-Top Polyclear™ Centrifuge Tubes
(Seton Scientific). Prechilled buffer (6 mM succinate, 22 mM sodium dihydrogen phosphate,
22 mM glycine, 100 mM NaCl, pH 7.5; SPG50N100) containing 20% sucrose was added to
the bottom of the supernatant slowly using a blunt pipetting needle (Sigma) to avoid mixing of
the two solutions. VLPs were pelleted through 20% sucrose cushion by ultracentrifugation at
27,000 x g for 3 h at 4°C. The supernatant and sucrose buffer were discarded by gentle pipetting,
taking extra care to not disturb the VLP pellets. Pellets were resuspended in 100 pL

SPG50N100 buffer for at least 24 h at 4°C.

2.5 STRUCTURAL B10LOGY METHODS

2.5.1 Protein Crystallisation
Crystallisation trials were performed using the full range of crystallisation screens available at
the Division of Structural Biology (STRUBI), University of Oxford, obtained from Hampton
Research, Emerald BioSystems, and Molecular Dimensions Limited. Typically, trials were
performed in a nanolitre scale sitting drop vapour diffusion format by mixing 100 nL reservoir
solution with 100 nL protein solution in the central shelves of 96-well Greiner CrystalQuick®
plates using a crystallisation robot (Cartesian Technologies). Reservoirs contained 95 pL of
mother liquor. Plates were immediately sealed with plastic films and stored at 20°C
(Formulatrix® system) to allow crystal formation.

Crystals formed from initial crystallisation conditions were optimised by varying
precipitant concentration, protein concentration, and through the addition of additives
(Hampton Research) to the reservoir or protein—precipitant solutions. The specific

crystallisation experiments and conditions are outlined in the relevant result chapters.
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2.5.2 Cryo-Protection and Flash Cooling of Protein Crystals

Plastic films directly above the wells containing protein crystals were carefully removed to
allow access. To make crystal harvesting easier from a larger volume, 1 pL of mother liquor
solutions was carefully pipetted onto the crystallisation drops. Mother liquor solutions
supplemented with cryo-protectant such as 25% (v/v) glycerol or ethylene glycol (prepared in
advance) was pipetted into the adjacent shelf. Protein crystals were subsequently harvested
from the drop using Litholoops™ and dipped into the cryo-protectant solution. Crystals were

rapidly flash cooled by plunging into liquid nitrogen.

253 X-Ray Data Collection and Processing

All crystal diffraction data were collected at Diamond Light Source, Didcot, UK. Data were
indexed, integrated, and scaled with XIA2 (Winter et al., 2013). Crystal structures were phased
by molecular replacement with PHASER (McCoy et al., 2007). For all structures, iterative
rounds of model building and refinement were performed using COOT (Emsley and Cowtan,
2004) and PHENIX (phenix.refine with translation-libration-screw (TLS) parameterisation)
(Adams et al., 2002), respectively, to improve electron density maps. Rywork and Ree values
which describe the agreement between the model and the data were used to assess the
refinement progress. MolProbity was used to validate final model quality (Chen et al., 2010).

The PyMOL Molecular Graphics System (https://www.schrodinger.com/pymol) was used to

analyse and generate the structural models presented in the figures. Specific information about
data collection, processing strategy, and refinement statistics for each crystal structure are

detailed in the relevant result chapters and crystallographic tables.
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2.54 Cryogenic Electron Microscopy

A standard cryogenic electron microscopy (cryo-EM) workflow starts with grid preparation
(section 2.5.4.1), followed by sample screening, leading to high resolution cryo-EM data
collection and structure analysis (section 2.5.4.2) (Passmore and Russo, 2016). Cryo-EM grid
preparation was performed using Vitrobot (FEI/Thermo Fisher Scientific). Cryo-EM imaging
was performed using the 200 kV Glacios and 300 kV Titan Krios microscopes (FEI/Thermo
Fisher Scientific) equipped with Falcon III (FEI/Thermo Fisher Scientific) and K2 Summit®
(Gatan) direct electron counting detection cameras, respectively. Aforementioned

infrastructures are located at the Oxford Particle Imaging Centre (OPIC), STRUBI.

2541 Grid Preparation

Cryo-EM grids used included Quantifoil® Holey Carbon Film R 1.2/1.3 Copper 200 mesh,
Quantifoil® Holey Carbon Film R 2/1 Copper 200 mesh, and C-Flat™ Holey Carbon Film R
2/2 Copper 200 mesh. Grids were glow-discharged for 30—35 s at the highest intensity in a
plasma glow discharger (Harrick Plasma) and used within 1 h. The climate chamber of the
Vitrobot (FEI/Thermo Fisher Scientific) was pre-cooled to 4°C and maintained at 100%
humidity. Typically, 3.5-4.0 uL of samples were deposited onto the girds held firmly by a
tweezer within the chamber. Excess sample was blotted from the grids with filter papers (Agar
Scientific) fixed on rotating foam pads for 3.5-4.0 s at -15 N blotting pressure to create a thin
layer of protein suspension on the grid. The grids were rapidly frozen (plunge freezing) in
liquid ethane in a copper cup that was insulated and chilled by a reservoir of liquid nitrogen in
an outer container. The grids were transferred and stored in cryo grid boxes (Euro-Techniek)
in liquid nitrogen dewar. The cryo-EM grids were clipped into AutoGrids (Thermo Fisher
Scientific) prior to sample screening and data collection on the Glacios and Titan Krios

microscopes.
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2.54.2 Data Collection and Processing

Samples on cryo grids were first screened and evaluated using the in-house 200 kV Glacios
microscope (FEI/Thermo Fisher Scientific) equipped with a Falcon III direct electron counting
detection camera and EPU, a SPA software for cryo-TEM sample screening and data
acquisition. Typically, an initial data set was collected for 18—20 h for preliminary data analysis.
Cryo-EM images were recorded using linear mode, at defocus values ranging from -2.0 to -3.5
um at a calibrated magnification of 92,000x, corresponding to a pixel (px) size of 1.6 A/px.
The total electron dose over 40 frames was 60 e”/A2

Once suitable cryo-EM grids had been identified, data acquisition was performed for
~66 h using the in-house 300 kV Titan Krios microscope (FEI/Thermo Fisher Scientific)
equipped with a K2 direct electron detector and a 20 kV Gatan Imaging Filter (GIF) energy
filter to obtain a large high-resolution data set. SerialEM software was used to record the cryo-
EM images. Cryo-EM images were recorded using electron counting mode, at defocus values
ranging from -0.8 to -2.6 um at a calibrated magnification of 130,000x, corresponding to a
pixel size of 1.05 A/px. The total electron dose was 45 e/A? over 40 frames.

Cryo-EM SPA data processing was performed using cryoSPARC v2 and v3 software
(Punjani et al., 2017). Averaged micrographs were generated using global movie alignment.
Contrast transfer function (CTF) parameters were estimated using global CTF estimation in
cryoSPARC. For reference-free particle picking, blobs with a diameter of 80—120 px were used.
The picked particles were extracted from the micrographs with box sizes of 260—-300 px and
subsequently subjected to 2D classification. Typically, 100—200 2D classes were generated.
2D classes that did not contain clearly defined protein features were discarded while 2D classes
displaying distinctive secondary structure features and varied particle orientations were
selected as templates for reference-based automatic particle picking. Picked particles were

extracted and subjected to 2D classification. Particles from the best 2D classes that displayed

85



strong signal-to-noise ratio, clear protein features such as a-helices, and varied orientations
were used for ab initio 3D model reconstruction. 3—5 initial models were generated, which
served as templates for 3D classification (heterogeneous refinement) and non-uniform
refinement, during which suitable symmetry was applied. Map resolution was estimated by
gold-standard Fourier shell correlation (FSC) plot at the 0.143 threshold. To improve map
resolution and quality, local (per-particle) CTF refinement and motion correction were

performed. The model figures were generated using UCSF Chimera software.

2.6 STRUCTURE-BASED PHYLOGENETIC ANALYSIS (SBPA)

To quantitatively investigate the structural relationships among mammarenaviral GP1
receptor-binding glycoproteins, structures of available arenaviral GP1 were used to construct
a structure-based phylogenetic tree. Structures used were as follows: LORV, Loei River virus
(PDB ID: 6HJ6) (Pryce et al., 2018); LASV, Lassa virus (4ZJF and 5VK2) (Cohen-Dvashi et
al., 2015; Hastie et al., 2017); MORYV, Morogoro virus (SNFF) (Israeli et al., 2017); LCMV,
Lymphocytic choriomeningitis virus (SINE) (Hastie et al., 2016a); LUJV, Lujo virus (6 GHS)
(Cohen-Dvashi et al., 2018); WWAYV, Whitewater Arroyo virus (6HJ5) (Shimon et al., 2017);
MACV, Machupo virus (2WFO) (Bowden et al., 2009); and JUNV, Junin virus (SNUZ)
(Zeltina et al., 2017). Water molecules, ligands, and protein chains (e.g. GP2, receptor, and
antibody fragments) not comprising GP1 molecules were removed prior to structural alignment.
GP1 structures were applied to the Structural Homology Program (SHP) (Stuart et al., 1979)
to create a pairwise evolutionary distance matrix which was subsequently displayed as an
unrooted phylogenetic tree using PHYLogeny Inference Package (PHYLIP) (Felsenstein,

1989). SBPA results are discussed in section 3.4.3.
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3 DIFFERENTIAL CONFORMATIONS OF OLD AND
NEW WORLD ARENAVIRAL GP1 GLYCOPROTEINS

3.1 INTRODUCTION

Reported in 2016, LORYV is a novel mammarenavirus species isolated from bandicoot rats
(Bandicota indica and B. savilei) and niviventer (Niviventer fulvescens) in Loei, Thailand
(Blasdell et al., 2016). With the exception of LCMYV that is primarily transmitted by house
mouse (Mus musculus) worldwide , the known distribution of mammarenaviruses in Asia was
previously limited to WENV (Li et al., 2015) and RYKV (Wu et al., 2018) discovered in
Wenzhou and Yunnan Province, China, respectively. Together with WENV and RYKV,
LORYV is one of the only three known mammarenaviruses with Asiatic origin reported to date.

Metagenomic studies and sequence phylogenetic analysis of LORV revealed that the
virus belongs to the OW serogroup and is closely related to WENV and Cardamones (a WENV
variant identified in Veal Renh, Cambodia) (Fig. 3.1) (Blasdell et al., 2016). However, unlike
WENYV and Cardamones that have been shown to infect humans and cause febrile illnesses,
zoonotic potential of LORV has not yet been confirmed (Blasdell et al., 2016) and therefore,
is a cause of concern as it may constitute an emerging human pathogen.

Structural analysis of the OW mammarenavirus GP has, thus far, been limited to those
displayed by arenaviruses circulating in the African countries (Cohen-Dvashi et al., 2015;
Hastie et al., 2016a; Hastie et al., 2017; Israeli et al., 2017). The absence of structural
information on the Asiatic mammarenaviral GP hinders our understanding of structural
conservation, receptor tropism, and zoonotic potential of WENV, RYKYV, and LORV, when
compared to the characterised and established OW mammarenaviruses such as LASV and
LCMV. Therefore, this chapter aims to elucidate the first structure of the receptor-binding GP1

from an Asiatic mammarenavirus, LORV. The data allow a detailed comparison with existing
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OW GP1 structures and provide a structure-based prediction of LORV receptor tropism. On a
broader level, this work defines the discrete conformational classes assumed by arenaviral GP1

glycoproteins.
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Fig 3.1. A maximum-likelihood phylogeny of 35 arenaviral GP amino acid sequences
dividing the genus into OW and NW (clades A to D) serogroups. An evolutionary history
was inferred using the maximum-likelihood method based on the model of Le and Gascuel (Le
and Gascuel, 2008). OW serogroup is highlighted in red and NW clades A to D are highlighted
in orange, green, cyan, and dark blue, respectively. The tree is drawn to scale, with branch
length measured in the number of amino acid substitutions per site. The percentage of trees in
which the associated taxa clustered together is shown next to the branches. Evolutionary
analyses were conducted in MEGA X (Kumar et al, 2018). Abbreviations for
mammarenaviruses frequently mentioned in this chapter are shown to allow convenient
reference. [Note that this figure has also been reported in Pryce et al. 2018 (listed in Appendix
8.2) containing work carried out as part of this thesis.]
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3.2 PROTEIN PRODUCTION AND STRUCTURE DETERMINATION OF
OLD WoORLD LOEI RIVER VIRUS (LORYV) GP1

3.2.1 Construct Design and Small-Scale Transient Expression

LORYV GP1 constructs were generated from a human codon-optimised gene of the full length
LORYV GP (GenBank accession number AHE76159.1). The LORV GP1 subunit boundaries
were estimated by sequence alignment (Fig. 3.2A) with the amino acid sequences of
structurally characterised OW arenaviral GP1s including LASV GP1 (PDB ID: 4ZJF and
5VK?2) (Cohen-Dvashi et al., 2015; Hastie et al., 2017), LCMV GP1 (PDB ID: 5INE) (Hastie
etal., 2016a), and MORV GP1 (PDB ID: 5NFF) (Israeli et al., 2017). Six constructs of slightly
differing lengths were designed (Fig. 3.2B), cloned into pHLsec expression vector (between
Agel and Kpnl restriction sites) (Aricescu et al., 2006) using construct-specific primers, and
tested for small-scale transient expressions in HEK293T cells.

Five out of the six constructs expressed and secreted LORV GPI, as detected by
Western blot (Fig. 3.2C) of the supernatant of the cell growth media. However, only three
constructs displayed thick and intense bands on the Western blot, a visual judgement that often
indicates a satisfactory protein expression yield. Furthermore, the N-terminus (~20 residues)
of the GP1 is observed to interact with the GP2, as observed in the crystal structures of LCMV
and LASV GP1-GP2 (Hastie et al., 2016a; Hastie et al., 2017). Here, in the absence of GP2,
the N-terminus of GP1 is likely flexible and therefore, removed from the expression construct.
Finally, the construct (Met80—Thr238) with the least number of putative N-linked
glycosylation sites was chosen from amongst the three for large-scale transient protein

expression, as the presence of more flexible N-linked glycans could impede crystallogenesis.
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Fig 3.2. Protein construct design and expression test of LORV GP1. (A) Sequence
alignment of LORV GP1 with other OW arenaviral GP1ls that have been structurally
characterised (LASV, MORYV, and LCMV). Construct boundaries for LASV, MORYV, and
LCMV are highlighted with yellow boxes. Note that the structures of LASV GP1 have been
characterised both with and without its cognate GP2 (Cohen-Dvashi et al., 2015; Hastie et al.,
2017) while the structure of LCMV GP1 was characterised in complex with its GP2 subunit
(Hastie et al., 2016a). Sequence numbering of LORV GP1 is used for annotation. Sequence
alignment was determined with MultAlin (Corpet, 1988) and plotted with ESPript (Robert and
Gouet, 2014). (B) Schematic organisation of LORV GP (generated with DOG (Ren et al.,
2009)). The stable signal peptide (SSP), GP1 glycoprotein, subtilisin-like kexin protease 1-site
1 protease (SKI-1/S1P) cleavage site, GP2 glycoprotein, transmembrane region (TM), and
intravirion domain (IV) are annotated. Putative N-linked glycosylation sequons (NXT/S, where
X # P) are labelled as pins above the schematic. The designed constructs are illustrated below
the schematic. (C) Western blot of small-scale expression test of constructs tagged with a C-
terminal Hise tag, where an SDS-PAGE gel of cell supernatants was performed under reducing
conditions.
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3.2.2 Large-Scale Transient Expression and Purification

Large-scale transient expression of LORV GP1 (Met80-Thr238) was performed in the
presence of kifunensine, a class 1 a-mannosidase inhibitor that prevents processing to complex-
and hybrid-type N-linked glycans (Elbein et al., 1990). Cell supernatant was harvested and
clarified 96 h post-transfection. Supernatant was concentrated and dialysed into purification
buffer (10 mM Tris pH 8.0, 150 mM NaCl). Diafiltrated supernatant was purified with IMAC
using HisTrap™ FF (GE Healthcare) nickel affinity columns (Fig. 3.3A). The sample was
further purified using SEC (Fig. 3.3B). Purified LORV GP1 was added with endoF; (18 h at
room temperature or 37°C for 2 h), truncating the mannose-rich N-glycans (GlcNAc2Mans.9)
to yield a single GIcNAc moiety remaining on the asparagine residue (Elbein et al., 1990). SEC
was performed on the deglycosylated sample to remove cleaved sugar molecules and endoF;
enzymes, obtaining pure deglycosylated LORV GP1 for the protein crystallisation experiment.
Protein purity and deglycosylation were monitored using SDS-PAGE throughout protein

purification (Fig. 3.3C).

3.23 LORY GP1 Crystallisation Experiment

Purified deglycosylated LORV GP1 was concentrated to 4.5 mg/mL and 5.3 mg/mL, and used
to set up a number of crystallisation trial screens (Hampton Research). Crystallisation
experiments were performed at 20°C using the sitting-drop vapour diffusion method. Crystals
of LORV GP1 grew under two conditions (Fig. 3.3D): (i) 4.5 mg/ml protein, 30% (w/v)
polyethylene glycol (PEG) 6000, and 0.1 M citrate, pH 5.0, and (ii) 5.3 mg/ml protein, 10%
(w/v) ethanol, and 1.5 M NacCl (buffered with 10 mM Tris, pH 8.0, from the protein solution).
In both instances, crystals were cryoprotected by transfer into a solution of the respective
precipitant supplemented with 25% (v/v) glycerol prior to flash cooling in liquid nitrogen.

Crystal freezing was performed by Dr. Karl Harlos at STRUBI.
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Fig 3.3. Purification and crystallisation of LORV GP1. (A) Nickel-affinity chromatogram
of LORV GPl1. HisTrap™ column was loaded with dialysed and filtered supernatant
containing LORV GP1, washed with buffer containing low imidazole concentration (peak A—D
corresponding to 20-, 30-, 40-, and 50-mM imidazole) prior to elution with 250 mM of
imidazole (peak E). (B) Size exclusion chromatograms of LORV GP1 following nickel-affinity
chromatography. Following SEC (Superdex™ 200 Increase 10/300 GL column (Sigma)), GP1
was deglycosylated with endoF; at room temperature or at 37°C, after which the samples were
subjected to SEC again. The reduction of molecular mass after GP1 deglycosylation was
tracked by following the chromatogram peak shift (rightward). (C) Reducing SDS-PAGE
analysis of LORV GPI purification, indicating glycosylated GP1 at ~50 kDa. Successful
deglycosylation of the GP1 was shown by the downward shift of the protein bands to 25-30
kDa. The presence of more than one band indicates that only partial deglycosylation was
achieved. (D) Images of protein crystals. Distinct crystal forms were obtained from two
crystallisation conditions at basic and acidic pH, respectively, as annotated.

3.24 X-Ray Diffraction Data Collection and Processing

X-ray diffraction data were recorded at Diamond Light Source (DLS), United Kingdom.
Crystal data for LORV GP1 obtained at pH 8.0 and pH 5.0 were indexed, integrated, and scaled
with XIA2 (3dii) (Winter et al., 2013) to 2.5- and 2.0-A resolution, respectively. Both structures
of LORV GP1 were solved by molecular replacement with PHASER (McCoy et al., 2007),

using LASV GP1 (PDB ID: 4ZJF (Cohen-Dvashi et al., 2015)) as a search model. For both
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structures, iterative rounds of model building and refinement were performed using COOT
(Emsley and Cowtan, 2004) and PHENIX (Adams et al., 2002) with TLS parameterisation,
respectively. MolProbity was used to validate model quality (Adams et al., 2002). Data
collection and refinement statistics are presented in Table 3.1. Coordinates and structure
factors of LORV GP1, crystallised at basic and acidic pHs, have been deposited in the PDB
with the accession codes 6HJC and 6HJ6, respectively. The PyMOL Molecular Graphics

System (https://www.schrodinger.com/pymol) was used to generate the structural models

presented in the figures.

3.3 STRUCTURE ANALYSIS

3.3.1 Structure Overview of LORV GP1

LORYV GP1 crystals were generated under both basic (pH 8.0) and acidic (pH 5.0) conditions,
and X-ray diffraction data were collected to 2.5- and 2.0-A resolution, respectively (Table 3.1).
Basic- and acidic-pH-derived LORV GP1 structures were solved by molecular replacement,
using the crystal structure of monomeric (GP2-free) LASV GP1 (PDB ID: 4ZJF) (Cohen-
Dvashi et al., 2015) as a search model. Structural overlay analysis revealed that the two LORV
GP1 structures are highly similar (0.7-A RMSD), supportive that isolated OW arenaviral GP1s

adopt the same conformation at basic and acidic pH (Fig. 3.4A and 3.4B).
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Table 3.1. Crystallographic data collection and refinement statistics for LORV GP1.

Data Collection Statistics LORYV GP1 (pH 5.0) LORYV GP1 (pH 8.0)
Beamline DLS 103 DLS 103
Wavelength (A) 0.9763 0.9763

Space Group P432,2 P4,2,2

Cell dimensions

a b, c(A) 57.3,57.3,113.2 60.5, 60.5, 96.4
a, B,y (°) 90, 90, 90 90, 90, 90
Resolution range (A) 40-1.98 (2.01-1.98)* 39-2.51 (2.55-2.51)
Rmerge 0.062 (>1) 0.112 (>1)

o (D) 22.3(1.5) 154 (1.4)
CCir 1.000 (0.585) 0.999 (0.522)
Completeness (%) 100 (97.9) 99.2 (94.9)
Multiplicity 152 (5.5) 11.8(3.7)

Refinement Statistics

Resolution (A) 33-1.98 39-2.51
No. reflections 13,746 6,480
Ryori/Rfree 0.189/0.237 0.208/0.238
No. atoms

Protein 1,268 1,260
Ligand/ion 6 6
Water 70 14
Glycan 70 56

Average B-factors

Protein 56.2 71.9
Ligand 87.2 103.1
Water 61.9 69.0
Glycan 87.1 103.2

Ramachandran (%)

Favoured 98.7 96.8
Allowed 1.3 32
Outlier 0 0

Root mean square deviations

(RMSD)
Bond lengths (A) 0.010 0.002
Bond angles (°) 0.96 0.42

2 The value for the highest-resolution shell is shown in parentheses.
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LORV GP1 presents a compact o/ fold comprising seven B-strands, five of which
(designated B1, B2, B3, P4, and B7) comprise the central B-sheet that is sandwiched between
three a-helices (al to a3) and connecting loops (Fig. 3.4A). The remaining two antiparallel [3-
strands (B5 and B6) slots in between helices 02 and a3 on one side of the central B-sheet while
the N and C termini extend in the same direction on the other side. The secondary structures
are stabilised by three disulfide bonds, one of which bridges the loops leading to the N and C
termini, with another stabilising loop 2 and strand 3, and the third linking a2 and B6 (Fig.
3.4A). All three disulfide bonds are fully conserved in other OW mammarenaviruses, including
the structurally characterised LASV, LCMV, and MORV GP1s (see section 3.3.2).

Five N-linked glycosylation sites (Asn87, Asnl07, Asnl159, Asnl65, and Asn225)
observed in the crystal structures lie on the periphery of the central B-sheet (Fig. 3.4A).
Although multiple protein bands were observed in the reducing SDS-PAGE gel (Fig. 3.3C)
following GP1 deglycosylation with endoFi, electron density corresponding to only one
ordered GIcNAc moiety was observed at each site (Fig. 3.4A), suggesting that the remaining
untruncated glycan residues were protected by the proteinaceous environment from enzymatic
deglycosylation and may be disordered in the crystal. LORV GP1—glycan interactions were
observed for all five sites. For example, GlcNAc residues at Asn87, Asn107, Asnl65, and

Asn225 form hydrogen bonds with LORV GP1 (Fig. 3.4C).
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Fig. 3.4. Structure and organisation of LORV GP1. (A) Structure of LORV GP1. (Top)
LORYV GP1 (pH 5.0) is shown as a cartoon and coloured as a rainbow ramped from blue (N-
terminus) to red (C-terminus). The N- and C-termini are shown as blue and red spheres,
respectively. The B-strands are labelled as f1—-p7, a-helices as al—a3, and loops as L1-L9. N-
linked glycosylation sites are shown as yellow sticks, with constituent nitrogen, and oxygen
atoms coloured blue, and red, respectively. Disulfide bridges are shown as black sticks.
(Bottom) Schematic organisation of LORV GP1 (generated with DOG (Ren et al., 2009)). The
SSP, GP1, SKI-1/S1P cleavage site, GP2, transmembrane region (TM), and intravirion domain
(IV) are annotated. Putative N-linked glycosylation sites are labelled as pins above the
schematic, with sites observed to be occupied in either pH 8.0 or pH 5.0 crystal structure
coloured yellow. Crystallised construct is indicated by a rainbow-coloured bar. (B) Structural
comparison of LORV GP1 at pH 8.0 and pH 5.0. RMSDs between equivalent Ca positions are
represented by both colour (ramped from blue to red) and tube width (thin to thick). (C) Close-
up views of the crystallographically observed interactions between GIcNAc moieties with
LORYV GP1 residues. The GP1 molecule is coloured light grey, with the GIcNAc moieties and
the interacting GP1 residues shown as sticks and coloured according to their elements (carbon,
yellow; nitrogen, blue; oxygen, red). Intermolecular hydrogen bonds are shown as dashed lines.
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3.3.2 Structure Comparison of LORV GP1 with Characterised Arenaviral GP1
LORYV GPI exhibits a high level of structural conservation with other OW mammarenaviral
GP1 glycoproteins in monomeric (GP2-free) states (Fig. 3.5A), where superimposition of
LORV GP1 with monomeric LASV GP1 (PDB ID: 4ZJF) (Cohen-Dvashi et al., 2015) and
MORYV GP1 (PDB ID: 5NFF) (Israeli et al., 2017) resulted in a remarkably low overall RMSD
(approximately 0.8 A and 0.7 A, respectively). On the other hand, overlay of LORV GP1 with
LASV GP1 (PDB ID: 5VK?2) (Hastie et al., 2017) and LCMV GP1 (PDB ID: 5INE) (Hastie et
al., 2016a) in the GP2-associated state revealed stark differences between the glycoprotein
structures (Fig. 3.5B).

Consistent with previous comparisons of LASV GP1 structures (Hastie and Saphire,
2018; Hastie et al., 2017), more than 50% of Ca atoms failed to align upon structural
superimposition of GP2-free LORV GP1 and GP2-associated LASV and LCMV GP1s (Fig.
3.5B), suggesting that GP2 plays a role in stabilising GP1 in the GP2-associated conformation
likely to exist on the mature virion. Indeed, the conformational switch from GP2-associated to
GP2-free state displayed by GP1 is reflected by the propensity of the GP1-GP2 protomer to
dissociate from one another and for GP2 to rearrange from pre- to post-fusion conformation,
an elongated six-helix bundle structure (Burri et al., 2013b; Igonet et al., 2011).

Upon closer inspection, both N- and C-termini of the GP1, which are positioned at the
same side of the B-sheet in LORV, appeared on opposite faces in LASV and LCMV (in GP2-
associated state), where the C-terminus is pivoted downwards before crosses the central $-sheet
to the helix-loop face and points towards the apex of the molecule (Fig. 3.5B and 3.6A). While
the GP1 central B-sheet aligned with considerable agreement between the GP2-free and GP2-
associated conformations, the orientations of the o-helices in LORV GP1 are nearly

perpendicular to those in LASV and LCMV GPls (Fig. 3.5B). Indeed, al and a2 appear
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parallel to the central B-sheet in LASV and LCMV but are joined to form a single long helix
that spans the entire vertical length of the B-sheet in LORV (Fig. 3.5B).

Structural overlay of LORV GP1 with GP2-free NW JUNV (PDB ID: 5SNUZ) (Zeltina
et al., 2017), MACV (PDB ID: 2WFO) (Bowden et al., 2009), and WWAYV (PDB ID: 5NSJ)
(Shimon et al., 2017) GP1s further revealed major differences between the OW and NW
arenaviral GP1 (Fig. 3.5C). Interestingly, the structural differences between monomeric LORV
GP1 and the NW arenaviral GPls are fairly consistent to those previously observed and
described between the GP2-free and GP2-associated states of OW arenaviral GP1s. Indeed,
while the core B-sheet remains as the most structurally conserved region of the GPls,
significant dissimilarities such as the differential arrangement of termini and perpendicular
orientations of the a-helices in LORV GP1 are observed, when compared to the JUNV, MACV,
and WWAYV GP1s (Fig. 3.5C). Combined, these data highlight that OW mammarenaviral GP1
in GP2-associated state is structurally more similar to NW mammarenaviral GP1 in GP2-free

state than OW mammarenaviral GP1 in GP2-free state, indicating that the LASV and LCMV

GP1-GP2 structures likely constitute the native conformation presented on the mature virus.
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Fig. 3.5. Structure comparison of LORV GP1 with characterised mammarenaviral GP1s.
(A) Structure overlay analysis of monomeric LORV, LASV, and MORV GPIs. The crystal
structures of LORV GP1 (pH 5.0), LASV GP1 (PDB ID: 4ZJF) (Cohen-Dvashi et al., 2015),
and MORV GP1 (PDB ID: 5NFF) (Israeli et al., 2017) are shown in cartoon representation and
coloured as annotated. Both the sheet face (left) and the helix face (right) are shown for clarity.
The N- and C-termini of LORV GP1 are shown as blue and red spheres, respectively. The
structures of LASV and MORV GPls were truncated to display only residues
Leu84—Ser237.asv and Leu83—Ser235morv, respectively, to aid comparison with LORV GP1.
(B) Structure superimposition of monomeric LORV GP1 with LASV and LCMV GPls
(determined with cognate GP2). The crystal structures of LORV GP1 (pH 5.0), LASV GPI
(PDB ID: 5VK?2) (Hastie et al., 2017), and LCMV GP1 (PDB ID: 5INE) (Hastie et al., 2016a)
are shown in cartoon representation and coloured as annotated. The N- and C-termini of the
GP1s are labelled accordingly. Unresolved regions in the structure are shown as dotted lines.
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The GP2 subunits from the LASV and LCMV GP1-GP2 structures are not displayed. The
structures of LASV and LCMV GP1s were truncated to display only residues Thr81-S2551asv
and Asn85-Thr261Lcmy, respectively, to aid comparison with LORV GPI1. (C) Structure
overlay analysis of monomeric LORV, JUNV, MACV, and WWAV GPls. The crystal
structures of LORV GP1 (pH 5.0), JUNV GP1 (PDB ID: 5NUZ) (Zeltina et al., 2017), and
MACV GP1 (PDB ID: 2WFO) (Bowden et al., 2009), and WWAV GP1 (PDB ID: 5NSJ)
(Shimon et al., 2017) are shown in cartoon representation and coloured as annotated. The N-
and C-termini of the GP1s are labelled accordingly.

3.33 Structural Analysis of Characterised Receptor-Binding Sites

Many OW arenaviruses utilise a-DG (Cao et al., 1998), a cellular receptor protein expressed
on the surface of the extracellular matrix, for host cell entry via endocytic pathways that are
independent of clathrin, dynamin, caveolin, and actin (Pasqual et al., 2011; Rojek et al., 2008b).
While there is a paucity of structural information about the interaction between OW
mammarenaviral GP and o-DG, mutagenesis analysis of LCMV GP has highlighted regions
on the GP1 that are required for a-DG utilisation (Hastie et al., 2016a).

Of note, residues known to interact with a-DG in LASV GP1 (His141rasv, Asnl1461asv,
Phel471asv, Tyr150Lasv) (Hastie et al., 2016a; Hastie et al., 2017) are fully conserved in
LORV GP1 (His139i0rv, Asnl44rorv, Pheld45iory, Tyrl48iorv), suggestive of shared
receptor usage. These residues are located and clustered at the apex of the GP1 molecules of
the trimeric LASV GP (Fig. 3.6A). Interestingly, structure-based mapping revealed that these
residues are spatially dispersed on GP2-free LASV, MORYV, and LORV GP1 (Fig. 3.6B). For
example, in contrast to the close spatial association of critical a-DG binding residues in the
trimeric LASV GP1 (GP2-associated), His139 from monomeric LORV GP1 (GP2-free) is
displaced by more than 15 A from the nearest other putative binding site residue (Asn144) (Fig.
3.6B). Similar to previous structural and experimental receptor-binding analyses of LASV,
MORYV, and LCMV GP1 (Cohen-Dvashi et al., 2015; Hastie et al., 2016a; Israeli et al., 2017),

the spatial delocalisation of these receptor-binding residues in LORV GP1 is consistent with
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the structure constituting an o-DG binding-incompetent conformation formed following

detachment from GP2 during host cell entry.
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Fig. 3.6. Comparison of LAMP1 and a-DG binding residues on the GP2-associated LASV
GP1 and the GP2-free LORV GP1. (A) The crystal structure of LASV GP1 in the GP2-
associated conformation (PDB ID: 5VK2) (Hastie et al., 2017) is shown as cartoon and
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coloured as a rainbow from blue (N-terminus) to red (C-terminus). The GP2 subunit is not
displayed. The GP1 structure was truncated to display only Thr81-S2551asv to aid comparison
with LORV GP1. Unresolved regions are displayed as dashed lines. Residues implicated in
LAMPI1 and a-DG binding are labelled according to LASV GP1 numbering and shown as
white sticks, with constituent nitrogen and oxygen atoms coloured blue and red, respectively.
Spatial delocalisation of the a-DG binding residues is implicated by a dashed line. (B) The
crystal structure of LORV GP1 (pH 5.0) in the GP2-free conformation is shown as cartoon and
coloured as in panel 4. Residues highlighted in panel 4 are shown here in identical manner and
labelled according to LORV GP1 numbering. (C) Sequence alignment of the LORV and LASV
GP1ls. Identical residues are shaded red, while non-identical residues are coloured red.
Residues constituting the putative LAMP1 binding site including the histidine triad and the
putative a-DG binding site are annotated as indicated. Secondary structure elements of the
LORYV and LASV GP1s are shown above and below the alignment, respectively. Helices are
shown as coils and B-strands as arrows. Sequences are labelled according to LORV GPI
numbering. Sequence alignment was performed with MultAlin (Corpet, 1988) and plotted with
ESPript (Robert and Gouet, 2014).

Once inside the endosomal compartments, LASV binds to the intracellular receptor,
LAMP1 (Cohen-Dvashi et al., 2015; Cohen-Dvashi et al., 2016; Jae et al., 2014). A cluster of
three histidine residues (His92rasv, His93rasv, and His230rasv) on LASV GP1 has been
previously identified as a pH-sensor and forms part of the LAMP1 binding site (Cohen-Dvashi
et al., 2015). Notably, the presence and location of this histidine triad (His90Lorv, His91Lorv
and His231Lorv) are also conserved in the LORV GP1 structures, positioned at the B-sheet face,
as observed in GP2-free LASV GP1 and MORV GP1 crystal structures (Cohen-Dvashi et al.,
2015; Israeli et al., 2017) (Fig. 3.6B). However, when compared to the GP2-free state, the pH-
sensing histidine triad on LASV GP1 in the GP2-associated state undergoes Ca displacements
of up to 7.0 A, with the aromatic side chains reoriented 90° to 180° (Fig. 3.6A and 3.6B). In
contrast to the spatial closeness of a-DG binding residues in the GP2-associated LASV GP1
molecule required for initial host cell recognition, reorientation of the histidine triad likely
renders the trimeric GP incapable of LAMP1 binding. Indeed, LAMP1 binding has only been
experimentally shown for GP2-free LASV GP1 (Cohen-Dvashi et al., 2015). Interestingly, a

recent cryo-ET and STA study of VLP displaying trimeric LASV GP (GP2-associated) by S.
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Li et al. revealed the presence of non-GP densities near the cervixes of the trimer at pH 5.0
(Fig. 1.11C). Although the densities were attributed to LAMP1 by the authors (Li et al., 2016),
the utilisation of deglycosylated LAMP1 in the experiment highlights the questionable
reliability of the proposed LASV GP-LAMPI interaction, as it has been previously shown that
mature sialylated glycans on LAMP1 is crucial for LASV GP1 binding (Jae et al., 2014).

Despite evidence that the interaction between LASV GP1 and LAMPI is crucial for
efficient infection, previous studies have shown that the intracellular receptor is not strictly
required for host cell entry (Hulseberg et al., 2018). Furthermore, in parallel with the lack of
structural information for OW mammarenaviral GP1-LAMP1 complex, to date there is no data
that supports LAMP1 recognition by other OW mammarenaviruses apart from LASV. For
instance, MORV GP1 has been experimentally shown to have no interaction with LAMP1
(Israeli et al., 2017). The following structural comparison of LORV, LASV, and MORYV GP1
in the GP2-free conformation reveals several key compositional and conformational
differences of the putative LAMP1 binding residues on strand B5 and loop L7.

Residues Alal95Lasv, Gly197Lasv, and Tyr200rasy are located on LASV GP1 loop L7.
These residues have been experimentally shown to be crucial for LAMP1 binding (Israeli et
al., 2017). However, they are not present in LORV GP1, which instead has Phel93Loryv,
Ser19510rv, and Ile198.orv at these equivalent positions on the structure (Fig. 3.6C). Indeed,
Ser19510rv and Ile198orv are not able to form hydrogen bond like that observed between the
side-chain hydroxyl of Tyr200Lasv and the main-chain carbonyl of Gly197casv, causing the
loop L7rorv to adopt a different main-chain conformation to L7rasv (Fig. 3.7A and 3.7B). In
addition, aforementioned residues (Alal95casv, Gly197rasv, and Tyr200Lasv) involved in
LAMPI1 binding are also not conserved in loop L7 of MORV GP1 (Tyr194morv, Ser196mory,
and Asn197wmoryv, respectively), which has been experimentally shown to not utilise LAMP1

(Israeli et al., 2017). Structural alignment of GP2-free LORV and MORYV GP1s further reveals
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that loop L7Lorv adopts a similar conformation to L7morv (Fig. 3.7A and 3.7B), suggesting

that LORV GP1, like MORYV GP1, does not bind LAMP1.

e
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Fig. 3.7. Structural comparison of strand S and loop L7 of GP2-free LORV, LASV, and
MORYV GP1s. (A) Residue composition and conformation of strand B5 and loop L7 of
monomeric LORV (fop), LASV (middle) (Cohen-Dvashi et al., 2015), and MORYV (bottom)

104



(Israeli et al., 2017) GP1s. Only the regions of 5, L7, and their immediate vicinities are shown
for clarity. The structures are shown as cartoons and coloured blue, pink, and grey for LORV
GP1 (pH 5.0), LASV GPI1, and MORYV GP1, respectively. Residues previously implicated in
LAMPI1 binding on LASV GP1 are labelled and shown as yellow sticks, with constituent
nitrogen and oxygen atoms coloured blue and red, respectively. The equivalent residues in
LORYV and MORYV GP1s are shown in an identical manner. (B) Structural overlay of strand 5
and loop L7 of monomeric LORV, LASV, and MORYV GP1s. Only the regions of 5, L7, and
their immediate vicinities are shown for clarity. (Top) Overlay of LORV and LASV GP1 5
and L7. (Middle) Overlay of LORV and MORV GP1 B5 and L7. (Bottom) Overlay of LASV
and MORYV GP1 B5 and L7. (C) Presentation of the solvent accessible surfaces of monomeric
LASYV (left), LORV (middle), and MORV (right) GP1s. The surfaces are coloured according
to the electrostatic potential in the range of + 5 kT/e, as calculated by APBS in PyMol. Residue
located at the end of the strand B5 is labelled for each molecule to reveal the differences in
electrostatic surface potential at the putative LAMP1 binding site.

Immediately adjacent to loop L7, the strand B5 is oriented such that it is solvent exposed.
In addition to the residues described above, 11e201rasv, Ala202pasv, Asp204rasv, and
Gly206Lasv on LASV GP1 strand B5 have also been identified to play a role in LAMP1 binding
(Israeli et al., 2017), but these residues are not conserved in LORV GP1 (Fig. 3.6C and 3.7A).
While substitutions at these sites do not abolish LAMP1 recognition, they greatly diminish the
binding affinity (Israeli et al., 2017). Comparison of the strand B5 from LASV GP1 and LORV
GP1 in the GP2-free state reveals differences in the main-chain conformation and divergence
in the residue composition (Fig. 3.7B). Furthermore, the corresponding residues on the strand
B5 of LORV GPI1 (Tyr202rorv, GIn20310rv, Pro204rorv, and GIn207r0rv, respectively)
present a different calculated electrostatic surface potential. Indeed, in contrast to the extra
negatively charged patch on LASV GP1 (Asp204Lasv) at the end of the strand B5, a charge-
neutral patch is observed at this location on LORV GP1 (Pro20510rv) instead (Fig. 3.7C).

Based on the above observations, the lack of sequence and structural conservation of
the putative LAMP1-binding residues on strand 5 and loop L7 in LORV GP1 supports the

hypothesis that LORV does not bind LAMP1. Owing to time constraint, this hypothesis had
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not been tested in this thesis. Therefore, future investigation of the interaction between LORV

GP1 and LAMPI1 will be required to confirm this hypothesis.

334 LORYV GP1 Is Highly Glycosylated
Glycosylation on the arenaviral GP has been shown to promote evasion of the humoral immune
response (Sommerstein et al., 2015; Watanabe et al., 2018). This is particularly true for OW
arenaviruses, as a mass spectrometric characterisation of site-specific N-glycan composition
on LASV GP provided a structural model that demonstrates extensive coverage of the GP
proteinaceous surface by underprocessed, high-mannose N-linked glycans (Fig. 1.13)
(Watanabe et al., 2018). While the role of high-mannose glycans in DC-SIGN-mediated entry
of LASV into monocyte-derived dendritic cells has been established (Goncalves et al., 2013),
the abundance of glycans, which account for nearly 30% of the total mass of LASV GP, may
also augment infection through immunological resistance by sterically impeding antibody
accessibility (Watanabe et al., 2018).

LORYV GP1 encodes nine putative N-linked glycosylation sequons (NXT/S, where X #
P), seven of which are present in the crystallised construct (Fig. 3.4A). Electron density
corresponding to well-ordered N-linked GlcNAc moieties was observed at five of the seven
sequons in LORV GP1 (Asn87, Asnl107, Asnl59, Asnl65, and Asn225). However, no clear
density was observed at the remaining sites (Asn97 and Asnl17), indicating that these sites
being either disordered in the crystal or not glycosylated during protein folding. Additional
glycosylation sites, Asn65 and Asn77, are located outside the studied boundaries of the LORV
GP1 construct. Mapping of these residues onto the crystal structure of the trimeric LASV GP
(PDB ID: 5VK2) (Hastie et al., 2017) reveals that they are likely located in a membrane-

proximal region of the glycoprotein spike (Fig. 3.8).
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Seven out of the nine N-linked glycosylation sequons encoded by LORV GP1 are
highly conserved with those by other OW mammarenaviruses, including LASV, LCMV, and
MORYV (Fig. 3.8), indicative of the importance of these sites in protein folding and processing,
receptor binding, and immune evasion (Bonhomme et al., 2011; Bonhomme et al., 2013;
Braakman and van Anken, 2000; Wright et al., 1989). While no glycan density was observed
at Asnl17Lorv Gp1, the presence of glycans at this site on LASV GP1 and the high conservation
of this asparagine residue across other OW arenaviruses may indicate an important role of the
N-linked glycans at this site. Indeed, when mapped onto the trimeric LASV GP structure, the
proximity of Asnl17rorv Gp1 to the conserved residues proposed to interact with a-DG (His139,
Asnl44, Phel45, Tyrl148) suggests that the glycan, if occupied on the virus, protects the
receptor binding site from antibody-mediated neutralisation.

Interestingly, LORV GP1 contains two putative N-linked glycosylation sites (Asn65
and Asnl159) that are not observed on most OW arenaviruses. When mapped, these sites are
proximal to areas that have been observed to present underprocessed, high mannose-type
glycans on LASV GP (Watanabe et al., 2018), suggesting that glycosylation at Asn65 and
Asn159 may contribute to an expanded glycan patch (Fig. 3.8). The prominence of N-linked
glycosylation on the LORV GP, which exceeds that of LASV, suggests that LORV may also
be an “evasion strong” virus (Burton, 2017; Watanabe et al., 2018) with heightened resistance
to antibody-mediated neutralisation. Notably, mapping of the location of these sites reveals the
close spatial association of Asn65 to an epitope recognised by a LASV neutralising antibody,
37.7H (Hastie et al., 2017). If N-linked glycans are present at this site, it seems possible that
the glycans may help to shield this region of the GP surface. Additionally, like LASV, the high
glycan density presented on the LORV GP may also facilitate a C-type lectin-mediated host

cell entry pathway (e.g. DC-SIGN) (Goncalves et al., 2013).
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Fig 3.8. Mapping of LORYV N-linked glycosylation sites onto the structure of trimeric
LASV GP1-GP2. LASV GP1 and GP2 are shown as white and grey surfaces (PDB ID: 5VK?2),
respectively. Glycans are modelled as sticks and coloured according to the oligomannose
content defined for the LASV GP (Hastie et al., 2017). For clarity, only glycans from a single
GP1-GP2 protomer are labelled (LORV GP numbering). LORV GP1 contains two additional
N-linked glycosylation sites, Asn65 and Asn159, which are not found in LASV GP1 (coloured
blue). A schematic representation of the viral membrane, the TM region of GP2, and the SSP
is shown. [Note that this figure has also been reported in Pryce ef al. 2018 (listed in Appendix
8.2), which was adapted from (Watanabe et al., 2018).]

3.4 STRUCTURE-BASED PHYLOGENETIC ANALYSIS (SBPA) OF THE
ARENAVIRAL GP1

3.4.1 Introduction

The conventional method of comparing and classifying viruses relies heavily on their genomic
sequences. While this works well for viruses within the same family that contain high sequence
similarity, the feasibility and reliability of this approach diminish rapidly when evolutionary
distant viruses are considered. However, it has been observed that viral protein structures are
often conserved despite low sequence conservation, a phenomenon that may, in part, be
attributed to geometric, stereochemical, and functional constraints on protein architectures.

Indeed, protein structure is restricted to approximately 2,000 unique folds predicted to exist
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among naturally occurring proteins (Abrescia et al., 2012; Bamford, 2003; Oksanen et al.,
2012). Therefore, when combined with modern sequence-based approaches (Simmonds et al.,
2017; Wolf et al., 2018) and advanced machine-learning neural network (e.g. AlphaFold)
(AlQuraishi, 2019; Senior et al., 2020), comparison of viral protein structures constitutes an
important consideration when establishing commonalities of protein function and evolutionary
relatedness from genetically distinct viruses (Bamford et al., 2005). Indeed, I have successfully
used SBPA to relate commonalities in origin and function for several well-studied protein folds,
including paramyxoviral attachment glycoproteins, influenza virus neuraminidases and
haemagglutinin, and coronavirus S1-CTD glycoproteins. I have also reported these analyses in
a review manuscript (Ng et al., 2020) (listed in Appendix 8.2).

Here, SBPA is utilised to classify the conformational states of OW and NW arenaviral
GP1 glycoproteins. The result informs the potential physiological roles of these discrete
structural classes and highlights their differential antigenicity during viral infection. Note that

the following SBPA sections have also been discussed in the published review (Ng et al., 2020).

3.4.2 Background of SBPA

The human eye is remarkably good at qualitatively visualising and comparing the topological
organisation and orientation of protein structures. However, quantitative details such as residue
charges, sizes, angles, and distances are not always apparent, and therefore often overlooked
when attempting to establish structural equivalence. Over the past decades, numerous structural
alignment programmes have been developed to determine the relatedness of three-dimensional
protein structures. These tools, which often rely on the availability of medium-to-high
resolution (<3 A) structures, includes but not are not limited to HOMOLOGY (Rao and
Rossmann, 1973), SHP (Stuart et al., 1979), COMPARER (Sali and Blundell, 1990), DALI

(Holm and Sander, 1993), CE (Shindyalov and Bourne, 1998), MAMMOTH (Ortiz et al.,
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2002), FATCAT (Ye and Godzik, 2004), SSM (Krissinel and Henrick, 2004), Expresso/3D
Coffee (Armougom et al., 2006; Poirot et al., 2004), MUSTANG (Konagurthu et al., 2006),
SALIGN (Braberg et al., 2012), CLICK (Nguyen et al., 2011), and HSF (Ravantti et al., 2013).
In this section, three underlying steps for deriving structural relationship information from

SBPA are discussed: (i) Alignment, (ii) Classification, and (iii) Phylogeny.

(i) Alignment. A pairwise structural alignment is performed to establish the degree of
equivalence between two superimposed structures. Conventionally, a measure of the RMSD
between the corresponding Ca atom pairs of superimposed protein structures has been used to
define structural similarity (Rossmann and Argos, 1976). While such Co alignment
calculations work well for architecturally conserved proteins, they can be less adequate when
comparing protein structures that are only remotely related. Therefore, in addition to atom pair
distances, pairwise structural alignments may be improved by added analysis of an array of
parameters, such as solvent accessibility, dihedral angles, and local secondary structure. For
example, MUSTANG (Konagurthu et al., 2006) aligns residues on the basis of similarity in
residue-residue contact patterns and local structural topology, CLICK (Nguyen et al., 2011)
analyses residue depth and solvent accessibility to optimise alignments of flexible or multi-
domain structures, SHP (Stuart et al., 1979) utilises the shape of the local polypeptide chain
and a rotation function that infers the relative orientation of structures, and HSF (Ravantti et
al., 2013) analyses physiochemical and geometrical properties of the residues as well as local
secondary structure.

Such parameters can be given different weightage depending on how the programmes
treat them during the determination of structural equivalence. For example, COMPARER (Sali
and Blundell, 1990) defines a protein structure as a multi-level hierarchy of features: a

‘property’ such as the residue type (e.g. polar, hydrophobic, aromatic), engaged in a number of
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‘relationships’ (e.g. hydrogen bonding, hydrophobic clustering, n—r stacking). A residue-by-
residue matrix consisting of the weighted sum of the relative contributions by ‘properties’ and
‘relationships’ is used to align two proteins under comparison. In contrast, HSF (Ravantti et
al., 2013) implements a uniform representation of all ‘properties’ and ‘relationships’, allowing
these parameters to independently boost the agreement of residues that exhibit localised regions

of similarity.

(ii) Classification. Following pairwise structural alignments, the analysis is expanded to
include all alignments into a hierarchical classification, a step that is performed by programmes
such as HSF and MUSTANG. In HSF (Ravantti et al., 2013), the initial set of equivalent
residues identified by pairwise comparison forms a common structural core between the two
structures. The alignment establishes invariant information (e.g. residue size and charge) that
remain constant, and variant information (e.g. Co—Ca pair distances) that vary throughout the
alignment process. The invariant information determine the initial set of equivalent residues
(common core) while the invariant information refine the pairwise alignment. Comparison of
the similarities between structural cores established from all of the pairwise alignments
generates new combined cores (i.e. new sets of equivalent residues), which will subsequently
be used to repeat this recursive alignment process until the pool of input structures under
comparison is diminished. As each class grows to encompass more closely related structures,
a full hierarchical classification is generated. Similarly, MUSTANG (Konagurthu et al., 2006)
applies analogous steps in its multiple structural alignment and classification: residue-residue
similarity scores are generated by alignments of equivalent contiguous structural cores,
followed by comparison of all pairwise alignments in the context of multiple structures to

recalculate similarity scores for each newly aligned class.
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(iii) Phylogeny. Subsequently, the relatedness of protein structures can be calculated
quantitatively and plotted as an unrooted tree (of unknown origin), reflecting the distances
(branch length) between protein structures. For instance, SHP, MUSTANG, and HSF calculate
so-called ‘evolutionary distances’ from similarity scores or probabilities of equivalence, as
detailed in Bamford, Grimes, and Stuart (2005; SHP), Konagurthu et al. (2006; MUSTANG),
and Ravantti, Bamford, and Stuart (2013; HSF). Finally, structure-based phylogenetic trees can
be plotted from distance matrices and visualised using programmes such as PHYLIP

(Felsenstein, 1989) and Dendroscope (Huson et al., 2007).

343 SBPA of the Arenaviral GP1
Structures of available mammarenaviral GP1 glycoproteins from LORV, LASV, LCMV,
MORYV, LUJV, JUNV, MACV, and WWAYV were aligned using SHP (Stuart et al., 1979) to
create pairwise evolutionary distance matrices. The distances, as iterated above, represent the
structural similarities between the protein structures, and were plotted as an unrooted
phylogenetic tree using PHYLIP (Felsenstein, 1989) (Fig. 3.9). The smaller the distance
(branch length) between the two GP1 molecules, the more similar they are in their structures.
Consistent with the sequence-based phylogenetic analysis of mammarenaviral
glycoproteins (Fig. 3.1), SBPA of arenaviral GP1s revealed that the GP1s broadly divide into
two branches (Fig. 3.9) according to their OW and NW origins (Emonet et al., 2009). Upon
finer inspection, the structure-based phylogenetic tree reveals that OW arenaviral GP1
glycoproteins further bifurcate into two distinct structural classes: one class comprises
structures of OW GPls determined in association with their respective cognate GP2 (GP2-
associated), and the other contains GP1 structures determined in isolation (GP2-free). Indeed,

the utility of SBPA highlights the higher structural similarity between LASV GP1 and LCMV
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GP1 in their GP2-associated conformation than that observed between the two known
conformations of LASV GP1, which possess identical primary sequences.

The large structural distance of GP2-free state from the GP2-associated structures
reflects the pronounced antigenic deconfiguration and variation of the GP1 molecules once
shed from the GP during host cell entry (Branco et al., 2010; Hastie et al., 2017; Pryce et al.,
2018). Such observation provides a structure-based rationale to the functional importance of
shed OW GP1. Indeed, the GP2-free GP1 may resemble the shed OW arenaviral GP1 detected
in patient sera during acute LASV infection (Branco et al., 2010), suggesting that the
presentation of dramatically distinctive epitopes not present on the mature virion may serve as
an immunological decoy (Fisher-Hoch and McCormick, 2001; Hastie and Saphire, 2018;
Robinson et al., 2016). This hypothesis is further supported by the absence of an effective
humoral immune response upon immunisation with recombinant OW GP1 (Borenstein-Katz
etal., 2019).

Examination of the SBPA reveals that the GP1 structures from NW JUNV, MACV,
and WWAYV separate into two branches corresponding to their respective classification into
clades B and D (Ng et al., 2020; Pryce et al., 2018) (Fig. 3.9). Although JUNV, MACV, and
WWAW GPls all utilise TfR1 as a receptor (Abraham et al., 2009; Choe et al., 2011;
Radoshitzky et al., 2007), WWAYV is approximately equidistant between JUNV/MACV and
GP2-associated LASV/LCMV GP1s. This highlights the GP1 structural variation within TfR1-
tropic NW arenaviruses and is likely a result of coevolution with individual rodent host TfR1
orthologues and selection pressure from host immune system. Due to the current paucity of
GP2-bound NW GP1 structures, it is unknown if NW GP1s exhibit similar conformational
plasticity as observed in OW GP1s. However, this seems to be unlikely as GP2-free NW GP1s
have demonstrated the ability to recognise both host TfR1 and vaccine-elicited neutralising

monoclonal antibodies, and elicit a nAb immune response following immunisation in animal
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models (Abraham et al., 2010; Borenstein-Katz et al., 2019; Clark et al., 2018; Mahmutovic et
al., 2015; Zeltina et al., 2017). Further discussion of NW arenaviral GP1 structures is detailed
in Chapter 4.

Another striking feature of the structure-based phylogeny is the unique placement of
GP2-free LUJV GP1 outside of the established OW and NW branches (Fig. 3.9). The near-
equal structural distance of LUJV GP1 from both GP2-associated OW and GP2-free NW GP1
classes supports the unique receptor tropism characteristics and structure of the glycoprotein
(Cohen-Dvashi et al., 2018). Indeed, the structure of GP2-free LUJV GP1 solved in complex
with NRP2 receptor revealed a different protein architecture to those of OW and NW arenaviral
GP1s reported to date. Interestingly, the crystal structure of GP2-free LUJV GP1 exhibits
features observed in both NW mammarenaviral GPls and OW mammarenaviral GP2-
associated GP1s (Cohen-Dvashi et al., 2018). Furthermore, the receptor-bound structure
suggests that the observed conformation likely represents that of the virion-displayed GP.
Combined, the structural and SBPA data suggest that LUJV GP1 structurally and functionally

diverged early in the evolutionary bifurcation of OW and NW arenaviruses (Ng et al., 2020).
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Fig. 3.9. Structure-based phylogenetic tree showing the conformations adopted by
arenaviral GP1 attachment glycoproteins. Structures of available arenavirus GP1
glycoproteins used were as follows: LORV, Loei River virus (PDB ID: 6HJ6); LASV, Lassa
virus (4ZJF and 5VK2); MORV, Morogoro virus (5NFF); LCMV, Lymphocytic
choriomeningitis virus (SINE); LUJV, Lujo virus (6GH8); WWAYV, Whitewater Arroyo virus
(6HJ5); MACV, Machupo virus (2WFO); and JUNV, Junin virus (SNUZ). For 5VK2, 5INE,
6GHS, and SNUZ, all chains not comprising GP1 molecules (e.g. GP2, receptor, and antibody
fragments) were removed prior to structural alignment. A pairwise evolutionary distance
matrix was created using SHP (Stuart et al., 1979) and displayed as an unrooted phylogenetic
tree using PHYLIP (Felsenstein, 1989). GP1 structures are shown in cartoon representation
and coloured as a rainbow from the N- (blue) to C-terminus (red). Although the GP2
component of the GP was not included in the structure comparison, it is shown and coloured
as a white cartoon for clarity. Calculated evolutionary distances derived from this analysis are
indicated next to each branch. [Note that this figure has also been reported in Ng et al. 2020
(listed in Appendix 8.2).]

3.5 SUMMARY AND DISCUSSION

Over the past decades, major efforts have been spent on investigating cellular tropism
characteristics and protein structures of established OW and NW arenaviruses that are known

to persistently circulate in Africa and the Americas, respectively. However, the recent
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discovery of novel Asiatic OW arenaviruses, such as WENV (Li et al., 2015), RYKV (Wu et
al., 2018), and LORYV (Blasdell et al., 2016) is an indication of the breadth in genetic diversity
and geographical distribution of these viruses. As more emerging arenaviruses are being
identified using modern high-throughput sequencing techniques, the urgency in understanding
their evolutionary relationships, zoonotic potentials, and host range becomes even greater.
With a focus on LORV, I sought to characterise the first structure of an OW Asiatic
mammarenaviral GP1 and delineate the roles of detachment and acidification in determining
the GP1 conformation. Here, I report the structures of LORV GP1 obtained at basic (pH 8.0)
and acidic pH (pH 5.0) and refined to 2.5- and 2.0-A resolution, respectively.

Both the basic and acidic structures of LORV GP1 are highly conserved with LASV
(Cohen-Dvashi et al., 2015) and MORYV (Israeli et al., 2017) GP1s that had been structurally
characterised in isolation without their cognate GP2 (GP2-free) (Fig. 3.4A). However, major
reorganisation of the GP1 molecules can be observed when compared to LASV (Hastie et al.,
2017) and LCMV (Hastie et al., 2016a) GP1s solved in association with their respective GP2
subunits (GP2-associated). Indeed, apart from the central core B-sheet that remains structurally
conserved, GP1 undergoes a major structural rearrangement involving a reorientation of its C-
terminus and o-helices when it dissociates from the GP2 (Fig. 3.4B). Furthermore, the high
structural similarity between the basic and acidic pH structures of LORV GP1 suggests that
pH-derived alteration of the electrostatic surface potential does not lead to any appreciable
local conformational changes. Therefore, the observed two structural states adopted by OW
arenaviral GP1 are more likely due to the association and dissociation of GP1 from the GP2
subunit than pH change alone. This investigation expands our appreciation of the structural
landscape covered by mammarenaviral glycoproteins and provides evidence that pH change

does not directly modulate the conformation of isolated GP1.
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In addition, SBPA of all available GP1 structures highlights the conformational duality
of OW arenaviral GP1 and their biological importance (Ng et al., 2020; Pryce et al., 2018) (Fig.
3.9). Indeed, the large structural phylogenetic distance of OW mammarenaviral GP1s in the
GP2-free state from the GP2-associated GP1s corresponds to the antigenic deconfiguration of
GP1 molecules and their inability to bind the primary receptor, a-DG (Cohen-Dvashi et al.,
2015; Israeli et al., 2017). The presentation of dramatically different epitopes by shed OW
arenaviral GP1, with respect to virion-displayed GP2-associated GP1, may thus potentially
serve as an immunological decoy and contribute to an ineffective humoral immune response
during a viral infection (Ng et al., 2020; Pryce et al., 2018). The detection of shed OW
arenaviral GP1 in patient sera during LASV infection further supports this hypothesis (Branco
et al., 2010).

The dense coverage of the mammarenaviral GP surface by the abundant N-linked
glycosylation further rationalises the difficulty in mounting an effective antibody-mediated
immune response to OW arenaviruses (Sommerstein et al., 2015; Watanabe et al., 2018; Zeltina
and Bowden, 2017). Interestingly, mapping analysis of LORV GP1 (Fig. 3.8) revealed that the
glycan-mediated masking of LORV GP is likely to be even more pronounced than that of the
LASV GP, suggestive of the existence of arenaviruses with even greater glycan-mediated
immune evasive properties. Indeed, the presence of glycan sites near nAb-binding epitopes on
LASV GP may indicate glycan shielding on this region of LORV GP1, hindering antibody
recognition.

The often inadequate antibody immune response arising from infection combines with
the lack of approved vaccines and efficacious treatments represent a continuous threat in
combating highly pathogenic OW mammarenaviruses. Vaccine development focusing on the
envelope GP is, therefore, of paramount importance and urgency. Structural data detailed in

this chapter provide a molecular blueprint for understanding how conformational plasticity and
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glycan shielding render the OW mammarenaviral GP spikes immunologically resistant targets.
Therefore, the data presented here will be integral for the creation of an immunogen capable
of mimicking the mature OW mammarenaviral GP surface. For instance, the design of a
protective OW mammarenaviral immunogen may likely require GP1-GP2 as the minimal
component, which presents a conformation capable of eliciting nAbs against the GP (Hastie
and Saphire, 2018; Zeltina and Bowden, 2017). Furthermore, the abundance of underprocessed,
high-mannose type glycans on LASV GP (Watanabe et al., 2018) has important implications
in the development and production of vaccine candidates. Given the functional importance of
the glycan processing states, it is likely that the current recombinant expression, which utilises
varied cell lines (e.g. insect cells), mannosidase inhibitor, and endoglycosidase-mediated
deglycosylation, for monomeric OW mammarenaviral GP1 (Cohen-Dvashi et al., 2015; Israeli
et al., 2017; Pryce et al., 2018) and GP ectodomains (Hastie et al., 2016a; Hastie et al., 2017)
may not reproduce native-like glycosylation, and may be presenting epitopes that are natively
inaccessible as a result of glycan removal and/or truncation. Therefore, future mammarenaviral
GP immunogen design efforts must suppress the exposure of these epitopes through the

presentation of more-native-like glycosylation.
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4 ANTIBODY-MEDIATED NEUTRALISATION OF NEW
WORLD JUNIN VIRUS AND MACHUPO VIRUS

4.1 INTRODUCTION

NW HF mammarenaviruses constitute a group of rodent-borne zoonotic pathogens that cause
severe disease with high case fatality rates upon transmission into human populations. These
agents belong to the clade B and D viruses and include JUNV, MACV, GTOV, CHAV, SABV,
and WWAYV (Paessler and Walker, 2013; Pryce et al., 2018). Although there are currently no
internationally approved therapeutic countermeasures available for preventing or treating NW
arenaviral HFs, a live attenuated vaccine, Candid#1, has been successfully utilised throughout
endemic areas of Argentina to protect against JUNV and shows evidence of partial cross-
protection against MACV (Koma et al., 2016; Maiztegui et al., 1998). Similarly, ribavirin
administered intravenously in high dosage has shown promise in treating the disease (Enria et
al., 2008), and passive immunisation with immune plasma containing high titres of nAbs from
convalescent patients has been shown to be successful in treating infected individuals (Enria et
al., 1984; Maiztegui et al., 1979).

Entry of NW clade B and D mammarenaviruses into a host cell is initiated by the
specific interaction of the GP with host cell receptors, including C-type lectins (Martinez et al.,
2013), TIMS (Jemielity et al., 2013), and TfR1 of their respective rodent host (Flanagan et al.,
2008; Radoshitzky et al., 2007). The ability of NW viruses to also utilise hTfR1 is a primary
determinant of zoonosis and pathogenicity in humans (Abraham et al., 2010; Abraham et al.,
2009; Choe et al., 2011; Radoshitzky et al., 2007). TfR1 is a homodimeric type II
transmembrane protein, where each monomer is composed of a cytoplasmic subunit, a single-
pass transmembrane region, and an extracellular domain (ECD). The ECD is further subdivided

into three subdomains: a membrane-proximal protease-like domain, a central helical domain
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that facilitates dimerisation, and a membrane-distal apical domain (Lawrence et al., 1999). The
GP1 subunit contacts the apical domain of TfR1, away from transferrin and hereditary
hemochromatosis protein recognition sites (Abraham et al., 2010; Bowden et al., 2011). The
GP1-TfR1 interaction involves the insertion of a tyrosine residue (Tyr211 in hTfR1) at a
position in the central pocket of GP1 (Abraham et al., 2010). Structural determination of Fab
fragments from several nAbs (ODO1, GDO1, and CR1-28) of different germline origins bound
to JUNV GP1 revealed a similar mode of recognition, establishing receptor mimicry as a
common means of antibody-mediated neutralisation (Clark et al., 2018; Mahmutovic et al.,
2015; Zeltina et al., 2017). However, this mode of antibody recognition was not observed in
the structure of the Fab fragment from cross-reactive MACV/JUNV nAb (CR1-07) in complex
with MACV GP1 (Clark et al., 2018) and there is currently no reported structure of a MACV
GP1-specific antibody.

The generation of nAbs has been shown to be effective for the prevention and treatment
of HF mammarenaviral infection (Enria et al., 1984; Maiztegui et al., 1979). Indeed, passive
immunisation of patient sera containing nAbs reduces the case mortality rate of JUNV infection
from 15-30% to 1% (Enria et al., 1984; Maiztegui et al., 1979). However, the limited quantity
and variable quality of immune plasma represent an obstacle in the treatment of AHF and BHF.
Therefore, mAb-based therapy has been developed as an alternative to plasma, offering a
highly specific, potent, and generally safe platform for HF treatment (Enria et al., 2008). When
tested in vivo using an animal model (Kenyon et al., 1986), mAbs shows high protection
efficacy up to 100%, indicating that mAb-based interventions may be superior to the broad-
spectrum polyclonal sera (Zeitlin et al., 2016).

There is anecdotal evidence that Candid#1 vaccination confers partial protection
against MACV disease in humans. Furthermore, NHPs vaccinated with an attenuated JUNV

strain (XJ clone 3) survived MACV challenge through an accelerated anti-MACV nAb
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response (Peters et al., 1987). Despite the diverse sequence and structural variability across
NW mammarenaviral GP (Demogines et al., 2013; Kerr et al., 2015), these data show that GP-
directed antibody-mediated cross neutralisation of JUNV and MACYV is possible, indicative of
the presence of conserved epitopes within the GP that can elicit bnAbs. Given the reliable
efficacy of mAb-based treatment, identification and characterisation of these key sites of
vulnerability have important implications to the development of bnAbs-based therapeutics
against JUNV, MACV, and other NW mammarenaviruses.

Here, a mouse model of MACV and JUNV infection combined with antigen-specific
B cell sorting was utilised to isolate a nAb specific to MACV GP1 (termed MAC1) and seven
nAbs specific to JUNV GP1 (termed JUNI1-7), which recognise an overlapping epitope.
Crystallographic investigation of the Fab fragments of nAb MACI and a representative JUNV-
specific nAb, JUN1, in complex with their cognate GP1 antigens reveals that both nAbs target
the TfR1 binding site. Close examination of the antigen—antibody interfaces reveals that whilst
nAb JUNI originates from a unique germline, it utilises a mode of antigen recognition
involving TfR1 receptor mimicry common to all characterised infection and vaccine-elicited
JUNV-specific nAbs. In contrast, nAb MAC]1 undergoes a mode of antigen recognition that is
distinct from that utilised by reported anti-JUNV nAbs and the cross-reactive MACV/JUNV
nAb. Combined, these molecular-level findings expand our appreciation of the antibody-
mediated immune response to NW arenavirus infection and the varied means by which the GP1

of NW HF mammarenaviruses can be targeted by the antibody-mediated immune response.
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4.2 PROTEIN PRODUCTION AND STRUCTURE DETERMINATION OF
NEW WORLD JUNIN VIRUS (JUNV) AND MACHUPO VIRUS
(MACYV) GP1s IN CoMPLEX WITH FAB FRAGMENTS

4.2.1 Large-Scale Transient Protein Expression and Purification

Crystal structures of JUNV GP1 (PDB ID: SNUZ (Zeltina et al., 2017), SEN2 (Mahmutovic et
al., 2015), and SWI1K (Clark et al., 2018)) and MACV GP1 (PDB ID: 2WFO (Bowden et al.,
2009), 3KAS (Abraham et al., 2010), and SW1M (Clark et al., 2018)) have been previously
determined, therefore, the published constructs were replicated exactly here. Mammalian
expression vectors (pHLsec) containing constructs encoding JUNV GP1 (Asp87—-Asn232) and
MACV GP1 (Glu87-Phe257) were kindly provided by Dr. Antra Zeltina from the Bowden
group in STRUBI.

Protein expression and purification were performed in the similar fashion described for
LORV GPI. Briefly, HEK293T cells were transiently transfected with the desired protein
constructs using PEI in the presence of kifunensine (Elbein et al., 1990). Cell supernatants were
harvested 96 h post-transfection and diafiltrated against the purification buffer (10 mM Tris
pH 8.0, 150 mM NaCl). Glycoproteins were purified by IMAC using HisTrap™ FF followed
by SEC.

The heavy- and light-chain genes of the JUNI and MACI1 Fab fragments were PCR-
amplified from cDNA (provided by research collaborator, Dr. Katie Doores) and cloned into
the pHLsec expression vector (Aricescu et al., 2006). A C-terminal Hiss-tag was included in
the heavy chain construct and both chains were co-expressed [1:1 (wt/wt) ratio of Fab heavy
to light chain plasmids] in HEK293T cells and purified, as previously described. Fab JUNI
and MACI1 were subsequently mixed with purified JUNV GP1 and MACV GP1, respectively,
in a 1:1.1 molar ratio with excess GP1 to allow clear separation of SEC chromatogram peaks

corresponding to the ~75 kDa GP1-Fab complex and ~25 kDa GP1 alone. To aid
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crystallogenesis, JUNV GP1 and MACV GP1 were partially deglycosylated with endoF; (25°C,
18 h). Following deglycosylation, the GP1-Fab complexes were repurified by SEC, as

described above (Fig. 4.1).

4.2.2 Crystallisation of GP1-Fab Complexes

Crystallisation experiments were performed at room temperature using the sitting drop vapour
diffusion method (Walter et al., 2005). Crystals of JUNV GPI1-Fab JUNI1 complex were
obtained by mixing 100 nL of 5.9 mg/ml protein sample and 100 nL of precipitant containing
20% w/v PEG8000 and 0.1 M HEPES pH 7.5 (Fig. 4.1). Crystals of MACV GP1-Fab MAC1
complex were obtained by mixing 100 nL of 8.8 mg/ml protein sample and 100 nL of
precipitant containing 1.4 M sodium malonate pH 6.0 (Fig. 4.1). Crystallisation drops were
equilibrated against 95 pL of a precipitant-containing reservoir. In all instances, crystals were
cryo-protected by transfer into a solution of the respective precipitant supplemented with 25%
(v/v) glycerol, prior to flash cooling in liquid nitrogen. Crystal freezing was performed by Dr.

Karl Harlos at STRUBI.

4.2.3 X-Ray Diffraction Data Collection and Processing

X-ray diffraction data were recorded at Diamond Light Source, United Kingdom. Crystal data
were indexed, integrated, and scaled with XIA2 (3dii or DIALS programmes) (Winter et al.,
2013). The structure of JUNV GP1-Fab JUN1 complex was solved by molecular replacement
with PHASER (McCoy et al., 2007), using the crystal structures of JUNV GP1 and Fab ODO1
(PDB ID: 5SNUZ (Zeltina et al., 2017)) as search models. The structure of MACV GP1-Fab
MACI1 complex was phased by molecular replacement with PHASER using MACV GP1 (PDB
ID: 2WFO (Bowden et al., 2009)) and Fab ODO01 (PDB ID: SNUZ (Zeltina et al., 2017)) as

search models. For both structures, iterative rounds of model building and refinement were
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performed using COOT (Emsley and Cowtan, 2004) and PHENIX with TLS parameterisation
(Adams et al., 2002), respectively. MolProbity (Chen et al., 2010) was used to validate model
quality. Data collection and refinement statistics are presented in Table 4.1. The PyMOL

Molecular Graphics System (https://www.schrodinger.com/pymol) was used to generate the

structural models presented in the figures.
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Fig. 4.1. Purification and crystallisation of JUNV GP1-Fab JUN1 and MACV GP1-Fab
MACT1 complexes. (A) Size exclusion chromatograms (Superdex™ 200 Increase 10/300 GL
column) of deglycosylated JUNV GP1-Fab JUNI1. Deglycosylated JUNV GP1 and Fab JUNI
were mixed at 1.1:1 molar ratio and allowed to incubate for 30 min. The mixture was
concentrated and then subjected to SEC. Peaks corresponding to the deglycosylated JUNV
GP1-Fab JUNI1 complex and excess deglycosylated JUNV GP1 are labelled accordingly.
Sample fractions corresponding to the GP1-Fab complex peak were pooled and concentrated
for crystallisation experiment. (B) Size exclusion chromatograms (Superdex™ 200 Increase
10/300 GL column) of deglycosylated MACV GP1-Fab MACI. Deglycosylated MACV GP1
and Fab MAC1 were mixed at 1.1:1 molar ratio and allowed to incubate for 30 min. The
mixture was then subjected to SEC. Peaks corresponding to the deglycosylated MACV
GP1-Fab MACI1 complex and excess deglycosylated MACV GP1 are labelled accordingly.
Sample fractions corresponding to the GP1-Fab complex peak were pooled and concentrated
for crystallisation experiment. (C) Images of protein crystals. The crystallisation conditions for
JUNV GP1-Fab JUNI and MACV GP1-Fab MACI are annotated accordingly.
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Table 4.1. Crystallographic data collection and refinement statistics for JUNV
GP1-Fab JUN1 and MACYV GP1-Fab MAC1 complexes.

Data Collection Statistics JUNYV GP1-Fab JUN1 MACYV GP1-Fab MAC1

Beamline DLS 103 DLS 104
Wavelength (A) 0.96859 0.97951
Space Group P2, 222

Cell dimensions

a b, c(A) 69.8,66.8, 73.1 91.7,100.7, 164.8
a, B,y (°) 90, 103.5, 90 90, 90, 90

Resolution range (A)

67.92-2.50 (2.54-2.50)%

50.37-1.91 (1.94-1.91)

Rmerge 0.131 (0.794) 0.118 (>1)
I/o (1) 7.1(1.4) 7.3 (1.0)
CCin 0.995 (0.742) 0.998 (0.571)
Completeness (%) 99.8 (96.2) 100 (99.4)
Multiplicity 6.5(5.9) 6.8 (6.6)
Refinement Statistics

Resolution (A) 67.92-2.50 50.37-1.91
No. reflections 22,798 59,314
Ryvort/Rfree 0.223/0.254 0.190/0.225
No. atoms

Protein 4,575 4,584
Ligand 54 207
Water 37 358
Average B-factors

Protein 74.9 45.2
Ligand 93.7 68.7
Water 69.7 46.8
Ramachandran (%)

Favored 96.9 97.6
Allowed 3.1 2.4
Outlier 0 0
Root mean square deviations

(RMSD)

Bond lengths (A) 0.002 0.007
Bond angles (°) 0.499 0.875

 The value for the highest-resolution shell is shown in parentheses.
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4.3 STRUCTURE ANALYSIS

4.3.1 Structural Basis of JUN1-Mediated Neutralisation of JUNV GP1

Isolation and in vitro characterisation of JUNV and MACV GPIl-specific monoclonal
antibodies were performed by research collaborators, Dr. Katie Doores (King’s College
London) and Prof. Dr. Daniel Pinschewer (University of Basel). To briefly summarise, antigen-
specific B cell sorting (CD4/CD8 B220" IgM IgD"GP1") were performed with splenocytes
isolated from mice infected with BSL2-arenaviruses engineered to display the surface GP of
JUNV and MACV. The sequences of the mAbs were recovered and recombinantly expressed.
Due to the efficiency of the sort, seven anti-JUNV GP1 mAbs (JUN1-7) and one anti-MACV
mAb (MAC1) were isolated. JUN1-7 and MACI1 exhibited strong neutralising potency against
JUNV and MACV GP-pseudotyped viruses, respectively (Fig. 4.2). ELISA-based competition
assay revealed that nAb JUN1-7 competes for the same binding site, suggesting that these
nAbs recognise identical or overlapping epitopes on JUNV GP1 (Fig. 4.2). As nAbs JUNI-
JUNT7 neutralises JUNV GP1/GP2-pseudotyped viruses at a similar level, nAb JUNI was
selected as a representative to determine the structural basis for neutralisation. X-ray diffraction
data of the JUNV GP1-Fab JUNI complex were collected and refined to 2.5-A resolution
(Table 4.1) and the structure was solved by molecular replacement with PHASER using
structures of JUNV GP1 and Fab ODO1 (PDB ID: SNUZ (Zeltina et al., 2017)) as search

models. One JUNV GP1-Fab JUNI complex was present in the asymmetric unit.
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Fig. 4.2. Isolation and characterisation of JUNV and MACV GP1-reactive mAbs. (A)
Antigen-specific B cell sorting was used to isolate JUNV and MACV GP1 specific nAbs.
Figure shows CD4/CD8B220"IgMIgD- cells that are either JUNV GP1 or MACV GPI
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specific. (B) Binding of mAbs JUNI, 2, 5, 6, 7, MAC1, and ODO01 to JUNV and MACV GP1
determined by ELISA. MAbs JUN3 and JUN4 were omitted as sequence analysis showed that
their CDR sequences are identical to JUN2 and JUNS. Each data point is an average calculated
from the results of n=2 biologically independent experiments. The standard deviation of each
point is shown by the error bar. (C) Neutralisation by mAbs JUN1, 2, 5, 6, 7, and MAC1 against
JUNV and MACV GP1/GP2-pseudotyped viruses. Each data point is an average calculated
from the results of n=2 biologically independent experiments. The standard deviation of each
point is shown by the error bar. (D) Competition between nAbs JUNI, 2, 5, 6, 7, OD01, and
Fab JUNI for binding to JUNV GP1 determined by ELISA. The results of n=2 biologically
independent experiments are shown. Note that the work included in this figure were performed
by Dr. Katie Doores, Jeffrey Seow, and Stefanie Krumm (King’s College London) and Prof.
Dr. Daniel Pinschewer and Mehmet Sahin (University of Basel).

Consistent with the previously reported structures (Clark et al., 2018; Mahmutovic et
al., 2015; Zeltina et al., 2017), JUNV GP1 (Asp87—-Asn232) forms a compact o/f fold
consisting of a central seven-stranded B-sheet that constitutes the receptor-binding site (RBS)
on one face and three a-helices on the opposing face (Fig. 4.3A and 4.3B). Structural overlay
analysis reveals that the JUNV GP1 exhibits a high level of structural conservation when
superimposed with JUNV GP1 in previously reported Fab-bound structures, with an average
of 0.6-A RMSD over 136 equivalent Co. residues.

Fab JUNI1 binds to JUNV GP1 at a site previously observed for TfR1 recognition
through the use of all six complementarity-determining regions (CDRs) (Fig. 4.3B and 4.3C),
in an extensive interaction that occludes approximately 1,550 A? of solvent exposed surface
area. Although the CDRs of both the heavy and light chains of Fab JUNI make a similar
contribution to the overall amount of surface area occluded in the GP1-JUNI interface, the
CDR3 of the heavy chain (CDR H3) dominates the interaction by extending a 16-amino acid
loop into a central pocket formed by the B-sheet and loop 3 of JUNV GP1 (Fig. 4.3B and 4.3C).
Within this loop, Tyrl00A [Chothia numbering scheme (Martin and Thornton, 1996)] inserts
its side chain hydroxyl group into the pocket and forms hydrogen bonds with the Ser111 and

Aspl13 located at the tip of the third B-strand of the JUNV GP1 (Fig. 4.3C).
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Fig. 4.3. Structural basis for Fab JUN1 recognition of JUNV GP1. (A) Schematic domain
organisation of the JUNV GP (generated with DOG software (Ren et al., 2009)). The JUNV
GP1 construct used for crystallisation is highlighted as a rainbow. The stable signal peptide
(SSP), signal peptidase (SPase) site, GP1 glycoprotein, subtilisin-like kexin protease 1—site 1
protease (SKI-1/S1P) cleavage site, GP2 glycoprotein, transmembrane region (TM), and
intravirion domain (IV) are annotated. Putative N-linked glycosylation sites are labelled as
diamond-shaped pins above the schematic, with sites observed in the crystal structure coloured
yellow. (B) Structure of JUNV GP1 in complex with Fab JUN1. JUNV GP1 is shown as in
cartoon representation and coloured as a rainbow ramped from blue (N-terminus) to red (C-
terminus). Crystallographically observed N-linked glycosylation sites are labelled and
indicated as orange sphere with the glycans shown as sticks. Fab JUN1 is shown in ribbon
representation, with heavy chain coloured dark grey and light chain coloured white. CDR loops
contributing to JUNV GP1 recognition are labelled and coloured light green (CDR H1), yellow
(CDR H2), dark green (CDR H3), pink (CDR L1), light pink (CDR L2), and purple (CDR L3).
The side chain of Tyr100A is shown as a stick and denoted with an asterisk. Vu, Vi, Cn, and
CL denote the antibody variable heavy, variable light, constant heavy, and constant light-chain
domains, respectively. (C) Interaction between JUNV GP1 and Fab JUN1. (Upper) A bar chart
representing the contributions of each JUN1 CDR towards JUNV GP1 binding; calculated
using PDBePISA server (Krissinel and Henrick, 2007)) and measured in buried surface area
(A?). The bar corresponding to the CDR loop carrying Tyr100A is denoted with an asterisk.
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(Lower) Close-up view of the JUNV GP1—Fab JUNI interface. JUNV GP1 is coloured light
grey and Fab JUNI1 is coloured as in panel B. Intermolecular hydrogen bonds are highlighted
with dashes and participating residues are shown as sticks.

Despite originating from a unique germline (Table 4.2 and Fig. 4.4), Fab JUN1
employs a tyrosine-mediated mode of antigen recognition shared by the previously
characterised nAbs, namely ODO1 (Zeltina et al., 2017), GDO1 (Mahmutovic et al., 2015), and
CR1-28 (Clark et al., 2018). Indeed, the insertion of Tyrl00A from nAb JUN1 CDR H3 into
the central pocket of JUNV GP1 is mirrored by Tyr30B of the nAb ODO1 light chain, and
Tyr98 and Tyrl06 of nAb GDO1 and nAb CR1-28 heavy chains, respectively (Fig. 4.5).
Furthermore, this mode of tyrosine-mediated GP1 engagement is highly reminiscent to the
insertion of Tyr211 from hTfR1 in the MACV GP1-hTfR1 complex (Abraham et al., 2010)
(Fig. 4.5). In line with previous comparisons of JUNV GPl-bound nAb structures, the
identification of this antigen—antibody recognition mode by an infection-elicited nAb confirms

TfR1 receptor mimicry as a potent and common means of antibody-mediated neutralisation of

JUNV.
Table 4.2. Summary of structurally characterised anti-JUNV and anti-MACYV nAbs.
Tyr211hTRL
NAb Specificity Method Origin Germline Mimicking Tyrosine
GDO1 . VK6-13*01
Infect M -
(SEN2) meeton ome VH1-87%01 CDR H3-Tyr9%
0D01 . VK3-2*01
JUNV Infect M —
(5NUZ) nfection ouse VHI1-5%01 CDR L1-Tyr30B
. VK6-23*01
JUNI1 Infection Mouse VHI3-2*01 CDR H3-Tyr113
CRI-28 TUNV VK1-5%01
(5W1K) (reacts weakly Vaccination Human VH3-33%01 CDR H3-Tyr106
with MACYV) )
. VK10-96*01
Infect M -
MACI1 MACV nfection ouse VHI1-80%01
CR1-07 o VK4-1*01
(SWIM) MACV/JUNV Vaccination Human VH3-30%15 -
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A Sequence alignment between JUN1 heavy chain variable region and the top germline V-gene hit

1 10 20 30 40 50 52A 52C 55
JUNT Vy VQVETGGGLVRPGNSLKLSCVTSGFTFSNYMHWLRQPPGKRLEWIAVITVKSDNYGA
IGHV13-2*01 O VOMVETGGGLVRPGNSLKLSCVTSGFTFSNYRIMHWLRQPPGKRLEWIAVITVKSDNYGA]
HFR1 CDR H1 HFR2 CDR H2
V gene
6_0 7_0 89 82A 82C 85 90 100{100A] 100F 105
JUN1 Vy NYESVKGRFAISRDDSKSSVYLEMNRLREEDTATYFCSR
IGHV13-2*01 NYBAESVKGRFAISRDDSKSSVYLEMNRLREED T A T Y F C S R |
HFR3 CDR H3 HFR4
V gene

B Sequence alignment between JUN1 light chain variable region and the top germline V-gene hit

1 10 20 30 40 50 60
JUN1 V, VMTQSKFMSTSVGDRVSITCKASQVGTVAWYQQKGQSPKLLIYWASTRHTGVPD
IGKV6-23*01 PIIVMTQOSEIKFMSTSVGDRVSITCKASQOWVGTEAVAWYQQOKIJGOSPKLLIYWASTRHTGVPD

LFR1 CDR L1 LFR2 CDR L2
V gene
70 80 90 100
JUN1 V. RFTGSGTDFTLTINVQSEDLADYFCQQYYP
[T XY IR F T[eGSGTDFTLTIEINVOSEDLADYF CQQ YR Y P [N
LFR3 CDR L3 LFR4
V gene

C Sequence alignment between MAC1 heavy chain variable region and the top germline V-gene hit

1 10 20 30 40 50 52A 55
MAC1 Vy QVQLQOOSGAELVKPGASVKISCKASGYAF[ESEIWMNWVKQRPGKGLEWIGQIYPGDGDTNY|
IGHV1-80*01 QVOLOQOSGAELVKPGASVKISCKASGYAFBSMWMNWVKOQRPGKGLEWIGQIYPGDGDTNY
HFR1 CDR H1 HFR2 CDR H2
V gene
60 70 80 82A 82C 85 90 100 100C 105 110
MAC1 Vy INIed 920 e -k i Vol RN B 40 (o] [ SR ARSI A Y- QA S W WAD DYGTRYYFDYWGQGTTLTVSS
IGHV1-80*01 NGKFKGKATLTADKSSSTAYMOAS SL T SED S AV Y F C A R |
HFR3 CDR H3 HFR4
V gene

D Sequence alignment between MAC1 light chain variable region and the top germline V-gene hit

1 10 20 30 40 50 60
MAC1 V, DIQMTQTTSSLSASLGDRVISCRASQDINYLNWYQQKPDGTVKLLIYTSRLSGVPS
(el AV R AID ITOMTOQTTSSLSASLGDRVINISCRASODIEINYLNWYQOKPDGTVKLLIMYTSRLEBISGVP S

LFR1 CDR L1 LFR2 CDR L2
V gene
70 80 90 100
MAC1 V. GTDYSLTINLEQEDIATYFCQQGTLP
IGKV10-96*01 BIGTDYSLTIEINLEQEDIATYF CQQGN T L P [,
LFR3 CDR L3 LFR4

V gene

Fig. 4.4. Amino acid sequence alignments of Fab JUN1 and Fab MAC1 with respect to
their closest corresponding germline sequences. Alignments of the variable domains from
the (A) Fab JUN1 heavy chain, (B) Fab JUNI light chain, (C) Fab MAC1 heavy chain, and (D)
Fab MACI light chain are shown. Top germline variable (V)-gene hits were determined using
the IgBLAST tool (https://www.ncbi.nlm.nih.gov/igblast/, (Ye et al., 2013)), with the heavy
and light chain variable domain protein sequences of JUN1 and MACI1 used as queries.
Sequence alignments were prepared using MultAlin (Corpet, 1988), plotted with ESPript
(Robert and Gouet, 2014), and adjusted by hand. Amino acid numbers corresponding to JUN1
CDR H3 Tyr100A and MAC1 CDR H3 Tyr97 are highlighted with red boxes. HFR and LFR
denote heavy and light chain framework, respectively.
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JUNV GP1 JUNV GP1
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Fig 4.5. Tyrosine-mediated JUNV GP1 and MACYV GP1 recognition: a common mode of
mAb neutralisation. (Upper Row) JUNV GP1 and MACV GP1 in complex with Fab
fragments of nAbs (JUNI1, ODO1 (Zeltina et al., 2017), GDO1 (Mahmutovic et al., 2015), and
CR1-28 (Clark et al., 2018)) and receptor (hTfR1 (Abraham et al., 2010)), respectively. GP1
is shown in cartoon representation and coloured as a rainbow from blue (N-terminus) to red
(C-terminus). N-linked glycosylation sites are indicated as orange sphere with glycans shown
as sticks. Heavy and light chains of Fab fragments are shown as dark grey and white ribbons,
respectively. CDRs contributing to JUNV recognition are coloured dark green (heavy chain)
and pink (light chain). HTfR1 is shown as a light blue ribbon with regions that interact with
MACYV shown as blue, thicker ribbons. (Lower Row) Close-up view of the key tyrosine
residues (sticks) that are inserted into the central pocket of the GP1 (light grey cartoon). Only
parts of CDR loops containing the tyrosine residues are shown. CDR residues that hinder the
view of the tyrosine have been removed for clarity.

Although the insertion of Tyrl00A from Fab JUNI into the central pocket of JUNV
GP1 represents the signature feature of the interaction, the antigen—antibody binding interface
encompasses a larger footprint contributed by secondary interactions between loops 3 and 7 of
JUNV GP1 and CDR H2, H3, L1, and L3 of Fab JUN1 (Fig. 4.6). Indeed, an extensive network
of hydrogen bonds between Thr170'UNY 6Pl and Glul71'UNV 6P from loop 7 and GIn33¢PRHI
Asn58CPR H2 ' Tyr]00DCPR H3 and Tyr94CPR L3 of Fab JUNI can be observed. Residues
GIn27¢PR L1_Qer32CPR L1 fyrther provide substantial contacts with loop 3 of JUNV GPI,

including hydrogen bonding between T1e28“PR L and Tyr122'UNV 6P1 Comparison of JUNV
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GP1-Fab JUNI complex with other Fab-bound structures reveals that Fab JUN1 engages the
GP1 molecule at a relative angle of 10° deviation to that of Fab CR1-28, and increases to
approximately 20° and 25°, with respect to Fabs GD0O1 and ODO1, respectively (Fig. 4.5).
Future structure elucidation of JUNV GP1 RBS-targeting nAbs will likely observe a plethora
of flexibility displayed by the antigen—antibody interaction while preserving an antigen

recognition mode involving the tyrosine-mediated receptor mimicry characteristic.
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Fig. 4.6. Schematic diagram of contacts formed in the JUNV GP1-Fab JUNI interface.
(Upper) GP1-JUNI1 heavy chain CDR interactions. (Lower) GP1-JUNI light chain CDR
interactions. JUNV GP1 residues are coloured grey and Fab JUNI residues are coloured green.
Atoms corresponding to carbon, nitrogen, and oxygen are shown as black, blue, and red balls,
respectively. Residues involved in hydrogen bonding and salt bridges are shown as sticks;
residues involved in hydrophobic interactions are shown as spoked arcs. Hydrogen bonds/salt
bridges (hydrogen-acceptor and donor-acceptor distance range of 2.70-3.35 A) and
hydrophobic interactions (distance range of 2.9-3.9 A) are shown as cyan and green dotted

lines, respectively. Plots were generated with LigPlot+ (Laskowski and Swindells, 2011).
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JUNV GP1 encodes four N-linked glycosylation sequons (Asn95, Asnl105, Asnl66,
and Asnl78) that encompass the periphery of the RBS. Electron density corresponding to at
least one well-ordered N-linked GIcNAc moiety was observed at two of the four sequons:
Asnl66 and Asnl78 but not at Asn95 and Asnl05 (Fig. 4.7). Interestingly, electron density
corresponding to two GlcNAc moieties was observed at Asnl78, suggesting that the two
GlcNAc residues were protected by the surrounding proteinaceous environment from endoF;
digestion. Given that N-linked glycans was present at Asnl05 in a previously crystallised
JUNV GP1 produced under similar conditions (PDB ID: SNUZ (Zeltina et al., 2017)), it is
likely that glycan extending from this site is disordered in the crystal and hence unresolved in
the electron density map. However, the absence of structural evidence for the glycan at Asn95
in this or any other reported JUNV GP1 structures suggests that this site may not be
glycosylated to sufficient occupancy during protein folding, at least under the conditions used
for recombinant protein expression. Close examination of the JUNV GP1-Fab JUNI1 binding
interface observes no detectable glycan—antibody interaction, suggesting that glycosylation is
unlikely to play a role in the interaction (Fig. 4.3C). However, the proximity of these glycans
to the JUNTI epitope at the RBS is consistent with their established role in shielding the GP
surface and reducing neutralising potential, as has been observed for other anti-JUNV GP1

RBS nAbs, including GD0O1 and ODO1 (Sommerstein et al., 2015).

134



JUNV GP1 &

Fig. 4.7. Visualisation of crystallographically ordered N-linked glycans on JUNV GP1.
JUNV GPI is shown in cartoon representation and coloured light grey. N-linked glycans are
shown as sticks with atoms corresponding to carbon, nitrogen, and oxygen coloured as yellow,
blue, and red, respectively. Electron density (composite omit map contoured at 1.0 o, blue) is
shown for ordered N-linked glycans observed in the crystal structure of JUNV GP1-Fab JUNI.
Close-up view of each N-linked glycan and its density are shown and annotated.

4.3.2 Structural Basis for MACV GP1 Recognition by nAb MAC1
MACTI is currently the only nAb with a known sequence that is solely specific to and neutralises
MACV (Table 4.2). To characterise the mode of MACI recognition, MACV GP1 was
crystallised in complex with the Fab fragment of nAb MACI using a similar strategy described
for the JUNV GP1-Fab JUNI1 complex. X-ray diffraction data were collected and refined to
1.9-A resolution (Table 4.1) and the structure was solved by molecular replacement using the
structures of MACV GP1 (PDB ID: 2WFO (Bowden et al., 2009)) and Fab ODO01 (PDB ID:
SNUZ (Zeltina et al., 2017)) as search models. One copy of the MACV GPI1-Fab MACI
complex was present in the asymmetric unit.

MACYV GP1 (Glu87-Phe257) adopts the expected compact o/ fold (Fig. 4.8A and
4.8B) and exhibits a high level of structural conservation when superimposed with the
unliganded form of MACV GP1 (0.7-A RMSD; PDB ID: 2WFO (Bowden et al., 2009)), as

well as MACV GP1 bound to hTfR1 (0.7-A RMSD; PDB ID: 3KAS (Abraham et al., 2010))
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and the MACV/JUNV cross-reactive Fab, CR1-07 (0.9-A RMSD; PDB ID: SW1M (Clark et
al., 2018)) (Fig. 4.8C). Fab MACI interacts with the cognate GP1 molecule at the structurally
observed hTfR1 binding site, occluding approximately 1,300 A2 of solvent accessible surface
area at the interaction interface. Five of the six Fab MAC1 CDRs are involved in MACV GP1
recognition. Interestingly, the heavy chain contributes to the bulk of the interaction (Fig. 4.9A)

with ~930 A? of contact area, nearly triples that from the light chain CDRs (~350 A?).

A SPase SKI-1/S1P
site o B> SR site SUCHP
MACV GP | SSP GP1 GP2 ectodomain \")
1 58 262 T™M 496
Sequence crystallized 87 . 257
Observed instructure 87 . ] 238
Fab CR1-07

Fig. 4.8. Structural basis for Fab MAC1 recognition of MACYV GP1. (A) Schematic domain
organisation of the MACV GP (generated with DOG software (Ren et al., 2009)). The MACV
GP1 construct used for crystallisation is highlighted as a rainbow. The stable signal peptide
(SSP), signal peptidase (SPase) site, GP1 glycoprotein, subtilisin-like kexin protease 1-site 1
protease (SKI-1/S1P) cleavage site, GP2 glycoprotein, transmembrane region (TM), and
intravirion domain (IV) are annotated. Putative N-linked glycosylation sites are labelled as
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diamond-shaped pins above the schematic, with sites observed in the crystal structure coloured
yellow. (B) Structure of MACV GP1 in complex with Fab MAC1. MACV GP1 is shown in
cartoon representation and coloured as a rainbow ramped from blue (N-terminus) to red (C-
terminus). Crystallographically observed N-linked glycosylation sites are labelled and
indicated as orange sphere with the glycans shown as sticks. MACI is shown in ribbon
representation, with heavy chain coloured dark grey and light chain coloured white. CDR loops
are labelled and coloured light green (CDR H1), yellow (CDR H2), dark green (CDR H3), pink
(CDR L1), light pink (CDR L2), and purple (CDR L3). Vg, Vi, Ch, and Cr. denote the antibody
variable heavy, variable light, constant heavy, and constant light-chain domains, respectively.
(C) Structure of MACV GPI in complex with Fab CR1-07 (PDB ID: SWIM) (Clark et al.,
2018). The structure is presented, coloured, and annotated as in panel B.

In contrast to receptor mimicry mode of antigen recognition utilised by the
characterised JUNV-specific nAbs, namely the insertion of tyrosine residue into the central
pocket of the GP1 glycoprotein (Abraham et al., 2010) (Fig. 4.5), this mode of interaction was
not recapitulated in the MACV GP1-Fab MACI structure. Indeed, the 13-amino acid MACI
CDR H3 sits shallowly and approximately equidistant between loops 3 and 7 of MACV GPI,
while the central TfR1 binding pocket remains unoccupied (Fig. 4.8B and 4.9A). Close
examination of the Tyr97 [Chothia numbering scheme (Martin and Thornton, 1996)] from
CDR H3 of Fab MACI revealed that the residue points towards the RBS pocket. However,
unlike Tyr211°TR! which engages Serl13MACY 6Pl within the pocket (Abraham et al., 2010),
Tyr97PR3 from Fab MACI interacts with Vall 1 7MACY GPL1Arg ] 65MACY GPL "and Phe226MACY
GPl at the rim of the pocket (Fig. 4.9A). Structural comparison with Fab CR1-07, a
MACV/JUNV cross-reactive nAb (Clark et al., 2018), revealed that a tyrosine residue
(Tyr106PRH3) of CR1-07 also points towards the pocket in a similar direction as Tyr97¢PR H3
of MACI and interacts with Vall17MACY GP1 (Fig, 4.9B), a residue that is also conserved in
JUNV GP1 (Vall17'VNV 6Py This conserved interaction indicates that Vall17MACY GPl g an

important target for both singly and cross-reactive nAbs.
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Fig. 4.9. Comparison of MACV GP1-Fab MAC1 and MACV GP1-Fab CR1-07 complex
interfaces. (A) Interaction between MACV GP1 and Fab MACI. (Leff) MACV GP1 is shown
as a light grey cartoon. Fab MACI is shown as dark grey (heavy chain) and white (light chain)
ribbons, with CDR loops coloured as indicated. (Upper Right) A bar chart representing the
contributions of each MAC1 CDR towards MACV GP1 binding; calculated using PDBePISA
server (Krissinel and Henrick, 2007) and measured in buried surface area (A?). (Lower Right)
Close-up view of the MACV GP1-Fab MACI interface. Intermolecular hydrogen bonds are
highlighted with dashes and participating residues are shown as sticks. (B) Interaction between
MACYV GP1 and Fab CR1-07. (Left) Structure of MACV GP1-Fab CR1-07 (PDB ID: 5SW1M)
(28), as presented in panel 4. (Upper Right) A bar chart representing the contributions of each
CR1-07 CDR towards MACV GP1 binding, calculated as in panel 4. (Lower Right) Close-up
view of the MACV GPI1-Fab CRI1-07 interface, as presented in panel 4. (C) Overlay of
signature CDR tyrosine residues (stick representation) from ODO1 (Tyr30B, pink), GDOI
(Tyr98, dark green), CR1-28 (Tyr106, yellow), JUN1 (Tyrl100A, dark blue), hTfR1 (Tyr211,
blue), MACI1 (Tyr97, brown), and CR1-07 (Tyr106, cyan) with respect to JUNV GP1 (white
cartoon) and MACV GP1 (grey cartoon).

Superimposition of the crystal structure of MACV GP1 with that of JUNV GP1
revealed key protein architectural difference. Indeed, the presence of a disulfide-linked insert

(loop 10) unique to MACV GP1 hinders the accessibility of Fab MAC1 and Fab CR1-07 to the
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Tyr2110TRI pocket at the RBS (Fig. 4.9C), providing rationale for the absence of a receptor-
mimicking mode of MACV GP1 engagement. Furthermore, structural overlay analysis of
MACV GP1 with JUNV GP1s in nAbs-bound states revealed steric clashes between MACV
GP1 loop 10 and Fab CDR regions of JUNV-specific nAbs (Fig. 4.10), supportive of the lack
of MACV/JUNV cross-reactivity by nAbs GDO1, OD01, and JUN1. While anti-JUNV nAb
CR1-28 cross-reacts weakly with MACV GP1, it neutralises MACYV poorly (Clark et al., 2018).
Similarly, a previous study has shown enhanced neutralisation of MACV by mouse anti-JUNV

GP antisera when MACV loop 10 was removed (Brouillette et al., 2017).

Fab JUN1

Fab OD01

Loop 10

S";";}?v ;’ 3 (
&> MACV GP1

Fab GD01 Fab CR1-28

MACV GP1

MACV GP1

MACV GP1

Fig. 4.10. Structure overlay analysis of MACV GP1 with Fabs JUN1, OD01, GD01, and
CR1-28. MACV GP1-Fab MACI structure was superimposed with the structures of JUNV
GP1 in complex with (A) Fab JUN1, (B) ODO01, (C) GDO1, and (D) CR1-28 by aligning the
GP1 subunits. MACV GPI is shown in cartoon representation and coloured yellow. Loop
10MACV GP1 j5 annotated and shown as a partially transparent surface. Fab fragments of nAbs
JUN1, ODO01, GDO1, and CR1-28 are shown in ribbon representation, with heavy chain
coloured dark grey and light chain coloured white. JUNV GP1 and Fab MACI1 are not shown.
A close-up view of the steric clashes between loop 10MACY 6Pl and Fab CDR is presented to
the right of each MACV GP1-Fab overlay model.
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The Fab MACI epitope is further stabilised through hydrogen bonding of paratope
residues Thr99¢PR H3 and ArglO0CPR H3 with Valll17MACY GPL T yg] 69MACY GP1 - and
Glul7IMACY GP1 (Rijg, 4.9A and 4.11). Trp33<PR Hl of Fab MACI1 also contacts residue
Lys170MACY GP1 'with Asp54PRH2 and Asp56“PRH2 forming salt bridges with Lys170MACY GP1
(Fig. 4.11). In contrast to these extensive heavy chain interactions, the Fab MACI light chain
has a limited role in antigen recognition, with Tyr32¢PR L1 Hig49CPR L2 Tyr50CPR L2 and
Arg53°PRL2 forming minor contacts with loop 3 residues Glu121MACY GPLand Tyr]22MACY GP1
(Fig. 4.11).

Like JUNV GPl1, the crystallised MACV GP1 construct encodes four N-linked
glycosylation sequons, which surround the periphery of the MACV GP1 RBS (Fig. 4.8A and
4.8B): Asn95, Asnl137, Asnl66, and Asnl178. Similar to previous structural studies of MACV
GP1 in both unbound and hTfR1-bound states (Abraham et al., 2010; Bowden et al., 2009),
electron density corresponding to at least a single GlIcNAc moiety was observed at each of
these sites (Fig. 4.12). Interestingly, the N-linked site extending from Asnl178 constitutes an
ordered chain of nine glycan moieties (MansGIlcNAc), indicating that the di-N-
acetylchitobiose core is protected by the surrounding proteinaceous environment from endoF;
digestion. In contrast to the glycan-independent mode of interaction observed in the JUNV
GP1-Fab JUN1 complex, the terminal mannose residues of the Asn178MACY GPL]inked glycan
chain contribute a footprint of ~120 A? through interaction with residues at the C-terminal
segment of the Fab MAC1 CDR L2, including Leu54MAC! | Arg55MACL Ser56MACT Gly57MACT
Val58MACT Pro5oMACT “and Ser60MAC! (Fig. 4.12). While the exact glycan composition and
occupancy at Asnl178MACY GPL ig currently unknown and warrants further investigation, the
observed epitope is reminiscent to those observed on other highly glycosylated viruses such as

HIV-1 Env (e.g. nAbs PGT128 and PGT135) (Doores, 2015), and is consistent with the
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requirement for nAbs to penetrate the relatively dense glycan shield presented on the

mammarenavirus surface (Sommerstein et al., 2015; Watanabe et al., 2018).
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Fig. 4.11. Schematic diagram of contacts formed in the MACV GP1-Fab MACI interface.
(Upper) GP1-MACI heavy chain CDR interactions. (Lower) GP1-MACI light chain CDR
interactions. MACV GP1 residues are coloured grey and Fab MACI residues are coloured
green. Atoms corresponding to carbon, nitrogen, and oxygen are shown as black, blue, and red
balls, respectively. Residues involved in hydrogen bonding and salt bridges are shown as sticks;
residues involved in hydrophobic interactions are shown as spoked arcs. Hydrogen bonds/salt
bridges (hydrogen-acceptor and donor-acceptor distance range of 2.70-3.35 A) and
hydrophobic interactions (distance range of 2.9-3.9 A) are shown as cyan and green dotted
lines, respectively. Plots were generated with LigPlot+ (Laskowski and Swindells, 2011).
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GlcNAc
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Fig. 4.12. Visualisation of crystallographically ordered N-linked glycans on MACV GP1.
MACYV GP1 is shown in cartoon representation and coloured light grey. N-linked glycans are
shown as sticks with atoms corresponding to carbon, nitrogen, and oxygen coloured as yellow,
blue, and red, respectively. Electron density (composite omit map contoured at 1.0 o, blue) is
shown for ordered N-linked glycans observed in the crystal structure of MACV GP1-Fab
MACI. Close-up view of each N-linked glycan and its density are shown and annotated,
including a chain of Man;GlcNAc, on Asnl78MACY GPL that interacts with residues at the C-
terminal region of the Fab MAC1 CDR L2. Intermolecular hydrogen bonds were identified by
the PDBePISA server (Krissinel and Henrick, 2007) and are highlighted with dashes and
participating residues are shown as sticks. Fab MACI is shown as white ribbon with CDR L2
in pink.
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4.3.3 Comparison of Anti-MACYV GP1 nAbs MAC1 and CR1-07

The MACV GP1-Fab MACI structure complements the MACV/JUNV cross-reactive Fab
CR1-07 (Clark et al., 2018) as the only other reported MACV GP1-bound nAb structure. To
glean insight of the molecular determinants that dictate nAb cross-reactivity at the NW GP1
RBS, comparison of the modes of antigen recognition employed by these two genetically
distinct nAbs was performed (Fig. 4.9). Both Fab MAC1 and Fab CR1-07 recognise an
overlapping binding site at the rim of the central TfR1-binding pocket that includes MACV
GP1 loops 3, 7, and 10, and hence precludes TfR1 recognition. Moreover, both of the anti-
MACYV Fabs engage MACV GP1 with angles of approach that enable them to avoid steric
clashes with loop 10, which is unique to MACV GP1 (Fig. 4.8 and 4.9).

This mode of GP1 recognition by MAC1 and CR1-07, however, are distinct and
differentiated by their respective paratopes, where Fab CR1-07 contacts a significantly larger
surface area of MACV GP1 that is conserved between MACV and JUNV GPls (Fig. 4.13).
Although sequence and structural variation between MACV and JUNV GP1s at the RBS exists,
~590 A2 of the total Fab CR1-07 footprint is conserved between MACV and JUNV, compared
to ~380 A2 for Fab MAC]1 (Fig. 4.13). This differential degree of GP1 engagement displayed
by Fab MACI1 and Fab CR1-07 is largely facilitated by the relative contribution of the Fab
heavy and light chain CDRs. Indeed, while Fab MACI relies heavily on its heavy chain for
GP1 recognition, Fab CR1-07 utilises both the heavy and light chains equally. Thus, while
structure overlay analysis does not reveal any apparent steric hindrance between Fab MAC1
and JUNV GP1, the relatively small amount of surface area that is conserved between MACV
and JUNV at the Fab MACI epitope, likely contributes to the absence of observed cross-

reactivity.
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Fig. 4.13. Footprints of hTfR1, Fab MAC1, and Fab CR1-07 on MACV GP1. MACV GP1
is shown in surface representation and coloured white. The footprints of hTfR1 (PDB ID:
3KAS) (Abraham et al., 2010), MAC1, and CR1-07 (PDB ID: SW1M) (Clark et al., 2018) on
MACYV GP1 are shown in blue: dark blue represents amino acid residues conserved (identical)
between MACV GP1 and JUNV GP1; non-conserved residues are coloured light blue. The
footprints exhibited on the solvent accessible surface area of MACV GP1 by hTfR1, MACI,
and CR1-07 that are conserved with JUNV GP1 were calculated with PDBePISA server
(Krissinel and Henrick, 2007), measured in buried surface area (A2), and are labelled
accordingly.

4.4 SUMMARY AND DISCUSSION

JUNV and MACYV, the etiological agents of AHF and BHF, respectively, put more than five
million people at risk combined (Mills et al., 1994). Successful treatment of AHF and BHF by
passive immunisation has proven that the generation of a nAb response is crucial for controlling
JUNV and MACYV infection (Enria et al., 1984; Maiztegui et al., 1979). Characterisation of the
epitopes targeted by nAbs are therefore essential for the design of prophylactics and
immunogens that protect against infection, and empower reverse vaccinology approaches
(Burton, 2017) focused on the identification of the minimal subcomponents of the GP spike
necessary for eliciting a protective immune response.

Here, eight infection-elicited nAbs JUN1-7 and MACI that potently neutralise JUNV
and MACYV, respectively, were isolated via antigen-specific B cell sorting (Fig. 4.2). Sequence

analysis reveals that the CDRs of these nAbs are distinct from previously reported anti-NW
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GP1 mAb CDR sequences and likely originate from different germlines (Table 4.2 and Fig.
4.4). Furthermore, structural investigation of nAbs JUN1 and MACT in this study demonstrates
that both nAbs target the GP1 RBS, precluding TfR1 recognition, albeit through differential
modes of antigen recognition (Fig. 4.3 and 4.8).

JUNI1 engages the JUNV GP1 RBS by insertion of a tyrosine residue into the central
pocket of the GP1, an interaction that mimics TfRI-NW GP1 recognition (Abraham et al.,
2010) (Fig. 4.3 and 4.5). This mode of antigen recognition has been previously observed in the
structures of other characterised anti-JUNV nAbs, namely ODO1 (Zeltina et al., 2017), GDO1
(Mahmutovic et al., 2015), and CR1-28 (Clark et al., 2018) (Fig. 4.5). While the
aforementioned anti-JUNV nAbs are derived from different germline origins and approaches
(Table 4.2), the varied means by which these genetically distinct antibodies converge upon a
single immunological solution is consistent with previous proposals that the JUNV GP1 RBS
constitutes a key site of vulnerability on the NW mammarenavirus surface (Clark et al., 2018;
Mahmutovic et al., 2015; Zeltina et al., 2017).

Unlike JUNV-specific nAbs, MACI1 engages the MACV GP1 RBS without occupying
the central tyrosine pocket but through the interaction with peripheral residues, including those
encoded in loop 10, which are unique to MACV (Fig. 4.8B and 4.9A). Consistent with the
hypothesis by Clark et. al. 2018, structural analysis indicates that this elongated region of the
molecule contributes to the antigenic distinctiveness of MACV GP1 from other NW GP1s and
sterically hinders JUNV GP1-specific nAbs from interacting with MACV GP1. Indeed, the
inability of anti-JUNV GP1 nAbs JUNI1, ODO01, and GDOI to cross-react with MACV GP1
may be rationalised by structure overlay analysis, which reveals major clashes between Fab-
encoded CDR regions and loop 10 of MACV GP1 (Fig. 4.10). The differential modes of
antigen recognition utilised by anti-JUNV and anti-MACV nAbs, therefore, reflects the

extensive sequence and structural variation between JUNV and MACV GP1, which may have
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arisen following co-evolution of the viruses with their individual rodent TfR1 orthologues
(Choe et al., 2011).

Interestingly, despite not exhibiting any major clashes with JUNV GP1, MACI1 does
not cross-react with JUNV GP1 (Fig. 4.2). Comparison of MAC1 with the MACV/JUNV
cross-reactive nAb, CR1-07, reveals differences between the two overlapping epitopes that
may explicate this different functionality, where the latter exhibits a more extensive footprint
with a greater overall surface area that is conserved between the two NW mammarenaviruses
(Fig. 4.13). This observation indicates that in addition to avoiding clashes with MACV GP1
loop 10, the ability to engage a sufficiently large and conserved surface is likely also an
important determinant for MACV/JUNV cross-reactivity.

As discussed in Chapter 3, OW mammarenaviral GP1 has been reported to adopt two
different conformational states, namely ‘GP2-free’ and ‘GP2-associated’ (Cohen-Dvashi et al.,
2015; Hastie et al., 2017; Ng et al., 2020; Pryce et al., 2018). The presentation of antigenically
distinct epitopes by OW GP1 in ‘GP2-free’ structural state, with respect to the virion-displayed
GP1 in ‘GP2-associated’ state, renders the free subunit incompatible with cell surface primary
receptor and nAb recognition. Given that JUN1, MACI, and other immunisation-derived nAbs
both recognise recombinantly produced NW GP1 in a ‘GP2-free’ state and neutralise NW
mammarenaviruses in vitro (Clark et al., 2018; Mahmutovic et al., 2015; Zeltina et al., 2017),
the data supports a previous study that demonstrates that recombinant NW GP1 is
immunogenic and capable of eliciting nAbs (Borenstein-Katz et al., 2019) and the hypothesis
that the conformations of monomeric JUNV and MACV GP1 are likely to resemble those
existing on the mature trimeric NW mammarenaviral GP (Pryce et al., 2018).

The recent elucidation of the OW LASV GP ectodomain structure (Hastie et al., 2017)
(‘GP2-associated’) presents an opportunity to predict how nAbs JUN1 and MACI recognise

their respective NW GP1 in the context of the higher-order GP. Similar to previous hypotheses
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(Clark et al., 2018; Hastie et al., 2017), structure overlay-derived models of trimeric JUNV-GP
and MACV-GP demonstrate that the RBS is directed outwards and is compatible with TfR1
recognition (Fig. 4.14A and 4.14B). Similarly, the Fab fragments from the nAbs MACI1 and
JUN1 may be concurrently accommodated into each of the three GP1 components of the
trimeric GP. This modelling suggests that JUN1 and MACI1 target natively accessible surfaces

presented on the mature arenaviral GP (Fig. 4.14C and 4.14D).
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Fig 4.14. Models of JUNV GP1-Fab JUN1, MACV GP1-Fab MAC1, and MACV
GP1-hTfR1 complexes in the context of the expected higher-order trimeric GP assembly.
(A) The crystal structure of the LASV GP1-GP2 trimer constitutes the only known structure

of a higher order arenaviral GP assembly and was used as a template to create models of
trimeric NW GPs, as previously described (Clark et al., 2018; Hastie et al., 2017). JUNV
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GP1-Fab JUNI1 and MACV GP1-Fab MAC1 were overlaid onto the structure of LASV
GP1-GP2 ectodomain (PDB ID: 5VK2) (Hastie et al., 2017) by aligning the GP1 subunits. All
molecules are shown in cartoon representation. JUNV GP1 is coloured in orange, MACV GP1
in yellow, LASV GP1 in pink, and LASV GP2 in brown. Fab JUN1 and MACI1 are not shown.
(B) MACV GP1-hTfR1 (PDB ID: 3KAS) (Abraham et al., 2010), (C) JUNV GP1-Fab JUN1,
and (D) MACV GPI1-Fab MACI1 were overlaid onto the structure of the trimeric LASV
GP1-GP2 ectodomain by aligning the GP1 subunits as in panel 4. A LASV GP1 subunit (pink)
is shown to provide clarity of the MACV/LASV and JUNV/LASV GP1 superimposition. Only
one LASV GP2 subunit is coloured brown, with the remaining two GP2 coloured light grey
for better visualisation. LASV GP1, MACV GP1, and JUNV GP1 are coloured as in panel 4;
hTfR1 is coloured blue. Fab MAC1 and JUN1 are shown in cartoon representation, with heavy
chain coloured dark blue and light chain coloured light blue.

The presence of N-linked glycosylation on the surface of viral glycoproteins has been
shown to play an important role in shielding the virus from the antibody-mediated immune
response arising to infection (Sommerstein et al., 2015; Watanabe et al., 2019). Although not
to the same level as observed in OW mammarenaviruses (Pryce et al., 2018; Watanabe et al.,
2018), NW mammarenaviruses are extensively glycosylated with between 21-48 N-linked
glycosylation sequons per GP trimer (Sommerstein et al., 2015). While the composition and
occupancy of these glycans on the mature NW GP remain to be characterised, previous studies
have shown that they likely occlude much of the JUNV and MACV GP surface and encircle
the GP1 RBS (Abraham et al., 2010; Bowden et al., 2009; Sommerstein et al., 2015; Zeltina et
al., 2017). Consistent with N-linked glycosylation providing a limited contribution to the
interaction between MACV GP1 and hTfR1 (Abraham et al., 2010), however, much of the GP1
RBS for both JUNV and MACV GP1 remains largely unshielded. It is likely that the exposure
of this functionally important region of the NW GP surface may, in part, rationalise why all of
the six structurally characterised nAbs target the GP1 RBS. When combined with analysis of
glycan occupancy and composition, future studies based upon identifying and characterising
GP2 or higher-order GP1-GP2 quaternary epitopes, such as those identified on LASV GP

(Hastie et al., 2017; Robinson et al., 2016; Zeltina and Bowden, 2017), will likely aid in the
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identification of other sites of vulnerability. Indeed, in-line with this aim, several GP2-specific
mAbs have been recently identified (Amanat et al., 2018; Robinson et al., 2016; Ruo et al.,
1991). Interestingly, these mAbs are cross-reactive against both OW and NW
mammarenaviruses, likely owing to the relatively high level of sequence conservation across
the GP2, as compared to the GP1, which is genetically and structurally more diverse (Crispin
et al., 2016).

In summary, this study reveals the molecular basis for mAb-mediated neutralisation of
JUNV and MACV by nAbs JUNI and MACI, respectively. Combined, this work provides a
structural template for understanding the antigenic surface of the NW GP1 and augments
efforts to develop GP-specific vaccines and synergetic combinations of nAb-based

prophylactics that target the NW mammarenavirus surface.
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5 STRUCTURE ELUCIDATION OF RABIES VIRUS
GLYCOPROTEIN

5.1 INTRODUCTION

RABYV is the prototypic member of the genus Lyssavirus of the family Rhabdoviridae and is
the causative agent of human rabies (Walker et al., 2018). The virus is commonly transmitted
through dog bites, infecting and replicating in the central nervous system, leading to severe
neurological diseases and eventual death (Brunker and Mollentze, 2018). Although a RABV
vaccine and RIG are available as PEP, an estimated 60,000 deaths occur each year, indicative
of the disease as a major public health concern (Fooks et al., 2017). Furthermore, the high
expense and complications associated with vaccine and RIG treatments highlight the need for
exploring new therapeutic agents (Cantaert et al., 2019).

RV-G spike presented on the RABV virion is a class III fusion glycoprotein that
orchestrates receptor binding and membrane fusion for host cell entry (Hellert et al., 2020;
Yang et al., 2020). It has been shown that the protein, when induced by low pH, reversibly
samples a series of conformational states from pre-to-postfusion structures (Backovic and
Jardetzky, 2011). Despite sharing low sequence identities with VSV-G (~18%) and CHAV-G
(~20%), similar reversible structural transitions have also been observed for these two
glycoproteins (Baquero et al., 2017; Baquero et al., 2015; Roche et al., 2006; Roche et al., 2007)
(Fig. 1.15). The crystal structures of monomeric RV-G ectodomain obtained at both basic and
acidic pH revealed the structural rearrangement associated with the pre-to-postfusion transition
(Hellert et al., 2020; Yang et al., 2020) (Fig. 1.16). However, the structural basis of how RV-
G undergoes these rearrangements, particularly in the context of the native full-length trimeric
glycoprotein, remains unknown and is key for understanding the conformational lability of the

molecule.
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As RV-G is the only protein exposed on the surface of the virion, it constitutes the main
target of the host humoral immune response. The epitopes of hundreds of nAbs have been
mapped onto five discrete regions of RV-G, termed major antigenic site I, II, III, IV, and a
minor site ‘a’ (Benmansour et al., 1991; De Benedictis et al., 2016; Lafon et al., 1983;
Nagarajan et al., 2008) (Fig. 1.17A). Two of these epitopes have been structurally characterised
in studies of RV-G fragments and monomeric ectodomains (Hellert et al., 2020; Yang et al.,
2020) (Fig. 1.17B and 1.17C). The lack of structural information on the nAb quarternary
epitopes, however, hinders the understanding for nAb-based RABV neutralisation and the
design of nAb-based PEP cocktails.

Here, in collaboration with Dr. Alexander Douglas at Jenner Institute, we aim to
illuminate the structure and functionality of RV-G, a key therapeutic target, as follows: (i) by
revealing the higher-order architecture of RV-G in prefusion state to facilitate the production
of stabilised prefusion RV-G construct for future investigation of RV-G-receptor interaction
and as a vaccine candidate; (ii) by defining the exact epitopes targeted by nAbs and providing
structure-guided rationales for the nAb-based PEP cocktails; and (iii) by clarifying the
molecular basis of fusogenic rearrangements required to mediate fusion of host and viral
membranes. In tofo, this work will not only deliver a coherent structural understanding of RV-
G-host interactions at the cell surface, but also provide the molecular-level blueprints necessary
to augment ongoing initiatives focused on the development of next generation RABV vaccines

and antibody-based antivirals.
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5.2 SINGLE-PARTICLE CRYO-EM ANALYSIS OF RV-G IN COMPLEX
WITH THE FAB FRAGMENTS OF NABS 17C7 AnD 1112-1

5.2.1 Protein Production and Purification

Protein expression and purification were performed by Dr. Sofiya Fedosyuk and Luke Thorley
from Douglas group at the Jenner Institute, University of Oxford. Briefly, Lenti651 cells stably
expressing untagged full-length RV-G (Metl-Leu524) were pelleted from the growth media
through centrifugation (1,000 rpm, 15 min). The RV-G was extracted from the cell membrane
using 1% octyl-beta-glucoside (B-OG) detergent in an extraction buffer consisting of 50 mM
HEPES pH 7.4, 150 mM NaCl, and protease-inhibitor. Purified Fab 17C7 (1 mg) containing a
C-terminal twin-strep tag (WSHPQFEK)> was added, and the mixture was incubated at 4°C for
2 h. Following detergent extraction, the mixture was subjected to centrifugation (4,800 rpm,
30 min) to remove cell debris. Supernatant containing extracted RV-G—Fab 17C7 complexes
was filtered and used for affinity purification.

All protein purification steps were performed at 4°C. Strep-Tactin®XT Superflow®
column (IBA Lifesciences) was used for strep-tag affinity purification to capture RV-G—Fab
17C7 complexes from the supernatant. Next, amphipol exchange was performed to substitute
the B-OG detergent by adding Amphipol A8-35 (Anatrace) at three times the amount of RV-
G—17C7 complexes. In addition, a second untagged Fab, 1112-1 (200 pg), was added to the
RV-G-17C7—amphipol mixture and incubated at 4°C for 1 h. Note that the combination of Fab
17C7 and Fab 1112-1 enables the best distribution of particle orientation on cryo-EM grids, as
determined and detailed in section 5.2.3.1. Subsequently, SEC was performed to obtain
homogeneous sample of RV-G—Fab 17C7-Fab 1112-1 complexes. SDS-PAGE was used to
monitor protein purity throughout protein purification (Fig. 5.1).

In addition to nAbs 17C7 and 1112-1, anti-RABV nAbs RVC20 and E559 were also

tested in this study. All Fab fragments were prepared and purified prior to RV-G extraction and
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purification. The twin-strep tagged Fab 17C7, Fab RVC20, and Fab E559 were expressed in
Expi293F cells and purified using Strep-Tactin® XT column. On the other hand, the untagged
Fab 1112-1 was obtained and purified by enzymatic digestion (Pierce™ Fab Preparation Kit,

Thermo Fisher Scientific) of murine hybridoma-derived IgG.

mAu  RV-G-Fab 17C7-Fab 1112-1 ww «  Fig. 5.1, Purification of full-
100+ f length trimeric RV-G in
250

Excess 150 complex with Fabs 17C7

80 Fab 11121 100— )
75| - and 1112-1. (Left) Size
60 so_l o |I” | exclusion chromatogram
20 a7 (Superose 6 Increase 10/300
pr | GL column (Sigma)) of RV-G
20+ %’2; 2 in complex with Fabs
. e 17C7and 1112-1. Prior to
6.0 8?0 1(;.0 12l.0 14I.0 16l.0 15;.0 ZCIJ.O 22l.0 SEC (buffer: 50 mM HEPES

pH 7.4, 100 mM NaCl), amphipol-solubilised RV-G—Fab 17C7 was incubated with 200 pug of
Fab 1112-1 for 1 h. The first elution peak (marked with asterisk) corresponds to the RV-G—Fab

17C7-Fab 1112-1 complex. The second elution peak corresponds to excess Fab 1112-1. (Right)
Reducing SDS-PAGE analysis of RV-G—Fab 17C7-Fab 1112-1 following SEC purification.

The protein band at approximately 65 kDa corresponds to the monomeric RV-G while the Fab

heavy and light chains are indicated by protein bands at approximately 25 kDa. MW denotes

molecular weight (kDa) of the protein ladder and the asterisk (*) corresponds to the first peak

in the SEC chromatogram.

5.2.2 Cryo-EM Grid Preparation and Data Collection

Cryo-EM grid preparation was performed using Vitrobot operated at 4°C and 100% chamber
humidity. Purified RV-G—Fab 17C7-Fab 1112-1 sample was concentrated to 1.4 mg/mL. 4 uL
of the protein solution was then carefully pipetted onto the glow-discharged grid (Quantifoil R
1.2/1.3 200 mesh) in the Vitrobot, followed by blotting (-15 N blot force, and 3 s blot time)
with filter paper to remove excess sample solution. The grid was rapidly frozen by plunging
into the liquid ethane, which was insulated and chilled by a reservoir of liquid nitrogen. The
cryo-EM grids were clipped into AutoGrids and stored in cryo grid boxes in liquid nitrogen

dewar prior to sample screening and data collection on the Glacios and Titan Krios microscopes.
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For sample screening, cryo-EM grids were imaged using the in-house 200 kV Glacios
TEM microscope equipped with Falcon III direct electron detector. In addition to grid quality
including suitable ice thickness and minimal ice contamination, a number of criteria such as
protein size, shape, purity, stability, concentration, distribution, and orientation were also
monitored. For instance, initial screening and analysis indicated that RV-G—Fab complexes
requires thicker ice for even particle distribution and orientation. Typically, an initial data set
was collected for 18 h to enable preliminary data analysis. Cryo-EM images were recorded
using linear mode, at defocus values ranging from -2.0 to -3.5 um at a calibrated magnification
of 92,000x, corresponding to a pixel size of 1.6 A/px. The total electron dose over 40 frames
was 60 e/A2.

Several important factors were evaluated during the Glacios preliminary data
processing (see section 5.2.3). For instance, reference-free 2D classes were monitored to ensure
several distinctive views of the protein particles were visible. Furthermore, the initial 3D
reconstruction was assessed to determine if the distributions of particle orientation were
sufficient to calculate a 3D structure with isotropic resolution. Identification of issues such as
protein aggregation, too low/high concentration, and preferential orientation allowed
modification and optimisation of the sample preparation conditions. Therefore, sample
screening using the Glacios microscope was an iterative process until a satisfactory sample
and/or grid preparation protocol was achieved (Passmore and Russo, 2016).

Image acquisition using the in-house high-end 300 kV Titan Krios microscope
(equipped with K2 direct electron detector and a 20 kV GIF energy filter) was performed to
obtain a larger data set with the aim of obtaining a high-resolution structure. For the RV-G—Fab
17C7-Fab 1112-1 sample, cryo-EM images were recorded for ~66 h using electron counting

mode, at defocus values ranging from -0.8 to -2.6 um at a calibrated magnification of 130,000x,
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corresponding to a pixel size of 1.05 A/px. The exposure time was 4.8 s, and the total electron

dose was 45 e per A2 over 40 frames, with a dose rate of 9.39 e7/px/s.

5.2.3 Cryo-EM Single-Particle Data Processing

Cryo-EM SPA data processing was performed using cryoSPARC v2 and v3 software (Punjani
et al., 2017). Global movie alignment and motion correction were executed to align the movie
frames and produce averaged micrographs, which were then used for CTF estimation.
Subsequently, the micrographs were examined to exclude those containing astigmatism and/or
with CTF fitted to less than 10 A. The selected micrographs were then used for reference-free
particle picking using blobs with a diameter of 80—120 px. Picked particles were extracted with
a box size (300 px) of at least 1.5 times the size of the particle. Extracted particles were
subjected to reference-free 2D classification. Typically, 100-200 2D classes were generated.
Particles from good 2D classes such as those with visible secondary structure features and
distinctive views/orientations were chosen while the rest were discarded as junk particles. The
representative 2D class averaged images were used as templates for automatic particle picking,
and the picked particles were subjected to a further round of 2D classification. Here, the best
2D classes that displayed minimal background noise and varied orientation distribution were
selected. Using the ab initio reconstruction function, particles from the selected 2D classes
were used to generate 3—5 initial models, which then served as 3D templates for 3D
classification, a processing step called ‘heterogeneous refinement’ in cryoSPARC. Particles
were classified into each of the generated initial 3D models and subsequently refined using
non-uniform refinement with both C1 and C3 symmetry to achieve a high-resolution map for
each 3D class. Non-uniform refinement iteratively accounts for disordered and flexible

densities in the map to improve the local resolution and overall map quality.
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The maps were assessed for isotropic resolution, as particle preferential orientation
problem typically causes a “smearing effect” in the calculated map due to the lack of
information in one or more directions in the map (Tan et al., 2017). Furthermore, cryo-EM map
resolution and quality were evaluated using the gold-standard Fourier shell correlation (FSC)
curve. The FSC curve was calculated from the correlation between two independent maps
obtained by splitting the data into half. By refining the two half maps independently, the
calculated FSC curve will be free from spurious correlations, and therefore avoid or reduce the
risk of overfitting noise (Scheres and Chen, 2012). To further improve the map resolution and
quality, particles from the best refined 3D volume were used for per-particle motion correction
and CTF refinement, followed by non-uniform refinement. Titan Krios cryo-EM data

collection and refinement statistics are presented in Table 5.1.

Table 5.1. Cryo-EM data collection and refinement statistics for the RV-G—(Fab
17C7);—(Fab 1112-1), complex.

Microscope FEI Titan Krios
Voltage (kV) 300
Detector Gatan K2
Magnification (nominal) 130,000
Pixel size (A/px) 1.05
Dose rate (e”/px/s) 9.39
Frames per exposure 40
Exposure (e/A?) 45

Defocus range (um)
Micrographs collected

Particles extracted / final

0.8-2.6 (0.3 step size)
10,887

2,474,831* /258,945
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Symmetry imposed C1

Map sharpening B-factor 172.9
Unmasked resolution at 0.143 FSC (A) 4.50
Masked resolution at 0.143 FSC (A) 3.88

*This number corresponds to the total number of particles extracted after automatic particle
picking. The number of particles selected from 2D classes (after 2D classification) was 696,440.

5.2.3.1 Preliminary Glacios Data Set Processing

The crystal structures of monomeric prefusion RV-G ectodomain (Yang et al., 2020) and
trimeric prefusion VSV-G ectodomain (Roche et al., 2007) revealed that G spike is
approximately 80-90 A tall and 80 A wide (Fig. 1.15 and 1.16). To increase the protein size
and shape of the globular molecule, several Fab fragments of nAbs were complexed with RV-
G, making the protein contains more features and higher contrast for cryo-EM experiment.

Amongst the tested nAbs included RVC20, 17C7, 1112-1, and E559.

(i) RVC20. RVC20 is a human bnAb that targets antigenic site I on RV-G, as indicated by the
crystal structure (PDB ID: 6TOU) of scFv of RVC20 in complex with the PHD of RV-G (Fig.
1.17B), which is the most exposed domain of the prefusion spike (Hellert et al., 2020). The
structure revealed that the amino acids included in the nAb RVC20 epitope are highly
conserved (76%—-100%), when compared to 1,412 unique full-length RV-G sequences in
GenBank. Furthermore, nAb RVC20 has been shown to lock the RV-G in the prefusion or
early intermediate conformation, as the RV-G—Fab RVC20 complex are extremely stable even
at pH 5.5 (Hellert et al., 2020). Therefore, RVC20 constitutes an interesting and important
target for structural studies.

Here, RVC20 was expressed as Fab fragments and complexed with full-length trimeric

RV-G spikes in prefusion state. Cryo-EM images recorded using the Glacios microscope
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revealed only one orientation view of the complex, indicating that the protein particles
displayed a severe orientation bias. 2D classes further confirmed the presence of preferential
orientation, as only the top view of the particle was detected (Fig. 5.2). Consequently, the
anisotropic distribution of angular projection directions leads to the under-sampling of Fourier
components in the 3D reconstruction. Indeed, the calculated 3D volume of RV-G—Fab RVC20
complex (Fig. 5.2) exhibits a “smearing effect” artifact due to the loss of structural information
parallel to the axis of preferred orientation, which affects the interpretability of the cryo-EM
map (Chen et al., 2019; Naydenova and Russo, 2017; Tan et al., 2017). The map reveals a 1:1
RV-G:Fab stoichiometry, exhibiting a C3 symmetry relationship. Fab RVC20 engages the
PHD in a horizontal/flat fashion that is parallel to the membrane. This recognition mode likely
contributes to the observed orientation bias, as the thin vitreous ice layer in the cryo-EM grids
is unlikely to be able to accommodate the width of the side view of the molecule, which will
require a relatively substantial ice thickness. Due to the lack of side view projection, the FD of

a RV-G protomer and the amphipol regions are not visible or poorly resolved.
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Fig. 5.2. Initial cryo-EM analysis of full-length RV-G in complex with the Fab of a
neutralising mAb, termed RVC20. (Top left) 2D class averages derived following collection
of an initial dataset on a Glacios 200 kV electron microscope. The positions of the Fab fragment
and RV-G are indicated with green circles and blue arrows, respectively. (Top right) A gold-
standard Fourier shell correlation (GSFSC) plot indicating an estimated resolution of
approximately 8.6-A for the initial dataset of approximately 80,669 particles using a gold-
standard refinement procedure with a FSC = 0.143 criterion (blue horizontal line). Different
FSC curves with no mask, spherical mask, loose mask, and tight mask applied to the half maps
are also shown. The corrected FSC curve was calculated using the tight mask with correction
by noise substitution. This accounts for correlation effects induced by masking. Data was
processed with cryoSPARC. (Bottom) The resulting 3D reconstruction (no symmetry applied:
C1), calculated with non-uniform refinement, with the crystal structure of the basic-pH RV-G
ectodomain (PDB ID: 6LGX, truncated to Lys1-Ile373) fitted into the volume for illustrative
purposes (fit using Chimera). The Fab fragments and RV-G are labelled and indicated with
green and blue arrows, respectively. This initial map reveals that the epitope is located at the
membrane-distal PHD of the RV-G spike. The map also exhibits “smearing” artifact, an
indication of particle preferential orientation issue. Similarly, the resolution range at which the
corrected and tight FSC curves diverge (a substantial dip in the corrected FSC curve) is
suggestive of poor data quality at these resolutions, likely due to particle preferential
orientation.
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(ii) 17C7. The human nAb, 17C7, exhibited a potent and broad inhibition activity against 23
tested RABV isolates, and protected hamsters from a lethal RABV challenge in a well-
established in vivo model of PEP (Sloan et al., 2007). Furthermore, nAb 17C7 has been shown
to recognise a discontinuous, conformational epitope on the RV-G, which includes antigenic
site III (Sloan et al., 2007). To better understand the molecular basis of nAb 17C7-mediated
neutralisation of RABV, cryo-EM images of full-length prefusion trimeric RV-G in complex
with Fab 17C7 were recorded using the Glacios microscope.

2D classes of the RV-G—Fab 17C7 complexes revealed both the top and side view
projections of the molecule (Fig. 5.3), and the 3D reconstruction yielded a 7.14-A cryo-EM
map (Fig. 5.3). Fab 17C7 exhibits a 1:1 RV-G:Fab stoichiometry and engages the RV-G spike
in an upward tilted fashion, slotting in between the RV-G protomers. Although the 2D classes
and 3D map of RV-G—Fab 17C7 indicated a substantial improvement in particle orientation
distribution, the top view of the molecule continued to dominate the reconstruction. This
persistent orientation bias is reflected in the “smeary” cryo-EM map, in which the FD and the
amphipol regions remain poorly resolved. Surfactant such as detergent has been proven to be
a useful tool in ameliorating preferred particle orientation by coating the air-water interface,
thereby reducing the adsorption of the protein particles at the interface and allowing particles
to randomly orient within the vitreous ice layer. A number of detergents including B-OG,
Tween20, and CHAPS were tested separately for the RV-G—Fab 17C7 sample. However, no

improvement in the particle orientation and map quality was observed.
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Fig. 5.3. Initial cryo-EM analysis of full-length RV-G in complex with the Fab of a
neutralising mAb, termed 17C7. (Top left) 2D class averages derived following collection of
an initial dataset on a Glacios 200 kV electron microscope. The positions of the Fab fragment
and RV-G are indicated with green circles and blue arrows, respectively. (Top right) A gold-
standard Fourier shell correlation (GSFSC) plot indicating an estimated resolution of
approximately 7.1-A for the initial dataset of approximately 164,821 particles using a gold-
standard refinement procedure with a FSC = 0.143 criterion (blue horizontal line). Different
FSC curves with no mask, spherical mask, loose mask, and tight mask applied to the half maps
are also shown. Data was processed with cryoSPARC. (Bottom) The resulting 3D
reconstruction (no symmetry applied: Cl1), calculated with non-uniform refinement, with the
crystal structure of the basic-pH RV-G ectodomain (PDB ID: 6LGX, truncated to Lys1-Ile373)
fitted into the volume for illustrative purposes (fit using Chimera). The Fab fragments and RV-
G are labelled and indicated with green and blue arrows, respectively. This initial map reveals
that the epitope is located at the membrane-distal region of the RV-G spike, in between the
RV-G protomers. Despite an improvement as compared to the RV-G—Fab RVC20 sample, the
map exhibits “smearing” artifact, an indication of particle preferential orientation issue.

(iii) RVC20 and 17C7. Superimposition of cryo-EM maps of RV-G-Fab RVC20 and RVG-
G—Fab 17C7 indicates that the two Fabs can bind to the RV-G spike simultaneously. Indeed,

cryo-EM images and 2D classes of the sample containing RV-G spikes bound to Fab RVC20
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and Fab 17C7 revealed a snowflake-like-shaped molecule, in which six Fabs concurrently bind
to a trimeric RV-G spike with 1:1:1 RV-G:RVC20:17C7 stoichiometry (Fig. 5.4). However,
unlike the RV-G-Fab 17C7 data set, side view projections are not visible in the RV-G—Fab
RVC20-Fab 17C7 data, likely due to the flat and wide engagement mode of RVC20. Similarly,

the FD and amphipol regions are poorly resolved in the reconstructed map (Fig. 5.4).
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Fig. 5.4. Initial cryo-EM analysis of full-length RV-G in complex with Fabs RVC20 and
17C7. (Top left) 2D class averages derived following collection of an initial dataset on a
Glacios 200 kV electron microscope. The positions of the Fab RVC20, Fab 17C7, and RV-G
are indicated with green circles, yellow circles, and blue arrows, respectively. (Top right) A
gold-standard Fourier shell correlation (GSFSC) plot indicating an estimated resolution of
approximately 6.9-A for the initial dataset of approximately 179,667 particles using a gold-
standard refinement procedure with a FSC = 0.143 criterion (blue horizontal line). Different
FSC curves with no mask, spherical mask, loose mask, and tight mask applied to the half maps
are also shown. Data was processed with cryoSPARC. (Bottom) The resulting 3D
reconstruction (C3 symmetry applied), calculated with non-uniform refinement, with the
crystal structure of the basic-pH RV-G ectodomain (PDB ID: 6LGX, truncated to Lys1-1le373)
fitted into the volume for illustrative purposes (fit using Chimera). Fabs RVC20, 17C7, RV-G,
and amphipol regions are labelled and indicated with green, yellow, blue, and black arrows,
respectively. The addition of Fab RVC20 “flattens” the map, in which the volumes
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corresponding to Fab 17C7 lack the height observed in Fig. 5.3. The map also exhibits
“smearing” artifact, an indication of particle preferential orientation issue.

(iv) 1112-1 and 17C7. RIG constitutes an important component of PEP. Typically, RIGs are
derived from human and equine sera. However, the limited supply and health hazard associated
with these resources have failed to provide a reliable supply in countries where canine rabies
is endemic. Therefore, hybridoma-derived mouse mAbs that display potent and wide breadth
of anti-RABV neutralisation activity are often assessed with the ultimate goal to develop a
cheaper and efficacious alternative for the treatment of rabies in humans (Miiller et al., 2009).

An antigenic site II-targeting mouse IgG nAb, 1112-1, has demonstrated potent
inhibition of cell-to-cell virus spread in vitro and high protective activity in vivo, including 100%
survival rate of animals (rats) that were subjected to RABV challenge, with no viral RNA
detected in the brains of surviving animals (Dietzschold et al., 1992). Thus, combination of
different nAbs in a PEP cocktail should include IgG 1112-1 (Miiller et al., 2009). ELISA-based
competition assay using nAb 1112-1 and Fab 17C7 showed that the two antibodies recognise
non-overlapping epitopes on RV-G (Fig. 5.5). In order to delineate the molecular basis of 1112-
1 and 17C7-mediated RABV neutralisation, the structure of Fab 1112-1 in complex with RV-
G and Fab 17C7 was determined using cryo-EM.

2D class averages of RV-G—Fab 17C7—-Fab 1112-1 revealed that the complex displayed
multiple particle orientations (Fig. 5.6). The 3D reconstruction of these particles generated a
7.91-A cryo-EM map. Notably, the map does not exhibit any apparent “smearing effect”
artifact, and the map regions corresponding to the membrane-proximal FD and amphipol belt
surrounding the transmembrane region are visible and better resolved than previous samples
(Fig. 5.6). The map also shows a 1:1:1 binding stoichiometry of RV-G:17C7:1112-1. The site
II-targeting Fab 17C7 slots in between the RV-G protomers while the site [I-targeting Fab

1112-1 binds to the PHD of RV-G, suggesting that the 1112-1 epitope partially overlaps with
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that of RVC20. Indeed, ELISA-based competitive assay using nAb 1112-1 and Fab RVC20
revealed that the two antibodies cannot bind to RV-G simultaneously (Fig. 5.5). Both Fab 17C7
and 1112-1 demonstrate an outward and upward directed binding mode. The combination of
these two Fabs likely alters the shape and size of the molecule, enabling the presentation of
most particle orientations within the thin vitreous ice layer. As the initial Glacios data set
demonstrated promising sample and map quality, the combination of Fab 17c7 and Fab 1112-
1 with RV-G was selected for high-resolution data collection using the Titan Krios microscope

(see section 5.2.3.2).
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Fig. 5.5. Competition between IgG 1112-1 and Fab 17C7 or Fab RVC20 for binding to
RV-G spike as determined by ELISA. RV-G (50uL at 1.0 ug/mL per well) was first
immobilised on an ELISA plate overnight at 4°C. After blocking with casein, immobilised RV-
G was saturated with Fab 17C7 (50 pL at 20.0 pg/mL per well) for an hour prior to the addition
of purified hybridoma-derived IgG 1112-1 (at a six-fold dilution series starting from 0.6
pg/mL). Binding of IgG 1112-1 to RV-G was detected by an anti-mouse Fc-specific secondary
antibody. The optical density readings at 405 nm (OD4os) for 1112-1 binding to the RV-G
spikes in the presence of 17C7 were deducted from the ODsos signals for RV-G-17C7
interaction alone. The results indicate that 1112-1 and 17C7 can bind to RV-G simultaneously.
The results of n=2 biologically independent experiments are shown, with the colour scheme
indicated by the legend inset. The curves are plotted using the average values calculated from
the duplicate. The experiment was repeated by replacing Fab 17C7 with Fab RVC20 to
investigate the competition between 1112-1 and RVC20 for RV-G spikes, and once more with
only 1112-1 alone. The lower OD4os signals for IgG 1112-1 binding to RV-G in the presence
of Fab 17C7, as compared to those obtained with IgG 1112-1 alone, suggest that there may be
spatial steric hindrance between the IgG and Fab. The results also indicate that 1112-1 and
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RVC20 likely target epitopes that are not mutually accessible. Note that the experiment
included in this figure was performed by Luke Thorley from Douglas group (Jenner Institute).
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Fig. 5.6. Initial cryo-EM analysis of full-length RV-G in complex with Fabs 1112-1 and
17C7. (Top left) 2D class averages derived following collection of an initial dataset on a
Glacios 200 kV electron microscope. The positions of the Fab 17C7, Fab 1112-1, and RV-G
are indicated with green circles, yellow arrows, and blue arrows, respectively. (Top right) A
gold-standard Fourier shell correlation (GSFSC) plot indicating an estimated resolution of
approximately 7.9-A for the initial dataset of approximately 44,719 particles using a gold-
standard refinement procedure with a FSC = 0.143 criterion (blue horizontal line). Different
FSC curves with no mask, spherical mask, loose mask, and tight mask applied to the half maps
are also shown. Data was processed with cryoSPARC. (Bottom) The resulting 3D
reconstruction (C3 symmetry applied), calculated with non-uniform refinement, with the
crystal structure of the basic-pH RV-G ectodomain (PDB ID: 6LGX, truncated to Lys1-Ile373)
fitted into the volume for illustrative purposes (fit using Chimera). Fabs 1112-1, 17C7, RV-G,
and amphipol regions are labelled and indicated with yellow, green, blue, and black arrows,
respectively. The visibility of all six Fabs, the three FD of RV-G spike, and the amphipol belt,
along with the absence of “smearing” artifact as seen in Fig 5.2, 5.3, and 5.4, demonstrates
promising sample and cryo-EM map quality.
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(v) E559. NADb E559 recognises antigenic site Il on RV-G and exhibits potent and broad RABV
neutralisation spectrum, and therefore constitute an important candidate for inclusion in a
mAb-based cocktail. E559 has been shown to demonstrate protective activity (67% survival
rate) against in vivo lethal RABV challenge (hamsters) (van Dolleweerd et al., 2014).
Furthermore, engineering of E559 for plant-based expression system enables rapid and high
level of protein production, resolving the issue of limited availability often associated with the
use of human and equine RIG (Tsekoa et al., 2016; van Dolleweerd et al., 2014).

Here, Fab E559 was complexed with full-length trimeric RV-G. Unlike nAb 1112-1
which binds to the PHD of RV-G in its prefusion state, the 3D reconstruction of RV-G—Fab
E559 complex shows that the antibody recognises the RV-G in an extended conformation (Fig.
5.7). Fitting of the basic-pH crystal structure of RV-G ectodomain (PDB ID: 6LGX) into the
calculated map reveals that the map is substantially taller than the crystal structure (Fig. 5.7).
Fitting of the acidic-pH crystal structure of RV-G ectodomain (PDB ID: 6LGW), on the other
hand, suggests that the map represents RV-G in an intermediate or a postfusion conformation
(Fig. 5.7). Notably, preparation of the RV-G sample was consistently performed with buffers
at pH 7.4 and therefore, any observed conformational changes in RV-G was likely due to Fab
E559 binding. As the anisotropic ~6.56-A map does not permit detailed interpretation of the
RV-G-Fab E559 recognition mode, the molecular mechanism of E559-mediated neutralisation

warrants further structural investigations.
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Fig. 5.7. Initial cryo-EM analysis of full-length RV-G in complex with the Fab of a
neutralising mAb, termed E559. (Top left) 2D class averages derived following collection of
an initial dataset on a Glacios 200 kV electron microscope. The positions of the Fab E559 and
RV-G are indicated with yellow and blue arrows, respectively. (Top right) A gold-standard
Fourier shell correlation (GSFSC) plot indicating an estimated resolution of approximately 6.6-
A for the initial dataset of 67,357 particles using a gold-standard refinement procedure with a
FSC = 0.143 criterion (blue horizontal line). Different FSC curves with no mask, spherical
mask, loose mask, and tight mask applied to the half maps are also shown. Data was processed
with cryoSPARC. (Bottom) The resulting 3D reconstruction (C3 symmetry applied), calculated
with non-uniform refinement, shown as a 3D volume. As the orientation of the structure cannot
be discerned from the reconstructed map, no fitting of the RV-G crystal structures was
performed. Fab E559 and RV-G are labelled and indicated with yellow and blue arrows,
respectively.
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5.2.3.2 High-Resolution Titan Krios Data Set Processing

As detailed in sections 5.2.2 and 5.2.3, cryo-EM grids containing freshly purified sample of
RV-G-Fab 17C7-Fab 1112-1 were prepared using a Vitrobot. Sample and grid quality were
assessed using Glacios microscope (see section 5.2.3.1). For high-resolution data collection,
cryo-EM images were recorded for ~66 h using the in-house 300 kV Titan Krios microscope,
equipped with Gatan K2 detector and GIF energy filter. Cryo-EM SPA data processing was
performed using cryoSPARC v3 software (Punjani et al., 2017). Data collection and refinement
statistics are detailed in Table 5.1.

Initially, three ab initio models were generated, two of which were selected as templates
for 3D classification (heterogeneous refinement) and refinement (non-uniform refinement)
with C3 symmetry applied. The resolutions of the resulting cryo-EM maps, as indicated by the
FSC plots, were estimated to be 3.85-A and 4.01-A, respectively. Following local CTF
refinement, the cryo-EM map improved from 3.85-A to 3.68-A. When visualised using the
Chimera software, however, the map displayed “smearing effect” artifact, such as those
observed in Fig. 5.2, 5.3, 5.4, and 5.7, suggesting that the samples suffered from orientation
bias problem. As the Glacios initial data set did not detect such issue, it is likely that the 3.68-
A map contained particles that were not sufficiently homogeneous.

Subsequently, an initial 3D model reconstruction was repeated with five new ab initio
models generated, in which all five were selected for heterogeneous and non-uniform
refinements. The resulting cryo-EM maps confirmed the heterogeneous mixture of RV-G spike
with varying Fab occupancy. Indeed, out of the five reconstructed maps, two contain 4-Fab
bound RV-G (three 17C7 and one 1112-1), two contain 5-Fab bound RV-G (three 17C7 and
two 1112-1), and one is fully bound with three copies of Fab 17C7 and three copies Fab 1112-
1. The latter was selected for further refinement, where the resolution was improved from 4.14-

A (C3 symmetry) to 3.65-A after local CTF refinement and motion correction.

168



The 3.65-A 3D map was back-projected from all orientations to generate 2D images,
which were then used as templates for another round of particle picking. The particles were
subjected to two rounds of 2D classification to remove junk particles. Five new ab initio models
were generated, which served as 3D templates for heterogeneous and non-uniform refinements.
Out of the five reconstructed maps, one represented non-sensible blob and therefore, the
corresponding junk particles were discarded. The remaining four maps comprise a 3-Fab bound,
a 4-Fab bound, a 5-Fab bound, and a 6-Fab bound RV-G structure, respectively. As the
resolutions and qualities of the 5-Fab (4.10-A, C1 symmetry) and 6-Fab (4.48-A, C1 symmetry)
bound RV-G maps were the most promising, the particles that reconstructed these two maps
were pooled and subjected to another round of heterogeneous refinement with only two 3D
classes: 5-Fab and 6-Fab bound RV-G. The 3D maps were subsequently refined independently.
No symmetry (C1) was applied for the 5-Fab bound RV-G map, and the FSC-estimated
resolution is 3.88-A after local CTF refinement and motion correction. The 6-Fab bound RV-
G map was refined with C3 symmetry applied, and the FSC-estimated resolution is 3.80-A
after local CTF refinement and motion correction. The cryo-EM data processing workflow is

summarised in Fig. 5.8.
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Fig. 5.8. Cryo-EM data processing workflow for the RV-G—Fab 17C7-Fab 1112-1
complex. Recorded movie frames were aligned for motion correction. CTF estimation was
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performed using CTFFINDA4. Following particle picking and extraction, 2D classification was
performed to select 2D classes with clear protein features, minimal noise, and varied particle
orientation. The selected particles were first used to generate three ab initio models. Following
heterogeneous refinement, non-uniform refinement, and local CTF refinement, the cryo-EM
map was reconstructed to 3.68-A (613,730 particles) with C3 symmetry applied, as calculated
using gold-standard FSC approach. The map exhibits “smearing” artifact, an indication of
particle orientation bias, likely a result of heterogeneous particles used in reconstruction.
Therefore, the refinement process was repeated with five ab initio models. Two 4-Fab, two 5-
Fab, and one 6-Fab bound RV-G maps were generated. The 6-Fab bound structure was
subsequently refined to 3.65-A (180,591 particles), with C3 symmetry applied. The structure
was back-projected as 2D templates for another round of particle picking and 2D classification.
3D reconstruction from the five new ab initio models yielded a junk class (not shown), a 3-
Fab, a 4-Fab, a 5-Fab, and a 6-Fab bound RV-G cryo-EM maps. Particles from the 5-Fab and
6-Fab bound RV-G maps were pooled and classified to further ensure homogeneous particles
were used for final 3D reconstructions. The resulting classified maps were refined to 3.88-A
(5-Fab; C1 symmetry, 258,945 particles) and 3.80-A (6-Fab; C3 symmetry, 187,840 particles).
As the 6-Fab bound RV-G map exhibits “smearing” artifact which affects its interpretability,
the 5-Fab bound RV-G cryo-EM map was selected for further analysis.

The presence of RV-G—Fab complexes with partial Fab 1112-1 but full Fab 17C7
occupancy suggests that the affinity of nAb 1112-1 for the RV-G spike may be weaker than
that of the nAb 17C7. While previously published literature reported a dissociation constant
(Kp) of 13 nM for the nAb 17C7, the binding affinity of nAbs 1112-1 for the RV-G spike has
not yet been reported. Therefore, this ongoing study will aim to quantify the binding affinity
of these nAbs for the RV-G spike. Inspection of the two maps revealed that the map of the
3.88-A 5-Fab bound complex has a better map quality than that of the 3.80-A 6-Fab bound
RV-G complex. Indeed, the cryo-EM map of the 6-Fab-bound RV-G complex displays the
“smearing effect” artifact that is associated with particle preferential orientation, affecting its
interpretability (Fig. 5.8). On the other hand, the cryo-EM map of the 5-Fab bound RV-G
complex does not contain the “smearing effect” artifact (Fig. 5.9). Additionally, the constant
region of Fab 1112-1 is better resolved in the 5-Fab map than the 6-Fab map. Since no
information is missing in the 5-Fab map, including both the Fabs 17C7 and 1112-1 epitopes,

the RV-G—(Fab 17C7);—(Fab 1112-1), map was selected for further analysis.
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Rigid fitting of the crystal structures of basic-pH RV-G ectodomain (PDB ID: 6L.GX)
(Yang et al., 2020) and prefusion VSV-G ectodomain (PDB ID: 512S) (Roche et al., 2007)
indicates that the reconstructed cryo-EM map represents a RV-G—Fab complex in prefusion
conformation (Fig. 5.10). Interestingly, the C-terminal loop of the basic-pH RV-G ectodomain
crystal structure adopts an upward tilting conformation (Yang et al., 2020). Similarly, the
crystal structure of the CHAV-G in an intermediate conformation (PDB ID: SMDM) shows a
C-terminal loop that pivots away from the FD (Baquero et al., 2017). Therefore, the basic-pH
crystal structure of RV-G was proposed to represent an early intermediate state observed during
the pre-to-post-fusion conformational transition. Indeed, inspection of this region in the
trimeric, prefusion crystal structure of VSV-G shows that the C-terminal loop points and travels
down towards the FD and membrane region (Roche et al., 2007). In addition, the reconstructed
cryo-EM map of RV-G—Fab complex shows a continuous density for the C-terminal loop
towards the FD and membrane region (Fig. 5.10). Therefore, our structural data represent a
RV-G spike model that is more representative of the native prefusion spike (Fig. 5.10),
complimenting the crystal structures of putative intermediate and post-fusion RV-G
ectodomains. In order to obtain a better fitting of the crystal structure into the cryo-EM map,
the C-terminal loop of the basic-pH RV-G structure was truncated (Fig. 5.9). Furthermore, the
map contains region that was previously unresolved in the crystal structure, including linker
residues GIn256-Leu276. However, the membrane-proximal B-sheet of the FD and

transmembrane helices are less well resolved due to a noisier map at that amphipol region.
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Fig. 5.9. Initial cryo-EM analysis of the higher-order assembly of the RV-G—(Fab
17C7);—(Fab 1112-1); complex. (7op left) A gold-standard Fourier shell correlation (GSFSC)
plot indicating an estimated resolution of approximately 3.9-A for the dataset of 258,945
particles using a gold-standard refinement procedure with a FSC = 0.143 criterion (blue
horizontal line). Different FSC curves with no mask, spherical mask, loose mask, and tight
mask applied to the half maps are also shown. Data was processed with cryoSPARC. (Top
right) Angular distribution calculated in cryoSPARC for particle projections. Heat map shows
number of particles for each viewing angle (less = blue, more = red). (Middle row) The
resulting 3D reconstruction (no symmetry applied: Cl1), calculated with non-uniform
refinement, with the crystal structure of the basic-pH RV-G ectodomain (PDB ID: 6LGX,
truncated to Lys1-Ile373) fitted into the volume (fit using Chimera). The cryo-EM map is
shown as a translucent white surface. The crystal structure is shown as a cartoon and coloured
blue. The map regions corresponding to Fab 17C7 and Fab 1112-1 are indicated and labelled
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accordingly. Three copies of the basic-pH RV-G ectodomain crystal structure is fitted in the
top view but only one copy is fitted in the side view for visual clarity. (Bottom row) A zoom-
in panel of cryo-EM map (/eff) corresponding to the CD a-helix (Leu271-Ser295) that forms
the trimerisation interface. The helix is displayed as a green cartoon and fitted into the map
(right) with the side chains shown as yellow sticks and constituent nitrogen and oxygen atoms
coloured blue and red, respectively. On the right side of the panel, only the fitted basic-pH RV-
G ectodomain crystal structures are shown to demonstrate the trimerisation interface (top view)
composed by the long a-helices of the CD. The fitting of a single protomer is also shown (side
view) with the cryo-EM map around the molecule (8-A radius) displayed. The PHD, CD, and
FD are labelled and coloured in cyan, green, and magenta, respectively.
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Fig. 5.10. Rigid fitting of RV-G, VSV-G, and CHAV-G ectodomain crystal structures into
the cryo-EM-derived 5-Fab bound full-length trimeric RV-G map. (Left column) The
crystal structures of basic-pH RV-G (PDB ID: 6LGX), prefusion VSV-G (PDB ID: 512S), and
CHAV-G in an intermediate conformation (PDB ID: 5MDM) are shown in cartoon
representation and coloured as a rainbow ramped from N- (blue) to C-terminus (red). The N-
and C-termini are shown as blue and red spheres, respectively. (Middle and right columns)
Rigid fitting of the crystal structures of RV-GPasic PH Y Sy._Gprefusion  and CHAV-Gintermediate
ectodomain into the cryo-EM map of full-length trimeric RV-G—(Fab 17C7);—(Fab 1112-1)s.
Only one copy of the G protein is fitted for visual clarity. The crystal structures are shown as
previously described. The cryo-EM map is shown as a translucent white surface. The C-termini

174



of the structures are labelled. 180°-rotated zoom-in panels of the C-terminal loop for each
structure fitting are shown. The map within the dashed-line box is isolated and displayed
separately. The results demonstrate that the experimental cryo-EM map represents a trimeric
RV-G spike in the prefusion conformation.

The observed higher-order trimer via rigid fitting of the RV-G crystal structure reveals
that the CD of each RV-G protomer is positioned towards the trimerisation axis, with its long-
spanning a-helix (Leu271-Ser295) forming part of the trimerisation interface (Fig. 5.9). Fab
17C7 recognises the RV-G spike by engaging the surface of CD that is solvent exposed in
between the RV-G protomers, while Fab 1112-1 binds to the membrane-distal PHD. Each leg
of the fitted RV-G is composed of the FD with the fusion loops pointing toward the membrane
(amphipol) region. Together with VSV-G and HCMV gB, RV-G is the third full-length
trimeric structure available for class III fusogen and the first full-length trimeric lyssaviral-G
structure. Despite low sequence identities (~18%), comparison of the fitted RV-G ectodomains
with the prefusion trimeric VSV-G revealed that the overall tripodal arrangement is highly
similar, suggesting that lyssaviruses and vesiculoviruses have evolutionarily conserved
membrane-fusion mechanisms. As the atomic model building for the RV-G trimer is still
underway, structural comparison between the prefusion structures is not currently available.
We anticipate that the structure of the RV-G—Fab will serve as a template for understanding
the lyssaviral G architecture and the molecular basis of antibody-mediated immune response,
and as a molecular blueprint for future structural investigation of trimeric RV-G fusogenic

rearrangements and RV-G-receptor interactions.

5.3 SUMMARY AND DISCUSSION

In collaboration with Dr Alexander Douglas at Jenner Institute, we aimed to characterise the

structure of the native full-length trimeric RV-G spike to delineate the molecular basis of
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antibody-mediated neutralisation of RABV and to provide a structural template for vaccine
design that is enabled by the production of stable RV-G spike. Cryo-EM SPA approach was
used to obtain 3.80-3.88-A cryo-EM maps of RV-G in complex with Fab 17C7 and Fab 1112-
1 (Fig. 5.9). The maps show that the RV-G spike adopts a prefusion conformation with a
tripodal arrangement, as demonstrated by rigid fitting of the crystal structures of basic-pH RV-
G ectodomain (Yang et al., 2020) and prefusion VSV-G ectodomain (Roche et al., 2007) (Fig.
5.10). Identification of the trimerisation interface composed by the long a-helix in the CD
provides a molecular template for designing mutations that can stabilise the trimeric RV-G
ectodomain in the prefusion conformation, which is otherwise metastable and could transit
among several different conformational states. Production of stabilised prefusion RV-G
ectodomain without transmembrane region will eliminate the need of detergent solubilisation
and reduce the costs and complications associated with membrane protein production and
purification. Furthermore, a stabilised RV-G construct will serve as a more homogeneous
sample for high-resolution structural studies and as a better vaccine design.

The cryo-EM maps further reveal that the RV-G spike can be recognised by three copies
of Fab 17C7 and three copies of Fab 1112-1 simultaneously, indicative of the presence of more
than one key site of vulnerability on the RV-G spike and is reflective of the importance of nAb-
based PEP cocktails. Previous characterisation of anti-RABV nAbs highlighted the utilisation
of different nAb-mediated neutralisation mechanisms, such as by preventing receptor binding
(e.g. nAb 523-11) (Yang et al., 2020) and fusogenic rearrangement of RV-G (e.g. nAb RVC-
20) (Hellert et al., 2020). Here, cryo-EM determination of RV-G spike in complex with Fabs
17C7 and 1112-1 will provide the first structural insights into the molecular determinants of
potent and broad RABV neutralisation mechanisms utilised by these two nAbs. We observe
that Fab 17C7 targets the antigenic site III located on the CD while Fab 1112-1 binds to the

antigenic site II located on the PHD. Targeting of the major antigenic sites located in the
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membrane-distal region of the RV-G by the nAbs corroborates with the structure of the
prefusion RV-G spike, as the CD and PHD are the most protruded and exposed domains. Thus
far, no antigenic site has been mapped to the membrane-proximal FD, suggesting that the
domain is well shielded by the PHD and CD on the mature virion.

Structural data of RV-G in the presence of Fab E559 suggests that the nAb promotes
structural rearrangement of the spike from the prefusion to an intermediate or a post-fusion
conformation (Fig. 5.7). While the molecular basis of E559-mediated RABV neutralisation
warrants further investigation, we postulate that E559 may lock the RV-G spike in an
intermediate or a post-fusion conformation and therefore, render it incompatible for receptor
binding. The ability of RV-G to reversibly rearrange from pre- to post-fusion conformation
highlights the presence of an equilibrium state between the conformations on the RABV virion
(Yang et al., 2020). Thus, the inclusion of nAbs, such as E559, that likely promotes RV-G into
an intermediate or the post-fusion state constitutes an important element in nAb-based PEP
therapeutic, as the E559-mediated antigenic change in RV-G spikes on the virion surface may
likely disrupt host receptor recognition.

In toto, we have successfully derived a well-expressing RV-G construct and identified
purification conditions that allowed production of trimeric, full-length RV-G to sufficient
homogeneity. Moreover, cryo-EM SPA of RV-G in the presence of Fabs 17C7 and 1112-1
demonstrated that the purified protein is a tractable target for high-resolution structural analysis
and that the nAbs target the trimeric membrane-distal region of the RV-G spike. As RABV
constitutes an important human and animal pathogen, the information revealed in this study
will be of broad academic and commercial interest. In particular, our data may lead us to
structure-guided engineering of RV-G in a stabilised prefusion state, which may in turn lead to
the development of more effective RABV vaccines. Our structural insights on nAb-targeting

epitopes on RV-G may also allow the optimisation of pre-existing therapeutic nAb-based PEP,
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resulting in lower dose regimes and more affordable and efficacious products for RABV-

endemic areas.
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6 CONCLUDING REMARKS AND FUTURE WORK

6.1 MAMMARENAVIRUS

The continual discovery of novel mammarenaviruses raises concerns for the public
health and economic impacts of these viruses with unknown pathogenic potential.
Characterisation of their origins, cross-species transmission potential, host cell entry
mechanism, and associated therapeutic countermeasures is therefore of paramount importance.
Here, I studied the GP1 glycoprotein of LORV, a novel mammarenavirus isolated from
Bandicota rat in Thailand in 2016 (Blasdell et al., 2016). Sequence analysis indicates that
LORYV is closely related to other OW mammarenaviruses, including the pathogenic LASV (Fig.
3.1). Comparison of the structures of monomeric LORV GP1 and monomeric LASV and
MORYV GP1s shows that the protein fold of the receptor-binding glycoprotein is highly similar
(Fig. 3.4). Furthermore, the high structural similarity between the basic and acidic pH
structures of LORV GPI1 suggests that the pH-derived alteration of electrostatic surface
potential does not lead to any appreciable local conformational changes.

Structural superimposition of monomeric LORV GP1 with LASV GP1 associated with
the cognate GP2 subunit revealed dramatic structural rearrangement of the GP1 molecule (Fig.
3.5). Indeed, while the architecture of the central B-sheet remains considerably conserved,
reorientations of the GP1 termini and a-helices render the monomeric molecule a-DG-binding
incompetent. This observation is supported by the mapping of the putative a-DG-binding
residues onto the monomeric OW GP1 subunit where spatial declustering of the residues with
more than 15 A apart is observed (Fig. 3.6). In addition, mapping of LASV LAMP1 binding
site onto LORV GP1 revealed substantial compositional and conformational differences in the

LAMP1-binding histidine triad, strand 35, and loop L7 (Fig. 3.7). In consistent with a previous

structural study of MORV GP1 (Israeli et al., 2017), the mapping analysis suggests that LORV
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GP1 does not utilise LAMPI. Further experiment testing LAMP1 recognition by LORV GP1
is required to confirm this hypothesis. In addition, SBPA of available OW mammarenaviral
GP1 structures demonstrates the bifurcation of the structures into two distinct classes, termed
‘GP2-free’ and ‘GP2-associated’ (Fig. 3.9). Antigenic deconfiguration associated with the
structural changes in GP1 from the GP2-associated to GP2-free conformation may render the
molecule as an immunological decoy. Indeed, ineffective humoral immune response during
early LASV infection have been reported along with the detection of shed LASV GP1 in patient
sera (Branco et al., 2010).

To date, a number of OW and NW GP1 structures have been characterised (Table 1.1).
Structural comparison of GP2-free OW GP1, GP2-associated OW GP1, and GP2-free clade B
and D NW GP1 showed that the latter two structural classes are more similar to each other than
with GP2-free OW GP1, and that the conformations displayed by the structures of GP2-
associated OW GP1 and GP2-free NW GP1 likely resemble those presented on the mature
virion surface (Fig. 1.11 and 3.5). However, the structures of NW GP1 from clade A and C
have yet to be reported. Like OW GP1s, NW clade C GP1s recognise a-DG. Therefore, the
question remains if the structures of NW clade C OLV and LATV GP1s will resemble those
of OW or NW GP1s. In addition, the receptor for NW clade A such as PICV remains unknown.
In order to understand the structural lability of the mammarenaviral GP1 and to predict their
receptor tropism, structure determination of NW clade A and C GP or GP1 constitutes an
important part in the future mammarenaviral research.

Previous mass-spectrometry glycan analysis of OW LASV GP reported by Watanabe
etal.in 2018 (Fig. 1.13) and the glycan mapping analysis of LORV GP performed in this thesis
(Fig. 3.8) demonstrates that the proteinaceous surface of the OW GP spike is covered by a
dense glycan shield, rendering this therapeutically important molecule an immunologically

resistant target. The abundance of N-linked glycosylation on the LORV GP, which surpasses

180



that of LASV, suggests that LORV may also be an “evasion strong” virus (Burton, 2017;
Watanabe et al., 2018) with heightened resistance to antibody-mediated neutralisation. Notably,
mapping of the position of these putative N-linked glycan sites reveals the close spatial
association of Asn65"°RV (not present in LASV: Glu67*4%Y) to an epitope recognised by a
LASYV neutralising antibody, 37.7H (Hastie et al., 2017). If N-linked glycans are present at this
site, it is likely that the glycans may help to shield this region of the GP surface. Thus far, no
similar analysis has been performed for NW mammarenaviral GP. In the future, I suggest that
NW GP to be subjected to a similar glycan compositional and mapping analysis. The structural
data will be integral to the overview of glycan-mediated shielding of mammarenaviral GP,
identification of sites that may be most vulnerable to the antibody immune response, and the
creation of a humoral immunity-based vaccine capable of mimicking the GP spikes inclusive
of the native-like glycosylation presented on the mature virion surface.

Characterisation of the nAb epitopes on the mammarenaviral GP spikes is crucial in
identifying the minimal subcomponent that is capable of eliciting protective humoral immune
response. Previous studies have revealed that most human nAbs require both LASV GP1 and
GP2 subunits (Hastie et al., 2017; Robinson et al., 2016; Zeltina and Bowden, 2017). Indeed,
the combined structural data of GP conformation and dense glycan shield presented in this
thesis provide a rationale to this observation, indicating that the previously reported OW
GP1-GP2 structures present a native-like conformation, and that the nAb epitopes often
include the GP2 subunit, which is more sequentially and structurally conserved and contains a
lower glycan density than the GP1 subunit. To investigate the antigenic surface of NW
mammarenaviral GP1, in this thesis, I have structurally characterised the nAb epitope of Fab
JUN1 and Fab MACI that target JUNV GP1 and MACYV GPI1, respectively.

Structure analysis of JUNV GPI-Fab JUN1 and MACV GPl-Fab MACI

demonstrates that the nAbs target the TfR1 RBS and neutralise through disruption of hTfR1
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recognition (Fig. 4.3, 4.4, 4.8). Comparison of the two structures with previously reported
GP1-nAb complexes reveals that despite originating from a unique germline, nAb JUNI1
utilises a binding mode common to all characterised infection and vaccine-elicited JUNV-
specific nAbs (e.g. OD01, GDO1, CR1-28), which involves mimicking TfR1 binding through
the insertion of a tyrosine residue into the RBS (Fig. 4.3—4.5). In contrast, nAb MACI
undergoes a distinct mode of antigen recognition that contrasts that used by the reported anti-
JUNV nAbs and the only other characterised anti-MACV nAb (CR1-07), providing evidence
for varied modes of GP1-specific recognition amongst New World arenaviruses more broadly
(Fig. 4.8, 4.9, 4.13). Combined, these data provide a structure-guided rationale for the
requirement of nAb cross-reactivity against the NW GPls, which involves antigenic
differences (e.g. MACV GP1 loop 10) and the ability to engage a sufficiently large and
conserved surface. To augment the effort in creating bnAb-based cocktails, future work
involving identification and characterisation of NW GP2 and/or GP1-GP2 nAb epitopes are
essential. Furthermore, immunogen design will greatly benefit from the structures of NW
GP1-GP2 and GP, which are currently unavailable.

The development of therapeutic mAbs targeting SARS-CoV-2 (Deb et al., 2021; Ning
etal., 2021), respiratory syncytial virus (Gilman et al., 2016; Goodwin et al., 2018), Ebola virus
(Bornholdt et al., 2016; Corti et al., 2016; Rijal et al., 2019), and influenza virus (Chai et al.,
2017; Nakamura et al., 2013) demonstrates the important role nAbs can play in the treatment
of viral infectious diseases. The work involving the characterisation of neutralising epitopes on
NW mammarenavirus surface presented in this thesis provides a platform for the development
of mAbD therapy against these biomedically important pathogens. Future endeavours towards
this goal will likely involve in the isolation of a larger library of nAbs for comparative
assessment of efficacy. Several approaches such as mouse/transgenic mouse vaccination,

phage display, and single mouse/human B cell sorting can be employed (Lu et al., 2020).
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Screening for binding and neutralisation in vitro followed by in vivo characterisation of
the mAbs (e.g. efficacy, pharmacokinetics, safety, and cellular toxicity) using appropriate
animal models are essential before the treatment can be clinically trialled in humans. These
essential assays may be complemented by structural analysis to help identify synergetic
combinations of nAbs that target distinct and non-competing sites on the NW mammarenaviral
GP surface. Furthermore, the production cost, product stability, storage condition, dosage, and
treatment regime for the application are important considerations for the development for these
biologics. A humanised mAb (hul99) has shown to be highly efficacious in guinea pig and
NHP models of AHF, suggesting that mAbs may be viable for AHF therapy (Zeitlin et al.,
2021). In addition to making the manufacture of mAbs economically feasible, the licensure
expense associated with their clinical use can be a hurdle, especially for rare, endemic viral
diseases with high morbidity and mortality that occupy relatively small commercial markets
(Kelley, 2009; Shaughnessy, 2012). Therefore, it will be important to coordinate this
developmental work with local policy makers and regulators in regions at risk to ensure the
best possible outcome for those at risk (Zeitlin et al., 2021).

While high-resolution structure determination of recombinant mammarenaviral GP1 or
GP1-GP2 in the presence of Fab fragments of nAbs provide molecular-level insights into the
nAb-mediated neutralisation, such data do not give information about the mode of whole virus
engagement and the occupancy of the nAbs on the mature virions. For instance, the crystal
structure of LASV GP1-GP2 in complex with Fab 37.7H (PDB ID: 5VK2) (Hastie et al., 2017)
shows that the Fab fragment mainly engages the GP2 subunit at an angle that is parallel to the
viral membrane (Fig. 6.1A). A cryo-ET and STA experiment may help to illuminate on how
the spaces between the GP spikes on the virion surface may accommodate the nAbs and the
average number of nAbs required to neutralise the virus. Indeed, I have begun the produce

LASV VLP using a previously established stable cell line developed by Dr. Thomas Strecker
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at Philipps University of Marburg (see section 2.4). Cryo-EM grids containing purified VLP
and Fab 37.7H were prepared and screened using the Glacios microscope (Fig. 6.1B). While
the ongoing COVID-19 pandemic has disrupted this experiment, the successful production of
LASYV VLP indicates that this study is a highly tractable project.

In toto, the structural data on mammarenaviral GP1 presented in this thesis highlights
the differential conformational plasticity and immunogenicity of OW and NW
mammarenaviral GP spikes. Creation of OW GP-based vaccines will require the incorporation
of both GP1 and GP2 subunits and reproduction of native-like glycosylation in order to present
epitopes that are natively accessible while GP1-targeting nAb-based therapeutics have proven
to be effective against NW mammarenaviruses. However, sequence and structural variation of
the NW GP1 subunits may limit the efficacious of GP1-specific nAbs against different NW
viruses. Therefore, I envisage that nAb-based cocktail consisting GP1-, GP2-, and GP1-GP2-
targeting bnAbs will likely constitute one of the most promising treatments against NW

mammarenavirus infection.

Heavy chain3-H

GP1-GP2'ASV_Fab 37.7H
(PDB: 5VK2)

Fig. 6.1. Preparation of LASV GP-displayed VLPs lays a groundwork for cryo-ET
investigation of mAb recognition of LASV GP (A) The crystal structure of LASV GP1-GP2
in complex with Fab 37.7H (PDB ID: 5VK2). The structure is shown in cartoon representation
with GP1 coloured light blue, GP2 in purple blue, Fab 37.7H heavy chain in dark grey, and
Fab 37.7H light chain in light grey. Unresolved regions are shown as dashed lines. (B) A cryo-
EM image of LASV VLPs in the presence of Fab 37.7H recorded using Glacios microscope.
Purified LASV VLPs and Fab 37.7H were mixed and incubated for 30 min prior to cryo-EM
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grid preparation. 3 pL. of VLP—Fab mixture was then pipetted onto Quantifoil® R 2/1 or C-
Flat™ R 2/2 cryo-EM grids. Cryo-plunge freezing was performed using Vitrobot. The 2D cryo-
EM images did not provide clear evidence of Fab 37.7H binding to the LASV GP displayed
on the VLP surface. Therefore, cryo-ET and STA approaches will be required to ascertain the
antigen recognition mode utilised by Fab 37.7H on the VLP surface. Scale bar = 50 nm.

6.2 RABIES VIRUS

The high cost and dose administration associated with the current RABV vaccine and PEP
treatment represents a huge obstacle to WHO’s ‘Zero by 30’ programme, a global plan to
eliminate dog-mediated rabies by 2030 (Consortium, 2019). Currently, approximately 60,000
deaths occur annually due to rabies (Fooks et al., 2017). The current RABV vaccines use
purified cell cultured-based vaccine and have proven to be safe and efficacious in treating
rabies and preventing death when administered together with RIG (Gerber et al., 2020;
Moulenat et al., 2020). 3—4 vaccine doses are often required to offer full protection. Here, to
explore the design of a glycoprotein-based vaccine, I structurally characterised the full length,
trimeric RV-G using cryo-EM SPA method.

The glycoprotein has demonstrated particle orientation bias on cryo-EM grids (Fig.
5.2-5.4), a phenomenon that is often caused by the adsorption of protein particles at the air-
water interface. I resolved this issue by trying different RV-G-targeting Fab fragments and
determined that Fab 17C7 and Fab 1112-1 were the best combination capable of alleviating the
preferential orientation issue (Fig. 5.6). Subsequently, high-resolution cryo-EM images of RV-
G in complex with Fabs 17C7 and 1112-1 were collected using a Titan Krios microscope
equipped with a K2 camera. The cryo-EM map at approximately 3.9-A estimated by gold-
standard FSC approach revealed the higher-order trimeric assembly of RV-G and the epitopes
targeted by Fabs 17C7 and 1112-1 (Fig. 5.9).

While the model building is currently ongoing, the cryo-EM map informs several

important characteristics of the structure. Fitting of the basic-pH RV-G ectodomain crystal
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structure (PDB ID: 6LGX) (Yang et al., 2020) into the cryo-EM map shows that the
trimerisation interface is composed by the long a-helices of the CD, with the PHD located at
the most protruded and exposed region and the FD at the most membrane-proximal region of
the RV-G spike (Fig. 5.9). Identification of the trimerisation interface will provide a structural
framework for designing trimeric RV-G immunogen stabilised in prefusion conformation by
inserting stabilising mutations at this interface. Furthermore, the stabilised construct may allow
the removal of transmembrane region and eliminate the need of detergent-based protein
purification protocol, reducing costs and complications associated with membrane protein
production and purification, leading to the production of highly homogeneous sample for high-
resolution structural studies and vaccine candidate. The cryo-EM map also provides the first
structural insights into the recognition mode of the nAbs in the context of higher order trimeric
RV-G assembly. Fab 17C7 is observed to recognise the antigenic site III located on the CD
while Fab 1112-1 binds to the antigenic site II located on the PHD, indicative of the presence
of more than one key site of vulnerability on RV-G surface. High-resolution visualisation of
these epitopes will inform discussion about the risk of failure of the PEP due to antigenic
variation as well as the development and optimisation of other nAb-based PEP cocktails that
target two or more antigenic sites.

In addition of designing a stabilised prefusion RV-G construct, the RV-G construct
described above paves the way for biophysical quantification and structure determination of
RV-G-receptor interactions, which will reveal the RBS on RV-G spikes. Notably, ectodomain
regions for p75SNTR (Tuffereau et al., 1998), NCAM1 (Thoulouze et al., 1998), and mGluR2
(Wang et al., 2018) have been previously shown to be amenable to recombinant production
and purification. High resolution structural analysis of virus-receptor pairings will provide
molecular-level information about the specificity underlying host-cell recognition, and further

aid the identification of epitopes vulnerable to RBS-targeting nAbs. This work will clarify the

186



role of RV-G during host cell attachment, providing a structural model for how RABV is
capable of recognising human cells during host cell entry.

Low pH-induced structural rearrangement of RV-G ectodomain and other class III
fusogens have been previously shown (Backovic et al., 2009; Baquero et al., 2015; Belot et al.,
2020; Chandramouli et al., 2015; Heldwein et al., 2006; Roche et al., 2006; Yang et al., 2020).
A recent structural study of a RV-G ectodomain protomer demonstrates the conformational
differences between acidic- and basic-pH structures (Yang et al., 2020), consistent with class-
III fusogenic activity. However, the structural basis for how the full-length trimeric RV-G spike
undergoes these rearrangements remains unknown and is key for understanding the coverage
of conformational landscape by the molecule. Future work including cryo-EM analysis of
acidified full-length RV-G will validate proposed models of class III viral fusion. Interestingly,
initial cryo-EM analysis of RV-G in complex with Fab E559 (Fig. 5.7) suggests that the nAb
promotes structural rearrangement of the spike from a prefusion to an intermediate or a post-
fusion conformation. High-resolution cryo-EM analysis of RV-G—Fab E559 complex will be
highly beneficial not only for the identification of a structural state adopted by the RV-G, but
also for the characterisation of the varied modes by which nAbs can neutralise RABV.

In conclusion, the structural data of RV-G and anti-RV-G Fabs presented in this thesis
will illuminate the structure and functionality of RV-G, a key therapeutic target. In particular,
the data may lead to structure-guided RV-G immunogen design, stabilised in prefusion
conformation, as a more effective RABV vaccine. Furthermore, the structure provides a
molecular blueprint necessary for the investigations of RV-G—receptor interactions and RV-G
fusogenic activity. In addition to the potential academic and commercial values of the
therapeutic insights derived from this work, this project will also expand our understanding

and appreciation of the structures and functionality of class III viral fusogens.
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8 APPENDIX

8.1 c¢DNA AND AMINO ACID SEQUENCES OF FAB FRAGMENTS

Fab JUN1 (Heavy chain)

cagatccagttggtgcagtctgtagagaccgggggaggcttggtgaggcctggaaattcet
Q I ¢ L V. Q s VvV E T 6 6 G L VvV R P G N S
ctgaaactctcctgtgttacctcgggattcactttcagtaactaccaaatgcactggcett
L K L. s ¢ v T s G F T F S N Y Q M H W L
cgccagcctccagggaagaggctggaatggattgctgtaattacagtcaaatctgataat
R ¢ P P G K R L. E W I A VvV I T V K S D N
tatggagcaaattatgtagagtctgtgaaaggcagattcgccatttcaagagatgattca
Yy G A N Y V E S v K G R F A I S R D D S
aaaagcagtgtctacctagagatgaacagattaagagaggaagacactgccacttatttt
K s s vy L EM N R L R E E D T A T Y F
tgtagtagatcggggatctatgatggttactacgcctatgctatggactactgggggcaa
c s R s 6 I vy b G Y Y A Y A M D Y W G Q
ggaacctcagtcaccgtctcgagcgccaccaccaagggcccatectgtectatceccactggece
G T s v T v s s A T T K G P S V Y P L A
cctggatctgctgcccaaactaactccatggtgaccctgggatgectggtcaagggetat
P G S A A Q TN S M V T L G C L V K G Y
ttccctgagccagtgacagtgacctggaactctggatececctgtccagecggtgtgcacacc
F P E P V T V T W N S G S L S S G V H T
ttcccagctgtecctgcagtctgacctctacactctgagcagectcagtgactgtececectec
F P AV L Q S DL Yy T L S S S V T V P S
agcacctggcccagccagaccgtcacctgcaacgttgecccaccecggeccagcagcaccaag
s T w p S © T VvV T C N V A H P A S S T K
gtggacaagaaaattgtgcccagggattgt
v D K K I VvV P R D C

5' forward primer: gcgACCGGTcagatccagttggtgcagtctgta
3' reverse complementary primer: gcgGGTACCacaatccctgggcacaattt
“gcg” is a GC-overhang inserted to facilitate restriction endonuclease digestion.

ACCGGT and GGTACC are recognised by Agel and Kpnl restriction enzymes, respectively.

The heavy chain construct was cloned into pHLsec expression vector and expressed in

HEK293T cells together with the light chain at a 1:1 molar ratio.
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Fab JUNI1 (Light chain)

agtgttgtgatgacccagtctcaaaaattcatgtccacttcagtaggagacagggtcagce
s v v M T Q@ S ¢ K F M S T S V G D R V S
atcacctgcaaggccagtcaaattgtgggtacttctgtagecctggtatcaacagaaagca
I T ¢ K A S Q I VvV G T s VvV A W Y Q Q K A
ggacaatctcctaaactactgatttattgggcctctacccggcacactggagtcecectgat
G ¢ s P K L L I ¥y W A S T R H T G V P D
cgcttcacagccggtggatctgggacagatttcactctcaccattaccaatgtgcagtet
R P T A G G S G T D F# T L T I T N V Q S
gaagacttggcagattatttctgtcagcaatatgccacctatcctctcacgttcggetcg
E DL A DY F C Q Q Y A T Y P L T F G S
gggaccaagctggagctgaaacgtacggatgctgcaccaactgtatccatcttcccacca
G T K L £ L K R T D A A P T V S I F P P
tccagtgagcagttaacatctggaggtgcctcagtecgtgtgecttcttgaacaacttctac
s S B @ L. T S G G A S V V C F L. N N F Y
CCccaaagacatcaatgtcaagtggaagattgatggcagtgaacgacaaaatggcgtcctyg
P K D I N V K W K I D G S E R QO N G V L
aacagttggactgatcaggacagcaaagacagcacctacagcatgagcagcaccctcacg
N S w T D @ D S K D s T Yy s M S S T L T
ttgaccaaggacgagtatgaacgacataacagctatacctgtgaggccactcacaagaca
L T K b E Y E R H N S Y T C E A T H K T
tcaacttcacccattgtcaagagcttcaacaggaatgagtgttga
s T s p I VvV K S F N R N E C -

5' forward primer: gcgACCGGTagtgttgtgatgacccagtctca
3' reverse complementary primer: gcgCTCGAGtcaacactcattcctgttgaagctc
“gcg” is a GC-overhang inserted to facilitate restriction endonuclease digestion.

ACCGGT and CTCGAG are recognised by Agel and Xhol restriction enzymes, respectively.

The light chain construct was cloned into pHLsec expression vector and expressed in

HEK293T cells together with the heavy chain at a 1:1 molar ratio.
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Fab MAC1 (Heavy chain)

caggtccaactgcagcagtctggggctgagctggtgaagcctggggectcagtgaagatt
Q vV 9 L 9 Q9 S G A E L VvV K P G A S V K I
tcctgcaaagcttctggectacgcattcggtageccactggatgaactgggtgaagcagagg
s ¢ K A S G Y A F G S H W M N W V K QO R
cctggaaagggtcttgagtggattggacagatttatcctggagatggtgatactaactac
P G K 6 L. £ w I G ¢ I Yy P G D G D T N Y
aacggaaagttcaagggtaaggccacactgactgcagacaaatcctccagcacagcectac
N G K F K 6 K A T L T A D K S S S T A Y
atgcagttcagcagcctgacctctgaggactctgcggtctatttctgtgcaagagatgac
M Q F S S L T S B D S A V Y F C A R D D
tacggtacaagatactactttgactactggggccaaggcaccactctcacagtctcgagce
Yy 6 T R Y Y F DY W G Q G T T L T VvV S S
gccaccaccaagggcccatctgtctatccactggcccecctggatctgectgecccaaactaac
AT T K G P S VY P L A P G S A A Q T N
tccatggtgaccctgggatgcctggtcaagggctatttceccctgageccagtgacagtgacc
s M v T L G ¢ L VvV K G Y F P E P V T V T
tggaactctggatccctgtccagecggtgtgcacaccttcecccagectgtectgcagtctgac
w N S G S L S S G VvV H T F P A V L Q S D
ctctacactctgagcagctcagtgactgtcccecctceccagcacctggecccagccagaccgtce
L vy T . s s s v T v P s S T W P S Q T V
acctgcaacgttgcccacccggccagcagcaccaaggtggacaagaaaattgtgeccagg
T ¢ N V A H P A S S T K V D K K I VvV P R
gattgt

D C

5' forward primer: gcgACCGGTcaggtccaactgcagcagt
3' reverse complementary primer: gcgGGTACCacaatccctgggcacaattt
“gcg” is a GC-overhang inserted to facilitate restriction endonuclease digestion.

ACCGGT and GGTACC are recognised by Agel and Kpnl restriction enzymes, respectively.

The heavy chain construct was cloned into pHLsec expression vector and expressed in

HEK293T cells together with the light chain at a 1:1 molar ratio.
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Fab MACI1 (Light chain)

gacatccagatgacacagactacatcctcgcectgtctgectctectgggagacagagtectcecce
p I ¢ M T Q T T S S L S A S L G D R V S
atcagttgcagggctagtcaggacattaacaattatttaaactggtaccagcaaaaacca
I s ¢ R A S Q D I N N Y L. N W Y Q Q K P
gatggaactgttaaactcctgatccactacacatcaagattacgttcaggagtcccatca
b 6 T v K L. .L.I H Y T S R L R S G V P S
aggttcagtggcagtgggtttggaacagattattctctcaccattaccaacctggaacaa
R ¥ S G $S G F G T DY s L T I T N L E Q
gaagatattgccacttacttttgccaacagggtaaaacgcttcctctcacgttecggtget
E DI A T Y F C Q Q G K T L P L T F G A
ggcacaaagctggaaatcaaacgtacggatgctgcaccaactgtatccatcttcccacca
G T K L £ I K R T D A A P T V S I F P P
tccagtgagcagttaacatctggaggtgcctcagtecgtgtgecttcttgaacaacttctac
s S B @ L. T S G G A S V V C F L. N N F Y
CCccaaagacatcaatgtcaagtggaagattgatggcagtgaacgacaaaatggcgtcctyg
P K D I N V K W K I D G S E R QO N G V L
aacagttggactgatcaggacagcaaagacagcacctacagcatgagcagcaccctcacg
N S w T D @ D S K D s T Yy sSs M sSs S T L T
ttgaccaaggacgagtatgaacgacataacagctatacctgtgaggccactcacaagaca
L T K b E Y E R H N S Y T C E A T H K T
tcaacttcacccattgtcaagagcttcaacaggaatgagtgttga
s T s p I VvV K S F N R N E C -

5' forward primer: gcgACCGGTgacatccagatgacacagactacatc
3' reverse complementary primer: gcgCTCGAGtcaacactcattcctgttgaagctc
“gcg” is a GC-overhang inserted to facilitate restriction endonuclease digestion.

ACCGGT and CTCGAG are recognised by Agel and Xhol restriction enzymes, respectively.

The light chain construct was cloned into pHLsec expression vector and expressed in

HEK293T cells together with the heavy chain at a 1:1 molar ratio.
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Fab 17C7 (Heavy chain)

gaggtgcagctggtggagtctgggggaggcgtggtccagectgggaggtcecctgagacte
E V. Q L. v E §S GG GG G VvV vV Q P G R S L R L
tcctgtgcagcecctctggattcaccttcagtacctatgectatgcactgggtccgeccaggcet
s ¢ A A S G F T F S T Y A M H W V R Q A
ccaggcaaggggctggagtgggtggcagttgtatcatatgatggacgcactaaagactac
P G K 6 L. E W V A V V S Y D G R T K D Y
gcagactccgtgaagggccgattcaccatctccagagacaattccaagaacacgcectgtat
A D S V K G R F T I S R DN S K N T L Y
ctgcaaatgaacagcctgagaactgaggacacggctgtgtatttctgtgcgagagagagg
L g M N §S L R T E D T A V Y F C A R E R
ttctctggggcctactttgactactggggccagggaaccctggtcaccgtctectcagec
F S G A Y F DY W G Q G T L VvV T V S S A
aaaacgacacccccatctgtctatccactggcecccecctggatctgectgcecccaaactaactcece
kK T T p P S VY P L AP G S A A Q T N S
atggtgaccctgggatgcctggtcaagggctatttcecctgageccagtgacagtgacctgg
MV T L 6 ¢ L VvV K G Y ¥ P E P V T V T W
aactctggatccctgtccagcggtgtgcacaccttcccagctgtectgcagtctgaccte
N S G S L S S G V H T F P A V L Q S D L
tacactctgagcagctcagtgactgtcccctccagcacctggecccagcgagaccgtcacc
y T . s s s v T v p S S T W P S E T V T
tgcaacgttgcccacccggccagcagcaccaaggtggacaagaaaattgtgecccagggat
c NV A H P A S S T K V D K K I VvV P R D
tgtggt

C G

The heavy chain construct was cloned into pTT expression vector containing twin-strep tag

using In-Fusion cloning and expressed in Expi293 cells together with the light chain at a 1:1

molar ratio.

Gene cloning was performed by Luke Thorley from Douglas group at the Jenner Institute.
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Fab 17C7 (Light chain)

gaaattgtgttgacacagtctccagccaccctgtctttgtctccaggggaaagagccace
E I vL. T @ s p A T L s L §S P G E R A T
ctctcctgcagggccagtcagagtgttagcagctacttagectggtaccaacagaaacct
L s ¢ R A S Q §$ VvV s S Y L A W Y Q Q K P
ggccaggctcccaggctcecctcatctatgatgcatccaacagggccactggcatcccagcece
G Q AP R L L IT ¥y D A S N R A T G I P A
aggttcagtggcagtgggtctgggacagacttcactctcaccatcagcagcctagagect
R ¥ S G S G s 6 T DO PF T L T I s s L E P
gaagattttgcagtttattcctgtcagcagcgtaacaactggecctcecccactttecggegga
E D F A V Y S C Q Q R N N W P P T F G G
gggaccaaggtggagatcaaacgggctgatgctgcaccaactgtatccatcttcccacca
G T K v E I K R A D A A P T V S I F P P
tccagtgagcagttaacatctggaggtgcctcagtecgtgtgecttcttgaacaacttctac
s S B @ L. T S G G A S V V C F L. N N F Y
CCccaaagacatcaatgtcaagtggaagattgatggcagtgaacgacaaaatggcgtcctyg
P K D I N V K W K I D G S E R QO N G V L
aacagttggactgatcaggacagcaaagacagcacctacagcatgagcagcaccctcacg
N S w T D @ D S K D s T Yy sSs M sSs S T L T
ttgaccaaggacgagtatgaacgacataacagctatacctgtgaggccactcacaagaca
L T K b E Y E R H N S Y T C E A T H K T
tcaacttcacccatcgtcaagagcttcaacaggaatgagtgttaa

s T s p I VvV K S F N R N E C -

The light chain construct was cloned into pOPINVL expression vector using In-Fusion cloning
and expressed in Expi293 cells together with the heavy chain at a 1:1 molar ratio.

Gene cloning was performed by Luke Thorley from Douglas group at the Jenner Institute.
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