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ABSTRACT 

A diverse array of viruses capable of infecting both humans and animals constitute the family 
Paramyxoviridae (Amarasinghe et al. 2019; Fields, Knipe, and Howley 2013). Concerns regarding 
the interspecies transmission potential paramyxoviruses harboured by wildlife reservoirs has 
motivated subsequent concerted viral surveillance efforts (Thibault et al. 2017; Drexler et al. 2012). 
Our understanding of many of these newly identified paramyxoviruses is primarily limited to 
genome information. However, paramyxovirus genomic variation (Holmes 2010; Kitchen, 
Shackelton, and Holmes 2011) often impedes our ability to predict the pathogenic potential based 
upon study of primary sequence alone. Therefore, investigations into paramyxovirus structure and 
function are vital to elucidating the potential biomedical and economic significance of emerging 
paramyxoviruses (Zeltina, Bowden, and Lee 2016).  

The six-bladed β-propeller receptor binding protein (RBP), responsible for host-cell 
attachment and initiation of the merger of the viral and host-cell membranes (Fields, Knipe, and 
Howley 2013; Jardetzky and Lamb 2014), is therefore a central determinant of tissue and species 
tropism (Thibault et al. 2017; Zeltina, Bowden, and Lee 2016). Characterisation of the RBP, through 
structural and functional approaches, may enhance our ability to rationalise host range and 
interspecies transmission potential. Within this thesis, the RBPs of a number of recently classified 
paramyxoviruses are studied: the pararubulavirus, Sosuga virus (SosV); the narmoviruses, Mossman 
virus (MosV) and Nariva virus (NarV); the jeilongviruses, J virus (JPV) and Beilong virus (BeiV) 
(Amarasinghe et al. 2019).  

In my investigations, I found that despite presentation of several stringently conserved 
residues associated with sialic acid activity, SosV-RBP lacks hemadsorption and neuraminidase 
functionality characteristic of closely related viruses, such as mumps virus (Kubota et al. 2016). 
Absence of activity is rationalised by discovery of structural rearrangements to key sialic acid 
interacting motifs, such as the triarginyl motif (Crennell et al. 2000), and physicochemical 
incompatibilities at the expected receptor binding site. Similarly, the jeilongviruses do not display 
hemadsorption or neuraminidase activity despite conservation of canonical sialic acid interacting 
motifs. Structural study of the jeilongviral RBPs, has enabled the characterisation of a C-terminal 
extension that forms a domain that occludes the putative sialic acid site. This provides evidence that 
jeilongviral RBPs employ an auto-inhibitory function analogous to the one utilised by the RBP of 
Newcastle disease virus Ulster strain (Yuan et al. 2012). Contrasting pararubulavirus and 
jeilongvirus RBPs, narmovirus RBPs display a β-propeller architecture that bears no motifs 
associated with known modes of paramyxovirus-receptor interactions. However, sequence 
conservation mapping reveals an extended footprint of elevated amino acid sequence identity on the 
surface of the protein. Efforts utilising site-directed mutagenesis are being implemented to explore 
the importance of this region in dictating cell interactions. 

Through crystallographic and biochemical analysis, this thesis provides a structure-based 
rationale for understanding the pathobiological independence of the newly defined (Amarasinghe et 
al. 2019) Pararubula-, Narmo-, and Jeilongviruses from other genera within the Paramyxoviridae, 
where the RBPs of these viruses are likely incapable of utilising currently known modes of 
paramyxoviral host-cell recognition. Finally, this work provides a platform to identify the receptors 
utilised by these unique groups of pathogens. 
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1 INTRODUCTION 

1.1 AIMS 

The capability of a virus to undergo interspecies transmission and zoonotic transfer, the process by 

which pathogenic agents are transmitted between animals and humans, is contingent on the 

interactions and dynamics between reservoir species, domesticated species and humans (Morse et al. 

2012). Drivers leading to disease emergence include the ecological, environmental and socio-

economic factors that cause altered patterns in human and animal interactions (Daszak, Cunningham, 

and Hyatt 2000), potentially contributing to the statistically significant increase in outbreaks of 

emerging infectious disease (Jones et al. 2008; Smith et al. 2014). However, the pathobiological 

features of a virus also define its ability to spread into new animal populations, with the molecular 

determinants of virus-host-cell recognition constituting a key determinant of host range (Rosenberg 

2015; Cunningham, Daszak, and Wood 2017; Zeltina, Bowden, and Lee 2016). 

While virus identification initiatives have expanded our understanding of paramyxoviral 

diversity, the large genetic variation revealed by these efforts hinders our ability to grasp the distinct 

characteristics of these potentially dangerous viruses. This thesis is predicated on the supposition 

that an understanding of the true significance of these viruses can only come with a knowledge of 

structure and function. Here, I focus on the receptor binding protein (RBP) presented on the surface 

of emerging and recently identified paramyxoviruses. The RBP is a key tropism determinant, and as 

such, contributes to the ability of a viruses to jump the species barrier. Through the integration of 

crystallographic and biochemical analysis, I report functional insights into the RBPs of viruses from 

three newly defined genera, Narmovirus, Jeilongvirus and Pararubulavirus (Amarasinghe et al. 

2019). This work provides a rationale for the divergent properties of these viruses and identifies 

potential novel receptor binding sites, paving the way for future receptor identification and validation 

studies and rationalising the diverse pathobiological features of the Paramyxoviridae family, more 

broadly.
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1.2 THE GLOBAL BURDEN OF PARAMYXOVIRUSES 

Viruses of the Paramyxoviridae family have a broad impact on the world through their extensive 

interactions with human and animal populations. Paramyxoviruses cause widespread and ubiquitous 

disease in many volant, terrestrial, and aquatic animals, with their role as pathogens of domestic and 

wild animals presenting a major economic and ecological burden (Roeder 2011; Brown and Bevins 

2017; Kumar et al. 2014; Ellis 2010; Sutummaporn et al. 2019; Rendon-Marin et al. 2019; Glennon 

et al. 2018; Liu et al. 2015; Duignan et al. 2014; Van Bressem et al. 2014; Vizoso and Thomas 1981). 

Members of this family are also causative agents of disease in humans, including the incredibly 

infectious measles virus (MeV) (Griffin, Lin, and Pan 2012; Fields, Knipe, and Howley 2013; Xu et 

al. 2008), the highly prevalent parainfluenza viruses (Branche and Falsey 2016; Connaris et al. 2002), 

and the highly pathogenic Nipah and Hendra viruses (NiV and HeV, respectively) (Marsh and Wang 

2012; Eaton et al. 2006).  

 Viral surveillance has led to a continued increase in the number of known members of the 

Paramyxoviridae family (Amarasinghe et al. 2019). Prior to the emergence of the henipaviruses in 

the 1990s (Murray et al. 1995; Chua et al. 2000; Iorio et al. 2001), the Paramyxoviridae family was 

typified by morbilliviruses, sialic acid binding paramyxoviruses, and pneumoviruses (Enders 1996). 

Human infection with the archetypal morbillivirus MeV is characterised by fever, cough, 

conjunctivitis, and subsequent development of a maculopapular rash (Bester 2016). Despite 

development of an effective vaccine, MeV continues to be a major cause of mortality of children in 

developing nations (Kaufmann 2019). The hallmarks of human infection with mumps virus (MuV) 

are parotitis and orchitis, though central nervous complications, such as virus-induced meningitis 

and encephalitis, may sometimes lead to fatality (Rubin et al. 2015). The parainfluenza viruses 

(PIVs), initially named due to the influenza-like illness that results from infection, are often the 

causative agents of croup, pneumonia and bronchiolitis in children (Schomacker et al. 2012). The 

parainfluenza related, avian pathogenic, Newcastle disease virus (NDV) was discovered following 

outbreaks of deadly disease in poultry flocks in Indonesia and the UK (Fields, Knipe, and Howley 

2013). 
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As demonstrated by the agriculturally relevant NDV, paramyxoviruses are important 

aetiological agents of animal disease. For example, whilst MeV host range is restricted to primates 

(Laksono et al. 2016), the related Morbillivirus, canine distemper virus (CDV) demonstrates a broad 

animal host range and varying degrees of pathogenicity in hosts, with dogs, lions and ferrets all 

exhibiting neurologic complications (Rendon-Marin et al. 2019). At the ecological level, occurrence 

of CDV in lions, the related phocid distemper virus (PDV) and cetacean morbillivirus (CeMV) 

within marine mammals, often result in outbreaks with devastating consequences to populations 

(Van Bressem et al. 2014; Duignan et al. 2014; Beineke, Baumgärtner, and Wohlsein 2015). These 

impacts are reflected agriculturally, for example, peste des petits ruminants (PPRV) morbillivirus 

infection in ruminant species is manifested by erosive stomatitis, pneumonitis, diarrhoea, fever and 

lymphoid cell depletion. PPRV is also an economically relevant pathogen of ruminant species, 

causing an estimated loss of $1.45−$2.1 billon (USD) per year (OIE 2015; Fields, Knipe, and 

Howley 2013; Kumar et al. 2014; Baron et al. 2017).  

Many paramyxovirus can be readily transmitted between species and are responsible for 

emerging diseases in animals and humans (Thibault et al. 2017). Indeed, due to their low fidelity 

polymerase, paramyxoviruses may readily acquire  mutations that allow host-switching (Holmes 

2010; Kitchen, Shackelton, and Holmes 2011). This potential for paramyxoviruses to precipitate 

devastating zoonotic events, where disease transmits to humans from animal reservoirs, was 

demonstrated by the emergence of henipaviruses (Marsh and Wang 2012). In 1994, HeV was 

identified as the aetiological agent of acute respiratory disease in horses in Australia. Subsequent 

transmission of HeV to humans resulted in high associated fatality rates (Murray et al. 1995; Marsh 

and Wang 2012). Similarly, NiV infection of humans and pigs caused a devastating outbreak event 

throughout Malaysia in 1998−1999, where 1 million pigs were culled and of the 265 humans that 

contracted disease, 40% succumbed to the disease (Chua et al. 2000; Mohd Nor, Gan, and Ong 2000). 

NiV continues to emerge in South Asia, with case fatality rates of up to 100% (Marsh and Wang 

2012). Both HeV and NiV cause severe respiratory disease and encephalitis (Wong and Ong 2011). 

Domesticated species, such as pigs and horses, are intermediate hosts for the henipaviruses (Glennon 



Chapter 1: Introduction 
 

 
 

5 
 

et al. 2018; AbuBakar et al. 2004), with the pteropid species of bats being the likely host reservoir 

(Chua, Lek Koh, et al. 2002). Given the potential to cause a public health emergency and the current 

lack of effective drugs and vaccines, NiV has been listed for research and development prioritisation 

by the World Health Organization (WHO). 

One factor defining the anthropological and ecological barriers to zoonosis is the geographic 

range of the reservoir host (Daszak, Cunningham, and Hyatt 2000; Drexler et al. 2012). For example, 

bats (Chiroptera) constitute a large and diverse number of mammalian species, and have a great 

spatial range across all continents excluding Antarctica (Han et al. 2015; Wibbelt et al. 2010). Recent 

studies have identified a number of novel paramyxoviruses in bat and rodent (Rodentia) species 

worldwide (Drexler et al. 2012). Similar to species of the order Chiroptera, rodents also have high 

species diversity, they exist in large, social, and population dense groups, and share habitats with 

numerous other bat and rodent species. These behaviours promote a high prevalence and diversity 

of viruses within these species (Thibault et al. 2017). Whilst such reservoir species enable 

dissemination of viruses, the infection of domestic species with potentially zoonotic 

paramyxoviruses can facilitate transmission of a virus from natural reservoirs, due to their close 

association with both human and wild-life populations (Glennon et al. 2018), as exemplified in the 

HeV and NiV outbreaks (Han et al. 2015). Beyond sporadic emergence of paramyxoviruses, such 

zoonotic events have been suggested to cause the establishment of MeV as a human pathogen. 

Rinderpest virus (RPV), an eradicated virus restricted to even-toed ungulates (Roeder 2011) has been 

postulated to represent the basal group of the Morbillivirus genus, and therefore is hypothesised to 

be a precursor to MeV (Fields, Knipe, and Howley 2013; Pearce-Duvet 2006). However, owing to 

limited evidence, the origin of MeV from a pathogen maintained in domestic or wild animals remains 

unclear (Pearce-Duvet 2006). Supportive of the hypothesis that morbilliviruses are capable of 

emerging into human populations, recent gain-of-function (GOF) and structural studies on CDV 

(Bieringer et al. 2013) and PPRV (Abdullah et al. 2018), respectively, identified the minimal 

molecular alterations to the RBP required for zoonotic transfer to be possible.   
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Figure 1.2: Maximum likelihood phylogenetic trees of (a) the polymerase (L) and (b) RBP protein sequences using MEGA-X (Molecular 
Evolutionary Genetic Analysis Version X 10.1). Genera are coloured and annotated with classification defined by the International Committee on 
Taxonomy of Viruses. Scale bars describe amino acid substitutions per site. Bootstrap values (100 replicates) annotated at nodes. Genbank accession 
numbers listed in Appendix D. 
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1.3 VIRAL SURVEILLANCE AND REFORM OF CLASSIFICATION 

Increased viral surveillance efforts have aided the prediction of virus emergence, and have revealed 

an unprecedented diversity of paramyxoviruses worldwide (Thibault et al. 2017). Indeed, the 

increased number of known paramyxoviruses has led to redefinition of paramyxovirus taxonomy, 

for example the pneumoviruses, such as respiratory syncytial virus (RSV), have  recently been 

classified into a distinct family, termed Pneumoviridae (Afonso et al. 2016). These efforts have been 

driven by a combination of factors, including improved molecular diagnostic and increased interest 

and funding (Lipkin 2013). A recent study identified 66 novel paramyxovirus species in rodent and 

bat populations across Africa, including a number of viruses which do not classify into established 

genera (Drexler et al. 2012). Further small-scale sporadic studies revealed unique paramyxoviruses 

in animal populations worldwide (Mortlock et al. 2019; Wu, Yang, et al. 2014; Vanmechelen, Bletsa, 

Laenen, Lopes, Vergote, Beller, Deboutte, Korva, Zupanc, et al. 2018; Jack et al. 2005; Li et al. 

2006a; Woo et al. 2016a; Woo, Lau, Wong, Fan, et al. 2012; Lambeth et al. 2009; Miller et al. 2003; 

Anderson et al. 2012; Chua, Wang, et al. 2002; Bowden et al. 2001; Burroughs et al. 2015; 

Alkhovsky et al. 2018; Tidona et al. 1999; Woo et al. 2011a; Baker et al. 2013).  

The identification of so many novel paramyxoviruses has precipitated recent restructuring 

of the Paramyxoviridae taxonomy (Amarasinghe et al. 2019; Rima et al. 2018), where the 

Orthoparamyxovirinae subfamily has been created and is defined by five existing genera 

(Aquaparamyxovirus, Ferlavirus, Henipavirus, Morbillivirus and Respirovirus) and three newly 

described genera (Narmovirus, Jeilongvirus and Salemvirus) (Fig. 1.2). The subfamily 

Rubulavirinae was created to account for the recently discovered distinct “rubula-like” viruses 

(Thibault et al. 2017), now termed Pararublavirus, with established rubulaviruses being classified 

within the new Orthorubulavirus genus.  In my thesis, I focus on emerging and newly classified 

paramyxoviruses belonging to the genra: Narmovirus, Jeilongvirus, and Pararubulavirus. These 

genera represent a growing, uncharacterised fraction of the paramyxovirus family, with potential to 

impact human and animal populations. 
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Narmoviruses were initially classified as ‘morbilli-like’ viruses due to sequence homology 

in the P protein, however, subsequent analysis has supported the re-categorisation of these viruses 

as a discrete genus (Rima et al. 2018). The Narmovirus genus is comprised of four rodent and 

treeshrew originating viruses (Rodentia and Scandentia) isolated in disparate locations worldwide. 

The type species is Nariva virus (NarV) and was isolated from short-tailed cane mouse 

(Zygodontomys brevicauda) trapped in the Nariva swamp, Trinidad, Trinidad and Tobago (Lambeth 

et al. 2009). Other members of the Narmovirus genus, include Mossman virus (MosV), which was 

isolated from Rattus sp. in Australia (Miller et al. 2003), bank vole virus 1 (BavV), which was 

detected in bank voles (Myodes glareolus) in Russia (Alkhovsky et al. 2018), and Tupaia 

paramyxovirus (TupV), which was isolated from northern treeshrews (Tupaia belangeri) captured 

in Thailand (Tidona et al. 1999).  

The viruses of the similarly rodent-borne jeilongviruses have the largest genomes (~19 kb) 

of all viruses within the order, Mononegavirales (Fields, Knipe, and Howley 2013). The first 

jeilongvirus  isolated was J paramyxovirus (JPV) from house mice (Mus musculus) presenting 

extensive haemorrhagic lung lesions in Australia (Jack et al. 2005). Beilong virus (BeiV) has been 

listed as the archetypal species by the International Committee on Taxonomy of Viruses (ICTV) 

(Amarasinghe et al. 2019), and was discovered in a human kidney mesangial cell line (Li et al. 2006a) 

and subsequently detected in black and brown rats (R. rattus and R. norvegicus, respectively) 

populations in China (Woo et al. 2016a). Other members of the Jeilongvirus genus include, Mount 

Mabu lophuromys viruses 1 and 2 (MMLV-1/2), which was identified in Rungwe brush furred rats 

(Lophuromys machangui) in Mozambique, Pohorje Myodes paramyxovirus 1 (PMPV-1), which was 

detected in bank voles (Myodes glareolus) in Slovenia (Vanmechelen, Bletsa, Laenen, Lopes, 

Vergote, Beller, Deboutte, Korva, Zupanc, et al. 2018), and Tailam virus (TaiV), which was 

discovered in Sikkim rats (R. andamanensis) in Hong Kong (Woo et al. 2011a).  

Due to genetic similarities, many pararubulaviruses have been described to be  “rubula-like” 

(Thibault et al. 2017). However, the recently identified structural and pathobiological differences 
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between pararubulaviruses and other rubulaviruses (e.g. MuV), has motivated the classification of 

pararubulaviruses into a distinct genus, Pararubulavirus (Amarasinghe et al. 2019). Menangle virus 

(MenV), was isolated in Australia in the 1990s and found to cause reproductive disease in pigs  and 

severe influenza-like illness in humans (Chant et al. 1998; Philbey et al. 1998). Similarly, Sosuga 

virus (SosV), another recently classified member of the Pararubulavirus genus, infected a wildlife 

biologist working in South Sudan and Uganda, and is thought to be responsible for severe febrile 

illness (Albarino et al. 2014). Both MenV (Pteropus Alecto)  and SosV (Rousettus aegyptiacus) are 

thought to utilise fruit bats as a reservoir (Barr et al. 2012; Amman et al. 2015). Further 

pararubulaviruses of unknown interspecies transmission potential and pathogenicity are related to 

these two viruses: Achimota viruses 1 and 2 (AchPV-1/2) were discovered in urine collected from 

straw-coloured bat (Eidolon helvum) urban roosts in Ghana (Baker et al. 2013), Teviot virus (TevPV) 

was isolated from pteropid bat (P. alecto and P. poliocephalus) urine samples in Australia 

(Burroughs et al. 2015), Tioman virus (TioV) was isolated from pteropid bat (P. hypomelanus) urine 

in Malaysia (Chua, Wang, et al. 2002), and Tuhoko viruses 1, 2 and 3 (ThkPV-1/2/3) were 

discovered in Leschenaults rousette (Rousettus leschenaultii) bats in China (Lau et al. 2010).  

Our understanding of these viruses is mostly limited to the primary sequence information, 

and given the low fidelity of the paramyxovirus polymerase and high mutation acquisition rates 

across their genomes (Holmes 2010), predictions of virus zoonosis risk and pathobiology are often 

impeded. Conversely, virus function and structure remain much more conserved and provide a means 

to comparatively analyse new paramyxoviruses (Zeltina, Bowden, and Lee 2016).  

1.4 PARAMYXOVIRUS MOLECULAR BIOLOGY 

1.4.1 Genome organisation and the paramyxoviral proteins 

Viruses within the family Paramyxoviridae have negative-sense single-stranded RNA genomes, 

typically 15−21 kb in length (Vanmechelen, Bletsa, Laenen, Lopes, Vergote, Beller, Deboutte, 

Korva, Zupanc, et al. 2018), encoding for at least six structural genes (Fields, Knipe, and Howley 
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2013). The nucleoprotein (N) helically encapsidates the RNA genome and associates with the 

phosphoprotein (P) and RNA-dependent RNA-polymerase (L) for RNA replication and transcription 

(Noton and Fearns 2015). The matrix protein (M) is involved in maintaining virion architecture 

beneath the viral envelope (Battisti et al. 2012), which is in turn decorated with the fusion protein 

(F), and RBP, both responsible for driving virus entry (Harrison, Sakaguchi, and Schmitt 2010). 

Depending on functionality contingent on cognate receptor binding, the RBP has been variously 

termed the hemagglutinin-neuraminidase (HN), the hemagglutinin (H), or attachment glycoprotein 

(G). Several paramyxoviruses also variously encode accessory proteins, including the small-

hydrophobic protein (SH) (Abraham et al. 2018; Wilson et al. 2006), the transmembrane protein 

(TM) (Li et al. 2015), and the V, W and C proteins produced from mRNA editing of the P gene or 

initiation of an alternative reading frame (He et al. 2002; Poole et al. 2002; Shaw et al. 2005; 

Yamaguchi et al. 2014; Kolakofsky 2016; Uchida et al. 2018). Recently identified jeilongviruses 

have an additional open reading frame (ORF) encoded after the RBP, currently termed ‘X’ (Jack et 

al. 2005; Li et al. 2006; Woo et al. 2016). Paramyxovirus genes are transcribed sequentially from the 

3' end of the genome initiating and terminating at the gene junctions between the viral genes (Noton 

and Fearns 2015). This is performed in the order 3'-N-P/(V)/(W)/(C)-M-F-(SH)- (TM)-RBP-(X)-L-

5', resulting in an mRNA gradient, that correlates with the required abundance of the proteins in 

infected cells (Wignall-Fleming et al. 2019).  
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Figure 1.4.1: Genome organisation of representative species from the genera defined by the 
recent Mononegavirales taxonomy update (Amarasinghe et al. 2019). The representative 
species are as follows: Metavulavirus, avian paramyxovirus 2 (APMV-2); Orthoavulavirus, NDV; 
Paraavulavirus, APMV-3; Henipavirus, HeV; Jeilongvirus, beilong virus (BeiV) isolated from 
human mesangial cells (HMCs) and wildtype (wt) isolated from rats, Morbillivirus, MeV; 
Narmovirus, Nariva virus (NarV); Respirovirus, Sendai virus (SeV); Orthorubulavirus, MuV; 
Pararubulavirus, MenV. The standard genes N (yellow), P (green), M (dark green), F (teal), RBP 
(blue), L (purple), are encoded by all viruses. The accessory proteins C, V and W, are produced 
through mRNA editing or initiation from an alternative start codon of the P gene. The SH (light 
blue) gene is encoded by the Jeilong viruses and Rubulaviruses and the TM (red) gene only by the 
Jeilongviruses. The open reading frame (ORF) X (dashed grey) is considered part of the RBP of 
Jeilongviruses. Genbank accession codes are listed in Appendix D. 
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1.4.2 The paramyxovirus lifecycle 

As access to the host-cell cytoplasm is required for paramyxovirus replication, paramyxoviruses 

utilise the combined functions of the RBP and F to bring about the merger of the host and viral 

membranes (Aguilar et al. 2016). This process is initiated through binding of the RBP to a cognate 

host-cell receptor, which regulates the triggering of the type I fusion protein, F. Fusion enables 

release of the viral ribonucleoprotein (vRNP), which is composed of genomic negative-sense RNA 

encapsidated by N protein and associated with the L and P proteins (Alayyoubi et al. 2015). Upon 

genome release into the host-cell, the viral polymerase machinery initiates transcription de novo, for 

production of protein required for subsequent rounds of replication and virus assembly. Replication 

proceeds through creation of antigenome templates for negative-sense genomic RNA production, 

which is subsequently encapisated with N, and associated with L and P to form the vRNP (Noton 

and Fearns 2015). For viral particle assembly, the vRNP is transported to the membrane by the M 

protein, where M interacts with the surface expressed F and RBP and drives formation of the virion, 

and subsequent scission (Harrison, Sakaguchi, and Schmitt 2010; Fields, Knipe, and Howley 2013). 

In some paramyxoviruses, the RBP has dual function as a receptor destroyer (Crennell et al. 2000), 

so as to prevent reinfection and promote successful dissemination of progeny.  

 During the paramyxoviral lifecycle the different proteins likely have a varying contribution 

to dictating cell and species tropism and resulting pathogenicity. For example, the V protein of NiV 

was found to be a key determinant of pathogenesis in animal infection models (Yoneda et al. 2010; 

Satterfield et al. 2015), due to is role in suppression of RIG-I and MDA-5-dependent interferon 

signalling (Uchida et al. 2018). The RBP, on the other hand, is utilised to overcome the first 

molecular barrier to host-cell infection and interspecies transmission, as this is the initial point of 

contact within the host and therefore a major determinant of tropism (Thibault et al. 2017).  Due to 

the plasticity of the paramyxoviral RBP, paramyxoviruses display a considerable capability to adapt 

to a diversity of receptors (Zeltina, Bowden, and Lee 2016; Hadac et al. 2004). To understand this 

propensity to bind a diversity of receptors, it is necessary to explore the structure of the RBP and its 

context within the organisation of the paramyxoviral envelope.  



Chapter 1: Introduction 
 

 
 

13 
 

1.5 THE ENVELOPE PROTEINS OF PARAMYXOVIRUSES 

All paramyxoviruses possess an RBP and F protein that decorate the surface of the pleomorphic 

paramyxovirus virion (Harrison, Sakaguchi, and Schmitt 2010). These proteins act in concert to 

bring about the pH-independent fusion of the viral and cellular membranes (Chang and Dutch 2012). 

A third protein, the SH protein, is an integral membrane protein found in viruses of the genera 

Othorubulavirus (Wilson et al. 2006) and Jeilongvirus (Li et al. 2006a; Jack et al. 2005) and plays a 

role in virulence and apoptosis inhibition, with mechanisms linked to modulation of tumour necrosis 

factor (TNF)-α production in the case of JPV (Abraham et al. 2018). 

The RBP is a type II integral membrane protein consisting of a short N-terminal intraviral 

region, a transmembrane domain, α-helical stalk region and C-terminal six-bladed β-propeller head 

domain. Structural, biochemical and biophysical studies revealed that the RBP assembles as 

tetramers on the virion surface, where each tetramer is composed of a dimer-of-dimers, which form 

through a non-covalent dimeric interactions between head domains, and disulphide bonds between 

the helical stalk domains (Yuan et al. 2011; Welch et al. 2013) (Fig. 1.5A). The β-propeller head 

domain is implicated in receptor binding and is arranged as six β-sheets comprised of four 

antiparallel strands organised around a central axis (Jardetzky and Lamb 2014; Aguilar et al. 2016). 

Viruses of Jeilongvirus genus encode a lengthened C-terminus that extends beyond the predicted 

six-bladed β-propeller head domain and exhibits no structural or functional homology with 

characterised paramyxoviral proteins. RBPs from this genus range from 709−1,589 amino acids in 

length (JPV-RBP and PMPV-1-RBP, respectively), as opposed to the typical ~550 amino acids in 

length for typical paramyxoviral RBPs (Vanmechelen, Bletsa, Laenen, Lopes, Vergote, Beller, 

Deboutte, Korva, Zupanc, et al. 2018; Jack et al. 2005; Li et al. 2006a; Woo et al. 2016a). Whilst the 

overall fold of the RBP remains conserved throughout the paramyxovirus family, the primary 

sequence is highly variable, enabling the RBPs adapt to a diverse range of host-cell receptors 

(Zeltina, Bowden, and Lee 2016; Bowden, Crispin, Jones, et al. 2010).  
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Figure 1.5: The RBP and fusion glycoproteins are presented on the virion suface. (a) Tetrameric ‘heads-up’ and ‘heads-down’ orientated PIV5-
RBP ectodomain (PDB ID: 4JF7) shown in cartoon representation, with the six-bladed β-propeller coloured rainbow from N- to C-terminus (blue to 
red), and the stalk coloured grey. The gene diagram is similarly coloured. (b) The trimeric prefusion PIV5-F ectodomain (PDB ID: 2B9B) displayed in 
cartoon representation, with domain I (DI) coloured yellow, domain II (DII) coloured red, domain III (DIII) coloured magenta, heptad repeat A (HRA) 
coloured green, heptad repeat B (HRB) coloured blue), heptad repeat C (HRC) coloured light pink, and the fusion peptide (FP) coloured cyan. Both 
HRA and HRC are also contained within DIII. The uncleaved F0 gene diagram is coloured as in the structure. (c) The hexameric postfusion PIV3-F 
ectodomain (1ZTM) and gene diagram coloured as in 1.5B, with cleavage location located between F2 and F1, and represented as two diagonal lines.  
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The F protein activated upon receptor attachment, directs the merger of the host and cellular 

membranes (Jardetzky and Lamb 2014). It is a type I integral membrane protein and a class I fusion 

protein, and like all proteins of this class, is presented on the virion surface as a prefusion homotrimer 

(Fig 1.5B) (Yin et al. 2006; Welch et al. 2012; Xu et al. 2015; Hashiguchi et al. 2018), which forms 

a six-helix bundle postfusion structure following activation (Fig. 1.5C) (Yin et al. 2005). The F 

protein is expressed as a fusion incompetent precursor (F0) and is activated by a cellular protease 

(e.g. cathepsin-L for NiV, subtilisin-like proteases for virulent strains of NDV), which cleaves F0 

into the disulphide-linked F1 and F2 chains during transport to the cell surface (Chang and Dutch 

2012; Pager et al. 2006; Fujii et al. 1999). Similar to the RBP, the F protein encodes a short 

cytoplasmic tail and a TM domain as a membrane anchor, however these features are located at the 

C-terminus. Structural analysis of PIV5, MeV and NiV F proteins reveal that in the prefusion state, 

domains I, II and III (DI, DII and DIII, respectively) of the typical F protein homotrimer form a 

globular head through extensive interactions, and are connected to a three-helix coiled-coil stalk 

consisting of heptad repeat B (HRB) projecting from the viral membrane (Xu et al. 2015; Welch et 

al. 2012; Yin et al. 2006; Hashiguchi et al. 2018). The well-conserved fusion peptide remains buried 

between DIII of the same monomer and DII of an adjacent monomer in the prefusion form. The 

PIV3-F structure shows that in the postfusion form, the F protein forms a hexamer and undergoes a 

conformational change to form an elongated structure with a compact head. These conformational 

changes include restructuring of DIII, enabling projection of the now extended α-helical heptad 

repeat A (HRA), resulting in the formation of a six-helix coiled-coil (Yin et al. 2005; Aguilar et al. 

2016). In the context of the two membranes, these irreversible change of the F protein from the 

prefusion state to the stable postfusion state results in the merger of the virus and host membrane 

and the creation of a pore enabling entry of the viral genomic material (Chang and Dutch 2012).  

Whilst several models of F activation by the RBP currently exist, data indicate a primary 

role for the stalk region of the RBP in triggering the F protein (Jardetzky and Lamb 2014; Aguilar et 

al. 2016). Arrangements of tetrameric RBPs have been observed in both ‘heads-down’ (Yuan et al. 
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2011) and ‘heads-up’ (Yuan et al. 2005; Welch et al. 2013) orientations of the receptor binding β-

propeller head (Fig. 1.5A), with the ‘heads-up’ conformation consistent with receptor binding, 

revealing the stalk regions able to interact with the F protein (Jardetzky and Lamb 2014). Studies 

across different paramyxoviral species have confirmed that expression of the RBP stalk region alone 

can induce fusion driven by the F protein (Liu et al. 2013; Bose et al. 2012; Brindley et al. 2013), 

and limitation of the flexibility of the loop between the stalk and head domains using proline 

substitutions perturbs fusion activation (Adu-Gyamfi et al. 2016). Furthermore, as the RBP head 

domain is not subject to functional constraints associated with fusion triggering, it is more 

structurally plastic and able to accommodate the diverse assortment of receptors known to allow 

paramyxovirus entry into a host-cell (Jardetzky and Lamb 2014; Porotto et al. 2012b; Hadac et al. 

2004; Bowden, Crispin, Jones, et al. 2010). Demonstrating this structural plasticity, engineering 

efforts have generated fusion competent vaccine strains of MeV that retargeted towards epidermal 

growth factor receptor (EGFR), for potential use in virus oncolytic therapy (Paraskevakou et al. 

2007; Hadac et al. 2004). 

The intricacies of the attachment and fusion molecular choreography are a major determinant 

of the ability of a paramyxovirus to be transmitted to a new species. The process of host-cell 

attachment is an important determinant of cellular and host tropism, and paramyxoviral RBPs display 

a great propensity to adapt to new binding partners and therefore hosts (Zeltina, Bowden, and Lee 

2016; Kitchen, Shackelton, and Holmes 2011). Across the Paramyxovirdae family, members utilise 

a spectrum of carbohydrate and proteinaceous receptors. For example, viruses within the 

Respirovirus (Lawrence et al. 2004), Orthoavulavirus, Metaavulavirus, Paraavulavirus (Crennell et 

al. 2000), and Orthorubulavirus genera (Kubota et al. 2016) utilise sialic acid, viruses within the 

Morbillivirus genus utilise the Ig-like molecules Nectin-4 and signalling lymphocyte activation 

molecule F1 (SLAMF1) (Sato et al. 2012), and members of the Henipavirus genus differentially 

utilise EphrinB1, EphrinB2, and EphrinB3 (Xu, Broder, and Nikolov 2012; Negrete et al. 2006b; 

Negrete et al. 2005; Pryce et al. 2019). Furthermore, structural and functional studies have expanded 
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the known functional diversity within the family, revealing that recently identified paramyxoviruses 

may not utilise these established modes of entry (Zeltina, Bowden, and Lee 2016; Rissanen et al. 

2017).  

In the following sections, I review characterised modes of paramyxovirus−receptor 

interactions. 

1.5.1 Sialic acid mediated entry (and exit) 

Through variation of linkage and presentation, sialic acid provides diverse, yet simple structures 

permissive to viral attachment. Moreover, as sialic acid is almost ubiquitously distributed in different 

tissues and species, it provides an excellent means for viruses to interact with diverse host organisms 

(Wasik, Barnard, and Parrish 2016). Indeed, sialic acid is known to be utilised as an entry receptor 

by a number of viruses with interspecies transmission potential, including influenza virus, Middle 

East respiratory syndrome coronavirus (MERS-CoV) (Li et al. 2017), and many paramyxoviruses 

bearing a HN RBP. 

 Sialic acid is usually located at the termini of N- and O-linked glycan chains presented on 

host-cell glycoproteins and gangliosides. The linkage of sialic acid on these glycan chains is an 

important determinant of cellular and species tropism (Wasik, Barnard, and Parrish 2016). For 

example, human influenza viruses are efficiently transmitted due to the high expression of α2,6-

linked sialic acid in the upper respiratory tract. Furthermore, the ability of avian influenza viruses to 

productively interact with α2,3-linked sialic acid presented in the lower respiratory tract is, in part, 

responsible for outbreaks of more severe disease (Kuiken et al. 2012). Similarly, likely due to the 

presentation of α2,8-linked sialic acid on neurons (Mühlenhoff, Eckhardt, and Gerardy-Schahn 

1998), adaption of variant Urabe AM9 mumps vaccine strain to α2,8-linked sialic acid is associated 

with neurovirulence (Santos-Lopez et al. 2009). Sialic acid also has the capacity to shape virus 

dynamics beyond receptor attachment. Indeed, sialic acid presented on secreted mucin, within 
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mucus, has been shown to trap escaping virus, requiring sialic acid tropic viruses to develop means 

to sever these interactions in the form of neuraminidase activity (Zanin et al. 2016). 

Paramyxoviruses of the genera, Respirovirus, Orthoavulavirus, Metaavulavirus, 

Paraavulavirus, and Orthorubulavirus, express RBPs that utilise a conserved means to bind and 

hydrolyse sialic acid (Kubota et al. 2016; Crennell et al. 2000; Lawrence et al. 2004; Yuan et al. 

2005). These hemagglutinin-neuraminidase (HN) type RBPs present a six-bladed β-propeller fold 

common to sialidases presented by viruses, prokaryotes, archea and eukaryotes, and have likewise 

preserved conserved mechanisms for binding and hydrolysing terminally presented sialic acid 

residues, resulting in the release of N-acetylneuramic acid (Neu5Ac) (Quistgaard and Thirup 2009) 

(Fig 1.5.1). Primarily, paramyxoviral HN-type RBPs retain the seven conserved sialidase residues 

Arg1, Asp1, Glu4, Arg4, Arg5, Tyr6, and Glu6 (sub-script refers to location on blades 1−6 of the β-

propeller fold), and likewise the cognate catalytic pocket located at the central axis of the top face of 

the propeller (Langedijk, Daus, and VanOirschot 1997). Structural studies of ligand-bound HN-type 

RBPs have enabled the mapping of the conserved paramyxoviral binding site (Crennell et al. 2000; 

Kubota et al. 2016; Lawrence et al. 2004; Yuan et al. 2005). Studies have revealed the triarginyl 

cluster (Arg1, Arg4, and Arg5) binds the carboxy group of sialic acid, Tyr6 is positioned near the 

C1−C2 bond of sialic acid, where it interacts with Glu4 likely to stabilise a transition state 

intermediate (Vavricka et al. 2013b), Glu6 stabilises Arg1, and Asp1 is primed over the glycosidic 

oxygen. The different contribution of these residues in different viruses has been confirmed using 

mutagenesis studies, which utilise techniques measuring the adherence of red blood cells (RBCs) 

presenting sialic acid (hemadsorption) and the capacity for hydrolysis of sialic acid from a 

glycoconjugate (neuraminidase activity) (Connaris et al. 2002; Iorio et al. 2001). In the context of 

NDV-RBP, site-directed mutagenesis of residues Asp1, Arg4 and Tyr6 renders the protein incapable 

of both activities (Crennell et al. 2000; Connaris et al. 2002; Iorio et al. 2001), whereas Asp1 is 

thought to have a lesser role in the activity of MuV (Kubota et al. 2016).  



Chapter 1: Introduction 
 

 

 
 

19 
 

 

Furthermore, a number of other residues are implicated in the interactions of paramyxoviral 

RBPs with sialic acid, despite not being as stringently conserved. In addition to Glu4, it has been 

noted that Glu258NDV-RBP and Tyr317NDV-RBP (Crennell et al. 2000; Connaris et al. 2002), and 

homologous residues in related structures, interact with the glycerol group of sialic acid within the 

context of RBP structures. Moreover, site-directed mutagenesis provides evidence that alteration of 

these features impacts hydrolysis, likely due to their stabilising role (Connaris et al. 2002). Similarly, 

through site-directed mutagenesis, the hexapeptide ‘Asn−Arg−Lys−Ser−Cys−Ser’ motif has been 

discovered to be integral to the enzymatic capability of the paramyxoviral RBP. The hexapeptide 

Figure 1.5.1: Conserved residues are implicated in the binding and hydrolysis of sialic acid by 
HN-type RBPs. (a) An amino acid sequence alignment of RBPs from archetypal sialic acid 
interacting paramyoxviruses, hPIV3, MuV and NDV. The conserved 
‘Asn−Arg−Lys−Ser−Cys−Ser’ hexapeptide motif (Mirza, Deng, and Iorio 1994) and seven sialidase 
residues are annotated (Crennell et al. 2000; Iorio et al. 2001; Connaris et al. 2002), with sub-script 
referring to blade location on the propeller. (Langedijk, Daus, and VanOirschot 1997). Genbank 
accession codes are listed in Appendix D. (b) NDV-RBP (1E8V) is shown in cartoon representation 
and is coloured white, with the sialic acid binding site highlighted as a zoom-in panel. Within the 
site, functionally important residues are annotated and side chain sticks shown. The Neu5Ac 
analogue, N-Acetyl-2,3-dehydro-2-deoxyneuraminic acid (DANA), is coloured yellow and shown 
using stick representation. Bracketed sub-script refers to the blade location of the seven conserved 
sialidase residues.  
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motif is conserved throughout the HN-type RBPs of the Paramyxoviridae, and has been structurally 

shown to interact closely with the seven sialidase residues. In particular, site-directed mutagenesis 

of the first four residues ‘Asn−Arg−Lys−Ser’ of NDV-RBP ablates neuraminidase activity (Mirza, 

Deng, and Iorio 1994), potentially due to the loss of choreographed interactions with Arg1 (Crennell 

et al. 2000). 

 Many HN-type RBPs present this dual functionality binding site alone (Yuan et al. 2005; 

Kubota et al. 2016), however, a secondary sialic acid binding site lacking neuraminidase activity has 

been identified for NDV (Zaitsev et al. 2004; Porotto et al. 2012b; Bousse et al. 2004), and potentially 

PIV1 (Bousse and Takimoto 2006; Alymova et al. 2008) and PIV3 (Mishin et al. 2010a; Porotto et 

al. 2007; Porotto et al. 2012b). Indeed, structural studies of NDV-RBP, reveals binding of sialic acid 

analogues to a region at the dimer interface, with contributions to site formation by both monomers. 

A number of hydrophobic residues are implicated in binding the acetamido methyl group of sialic 

acid, including Gly169NDV-RBP, Leu552NDV-RBP, and Phe553NDV-RBP from one monomer, and 

Phe156NDV-RBP, Val517NDV-RBP, and Leu561NDV-RBP from the other. Interactions between Arg516NDV-

RBP and the sialic acid carboxy group, and the mainchain amide group of Ser519NDV-RBP and O-8 also 

contribute (Zaitsev et al. 2004). The hydrophobic pocket is likewise conserved in the PIV3 structure, 

and whilst there is no residue homologous to Arg516NDV-RBP, Arg173PIV3-RBP may provide an 

alternative means to interaction (Mishin et al. 2010b). Functional data support a model by which this 

secondary sialic acid binding site promotes fusion through triggering the F protein, however, the 

exact mechanisms of this interaction are yet to be understood (Porotto et al. 2012b; Porotto et al. 

2007; Yuan et al. 2012).  

1.5.2 Protein-binding paramyxoviral receptor binding proteins 

Morbilliviruses and henipaviruses have adapted to proteinaecous receptors, and in the process, have 

lost the sialic acid binding-site associated structural and sequence features, resulting in an inability 

to interact with sialic acid whilst maintaining the overall conserved six-bladed β-propeller fold (Sato 

et al. 2012; Pernet, Wang, and Lee 2012). It is not clear why viruses adapt to a sialic acid independent 
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paradigm, however, there is precedent for six-bladed β-propeller scaffolds to adapt to novel 

functionalities beyond sialidase functionality, as demonstrated by the recently discovered bat 

influenza viruses H17N10 and H18N11. Here, the neuraminidase-like proteins of the bat influenza 

viruses were found to have lost residues associated with the sialic acid binding site, in addition to 

presenting a wide cavity on their top surface incongruous to sialic acid interactions (Wu, Wu, et al. 

2014; Li et al. 2012; Zhu et al. 2012; Karakus et al. 2019; Tong et al. 2013). These observations 

illustrate the potential for new RBP architectures to give way to unique attachment and entry 

paradigms. 

1.5.2.1 Morbilliviral entry 

The morbilliviruses present a diversified RBP, with the capacity to bind a number of proteinaceous 

receptors. The RBP of MeV was initially dubbed the H protein, due to its ability to agglutinate 

primate erythrocyte cells (Waterson, Rott, and Ruckle-Enders 1963). However, subsequent studies 

revealed that the targeted host-cell receptor was not the typical paramyxovirus target, sialic acid, and 

instead includes several proteinaecous receptors (Sato et al. 2012). 

 Both the Edmonston MeV vaccine strain and Vero-cell passaged strains of MeV infect cells 

that are CD46 positive. Interestingly, however, these cell types are not permissive to infection by 

virus isolated from B- and T-cell lines, therefore CD46 likely did not represent a naturally targeted 

receptor (Dorig et al. 1993). The cell-surface receptor, SLAMF1 (also known as CD150), is 

expressed on an array of different lymphocytes (Tatsuo et al. 2000) and was discovered to be the 

likely primary receptor for MeV. This interaction is thought to direct initial infection and therefore 

constitutes a major determinant of host-cell and species tropism. Interestingly, the usage of SLAMF1 

correlates with the observed  immunosuppression caused by MeV infection, due to its expression in 

lymphocytes, monocytes and dendritic cells (Dhiman, Jacobson, and Poland 2004; Lin and 

Richardson 2016). Nectin-4 constitutes the second known functional receptor of MeV. Nectin-4 is 

expressed on the basolateral surface of polarised epithelium and enables entry of the virus into  
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Figure 1.5.2.1: The modes of MeV-RBP receptor engagement. (a) The MeV-RBP shown in 
surface representation with the footprints of the three receptors engaged by MeV, SLAM (cyan) 
(Hashiguchi et al. 2011), nectin-4 (magenta) (Zhang et al. 2013), and CD46 (blue) (Santiago et al. 
2010) coloured. Surface accessed by all three receptors is coloured orange (labelled ‘conserved’ in 
the adjacent legend) with residues annotated. This figure has been adapted from Zhang et al, 2013. 
(b) The MeV-RBP is shown in cartoon representation, with functionally important residues of the 
β4−β5 groove annotated and shown in stick representation. The mode by which the MeV-RBP 
receptors engage the β4−β5 groove is shown, with loops of SLAM (cyan) (3ALZ), nectin-4 
(magenta) (4GJT), and CD46 (blue) (3INB) displayed using cartoon representation and sticks for 
important residues.  
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tissues, such as the airway epthelium, that enable dispersal of MeV between host organisms (Noyce 

et al. 2011).  

The receptors bound by MeV, SLAMF1, nectin-4, and CD46, recognise the same 

hydrophobic binding region on MeV-RBP, which is located at the side of the β4−β6 propeller face 

at a concave groove formed by loop β4L23 and β-strands β5S2 and β5S3 (Hashiguchi et al. 2007; 

Santiago et al. 2010; Zhang et al. 2013; Hashiguchi et al. 2011) (Fig 1.5.2.1). In the case of the 

CD46−MeV-RBP interaction, the D’D- loop of the short consensus repeat (SCR) 1 in CD46 

penetrates into the groove and is stabilised by hydrophobic interactions with Leu464MeV-RBP, 

Leu500MeV-RBP, Tyr541MeV-RBP and Tyr543MeV-RBP (Santiago et al. 2010). SLAM, on the other hand, 

utilises hydrophobic interactions between Val74SLAM and Asn72SLAM and residues including, 

Phe483MeV-RBP, Tyr524MeV-RBP, Tyr543MeV-RBP and Pro545MeV-RBP. Aromatic stacking also contributes 

to interactions across this pocket, where residues Tyr524MeV-RBP, Tyr541MeV-RBP, Tyr543MeV-RBP and 

Phe552MeV-RBP interact with Phe119SLAM and the Glu75SLAM −Arg130SLAM salt bridge (Hashiguchi et 

al. 2011). Finally, the nectin-4−MeV-RBP interaction appears to resemble that of CD46−MeV-RBP, 

and is achieved through insertion of the F−G loop of nectin-4 into the concave β4−β5 groove of 

MeV-RBP. This interaction is further strengthened by the formation of hydrogen bonds between 

Ala103Nectin-4 and Gly465MeV-RBP and Tyr543MeV-RBP (Zhang et al. 2013). 

 Whilst all characterised MeV-RBP−receptor interactions involve the β4−β5 groove, 

interactions beyond this site differ drastically. The CD46 SCR1 and SCR2 interact predominantly 

with blade β4, and utilise a number of hydrogen bonds (Santiago et al. 2010). The SLAMF1 

interaction appears to be centred across the concave β4−β5 groove and blade β5, with contributions 

from the neighbouring β4 and β6 blades. Importantly, salt bridges between MeV-RBP and SLAM 

are formed between the acidic Asp505MeV-RBP and Asp507MeV-RBP and basic Lys77SLAM and 

Arg90SLAM (Hashiguchi et al. 2011). The nectin-4 binding site exists predominantly over blades β4 

and β5, with some contribution from β3 (Zhang et al. 2013).  
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Studies have further confirmed that receptors homologous to SLAMF1 and nectin-4 are 

utilised by other members of the morbillivirus family in their respective target species, such as 

PPRV, CDV, PDV and CeMV (Sato et al. 2012; Birch et al. 2013; Rendon-Marin et al. 2019; Tatsuo, 

Ono, and Yanagi 2001; Noyce, Delpeut, and Richardson 2013). The intricacies of the interactions 

mapped on the MeV surface also provide insights into the binding between other morbilliviruses and 

their receptors (Langedijk et al. 2011). Indeed, similar to MeV, host-specific SLAMF1 and nectin-4 

have been identified as the receptors for a number of morbilliviruses (Duignan et al. 2014; Van 

Bressem et al. 2014; Sato et al. 2012; Birch et al. 2013; Noyce, Delpeut, and Richardson 2013; 

Tatsuo, Ono, and Yanagi 2001; Rendon-Marin et al. 2019). In fact, prior to discovery of nectin-4 as 

the epithelial receptor for MeV, structure-informed site-directed mutagenesis studies revealed the 

importance of the CDV-RBP β4−β5 groove in regulating the interactions with both immune cells 

and SLAMF1 negative keratinocytes, indicating that CDV-RBP also specifically bound a then 

unidentified epithelial receptor enabling keratinocyte infection (Langedijk et al. 2011). While 

replication of morbilliviruses is restricted at the point of SLAMF1 and nectin-4-mediated entry into 

a host-cell (Ohishi et al. 2014), recent studies have revealed that minimal changes are required to 

drive binding of CDV-RBP and PPRV-RBP to human SLAM  (Bieringer et al. 2013; Abdullah et al. 

2018), and no changes are required for engagement of human nectin-4 receptor by CDV-RBP, raising 

concerns about the potential for these viruses to overcome the current species barrier.  

1.5.2.2 Henipaviral entry 

The henipaviruses, like morbilliviruses, utilise an RBP that recognises proteinaceous receptors (Weis 

et al. 2014; Lee et al. 2015; Marsh et al. 2012; Pernet, Wang, and Lee 2012; Pryce et al. 2019). 

However, while both RBP architectures have diversified from the sialic acid-dependent mode of 

viral entry, the henipaviral RBPs (HNV-RBPs) maintain a much closer structural relationship with 

the HN-type RBPs (Bowden, Crispin, et al. 2008; Bowden, Aricescu, et al. 2008). The ability of the 

pathogenic henipaviruses, HeV and NiV, to spillover from bat reservoirs into many host species and 

incite devastating disease is partly dependent on the specificity of their RBP for B-class ephrin cell-  
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surface receptors. The cell-surface presented ephrins are ligands to the Eph family of receptor 

tyrosine kinases (RTKs), and are involved in mediating numerous developmental and neurological 

processes (Negrete et al. 2005; Negrete et al. 2006b; Bonaparte et al. 2005; Lisabeth, Falivelli, and 

Pasquale 2013). Consistent with this diverse functionality, B-class ephrins (ephrinB1, ephrinB2, and 

ephrinB3) are widely presented across numerous tissues and cell-types and exhibit an expression 

pattern that relates to the associated pathology of henipaviral disease (Pernet, Wang, and Lee 2012). 

Furthermore, consistent with the broad tropism exhibited by henipaviruses (Rockx 2014) there is 

high level of sequence conservation between ephrins of different species (Pernet, Wang, and Lee 

2012), resulting in a highly adaptable paramyxovirus entry mechanism. 

Ephrins are differentially utilised by henipaviral RBPs. Indeed, while the RBPs of NiV and 

HeV recognise ephrinB2 and ephrinB3 (Negrete et al. 2005; Negrete et al. 2006a), the Ghana 

Figure 1.5.2.2: Interactions between NiV-RBP and ephrinB2 and ephrinB3. (a) EphrinB2 
(2VSM) and ephrinB3 (3D12) (cyan and blue, respectively) are shown in ribbon representation 
bound to NiV-RBP (2VSM), displayed using surface representation (Bowden, Aricescu, et al. 2008; 
Xu et al. 2008). Residues bound by both ephrinB2 and ephrinB3 are coloured orange. (b) Cartoon 
representation of NiV-RBP bound by ephrinB2 and ephrinB3, showing the interactions between the 
G−H loop and the top face pocket presented by NiV-RBP. Residues forming important 
contributions to the virus−receptor interface are shown using stick representation and annotated. 
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henipavirus RBP (GhV) utilises only ephrinB2 (Lee et al. 2015), and the RBP of Cedar virus (CedV) 

binds ephrinB1 and ephrinB2 (Pryce et al. 2019). Interestingly, in contrast to NiV and HeV, CedV 

and GhV are thought to be non-pathogenic. Furthermore, it has been hypothesised that usage of 

neuron-specific ephrinB3 correlates with the dramatic clinical outcomes associated with NiV and 

HeV infection (Weis et al. 2014; Marsh et al. 2012; Lee et al. 2015; Pryce et al. 2019). 

Similar to the mode of engagement between B-class ephrins and their cognate receptors, the 

mechanism of viral engagement relies upon an interaction between the highly flexible G−H loop of 

the B-class ephrins and a shallow cleft presented on the top face of the HNV-RBP (Pernet, Wang, 

and Lee 2012) (Fig 1.5.2.2). The interactions between the HeV and NiV RBPs with ephrinB2 and 

ephrinB3 have been extensively characterised through site-directed mutagenesis and structural 

studies (Bowden, Aricescu, et al. 2008; Lee et al. 2015; Xu et al. 2008). At the outer edge of blade 

β5, both HeV-RBP and NiV-RBP present Glu533, which forms a salt bridge with the positively 

charged Lys60ephrinB2 or Arg57ephrinB3, stabilising G−H loop engagement. Residues Leu124ephrinB2/B3, 

Trp125ephrinB2/B3, F120ephrinB2 and Y120ephrinB3 of the G−H contribute to these extensive 

protein−protein interfaces (Bowden, Aricescu, et al. 2008; Xu et al. 2008). Despite being unable to 

bind ephrinB3 and exhibiting a low sequence identity between GhV and the archetypal NiV and 

HeV-RBPs, GhV-RBP utilises a similar mechanism of ephrinB2 engagement (Lee et al. 2015). 

Similarly, the sequence diverse CedV-RBP has maintained its ability to bind ephrinB2 (Marsh et al. 

2012), but has also adopted the ability to engage ephrinB1 (Pryce et al. 2019) through the 

presentation of the Tyr121ephrinB1 and Met122ephrinB1 (YM) motif on the G−H loop, in place of the 

Leu124ephrinB2/B3 and W125ephrinB2/B3 (LW) motif. Interestingly, a W504Y substitution to NiV-RBP 

creates a cavity similar to that observed on CedV-RBP, rendering the glycoprotein capable of 

accommodating the YM motif of ephrinB1 (Pryce et al. 2019). These experiments demonstrate that 

only single substitutions to the HNV-RBP are necessary to alter ephrin receptor tropism.  
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Fig. 1.5.4: Paramyxoviral RBPs present an elevated amino acid sequence similarity across 
receptor binding sites. (a) GhV-RBP is displayed using surface representation, with ephrinB2 
(yellow) bound and presented using ribbon representation (4UF7) (Lee et al. 2015). Amino acid 
sequence similarity between GhV-RBP and HeV-RBP, NiV-RBP, CedV-RBP and MojV-RBP is 
mapped onto the GhV-RBP structure, with identical residues coloured red, and similar coloured 
pink. The table below summarises the overall amino acid similarity between GhV-RBP and the 
other RBPs, and the similarity across the ephrinB2 binding site (yellow). (b) MeV-RBP is displayed 
using surface representation, with SLAM (green) and nectin-4 (cyan) presented in a ribbon format 
(PDB IDs 3ALZ and 4GJT, respectively) (Zhang et al. 2013; Hashiguchi et al. 2011). Amino acid 
sequence similarity between RPV-RBP, PPRV-RBP, CDV-RBP and feline morbillivirus (FmoV)-
RBP is mapped onto the MeV-RBP structure, with residues coloured as in 1.5.4A. The table below 
summarises the overall similarity between GhV-RBP and the other RBPs, and the similarity across 
the ephrinB2 binding site. The table below summarises the overall similarity between MeV-RBP 
and the other RBPs, and the similarity across the SLAMF1 (green) and nectin-4 (blue) binding sites. 
This figure has been adapted from Zeltina et al, 2016.  
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1.5.3 Conservation across paramyxoviral receptor binding sites 

As described above, the molecular basis of paramyxoviral receptor engagement has been extensively 

characterised for a number of HN, H, and G-type RBPs. Importantly, the necessity to interact with a 

specific receptor(s) likely acts as a functional constraint during paramyxovirus evolution and has 

been observed to lead to elevated levels of sequence conservation at surfaces of the RBP required 

for receptor recognition (Zeltina, Bowden, and Lee 2016). (Langedijk, Daus, and VanOirschot 1997; 

Crennell et al. 1993; Burmeister, Ruigrok, and Cusack 1992; Grobe et al. 1998; Gut, King, and Walsh 

2008; Luo et al. 1999; Roggentin et al. 1989; Stummeyer et al. 2005). For example, as described in 

section 1.5.1, the hexapeptide and residues that facilitate hemagglutinin and neuraminidase activity 

in HN RBPs are strictly conserved across respiro, orthoavula, metavula, paravula, and 

orthorubulaviruses Similarly, the functional constraints imposed by receptor binding are exemplified 

by the maintenance of the conserved B-class ephrin binding site on CedV and GhV RBPs, despite 

high sequence variation (Zeltina, Bowden, and Lee 2016; Lee et al. 2015) (Fig. 1.5.3). These findings 

were contrasted by the Mojiang virus RBP (MojV-RBP), a divergent HNV which exhibits high 

sequence variability across the regions associated with ephrin binding, and is therefore unable to 

engage B-class ephrins (Zeltina, Bowden, and Lee 2016) (Fig. 1.5.3A). This conclusion was 

confirmed through structural and functional characterisation of MojV-RBP, which revealed a lack 

of the canonical B-class ephrin binding site and an inability to interact with known paramyxoviral 

receptors in vitro (Rissanen et al. 2017). 

Whilst MeV-RBP represents the only structurally characterised morbilliviral RBP to date, 

sequence mapping analysis reveals a similar trend, where SLAMF1 and nectin-4 receptor binding 

sites exhibit elevated levels of sequence conservation amongst morbilliviruses (Zeltina, Bowden, 

and Lee 2016; Langedijk et al. 2011; Liang et al. 2016; Abdullah et al. 2018). For example, although 

CDV-RBP is only 37% identical with MeV-RBP across the full-length sequence, the proteins exhibit 

67% and 55% sequence similarity at SLAM and nectin-4 binding sites, respectively (Fig. 1.5.3B) 

(Zeltina, Bowden, and Lee 2016). Despite a propensity to bind receptors that are not necessarily well 
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conserved between different host species, several important determinants of MeV infection remain 

conserved, such as the residues that form the β4−β5 groove. Indeed, studies have confirmed that the 

β4−β5 groove is likely to be similarly utilised in other morbilliviral RBPs, with mutagenesis of the 

CDV-RBP β4-β5 groove resulting in abrogation of infection in nectin-4 expressing keratinocytes 

and SLAM-expressing cells (Abdullah et al. 2018; Liang et al. 2016; Langedijk et al. 2011). Based 

on this understanding of the molecular determinants of the establish paramyxoviral receptor binding 

mechanisms, as novel paramyxoviruses emerge from the environment, comparisons with 

homologous structures may provide insight into receptor usage.  However, these analyses are limited 

to comparisons with characterised binding sites. In the case of MojV-RBP, while a lack of B-class 

ephrin interactions has been confirmed, receptor tropism is still yet to be determined (Rissanen et al. 

2017).  

1.5.4 Trends in dimer angle organisation 

The paramyxovirus RBP is presented as a dimer-of-dimers on the virion surface, where the β-

propeller receptor binding head domain forms homodimers (Hashiguchi et al. 2007; Lawrence et al. 

2004; Crennell et al. 2000; Bowden, Crispin, Harvey, et al. 2010), and the β-helical stalk region 

facilitates tetramerisation through inter-protomer disulphide bond formation (Yuan et al. 2005; Yuan 

et al. 2011; Welch et al. 2013). A flexible linker region enables the movement of dimerically-

associated β-propeller domains between ‘heads-down’ and ‘heads-up’ orientations (Welch et al. 

2013), with such movements associated with fusion activation (Adu-Gyamfi et al. 2016; Herren et 

al. 2018; Jardetzky and Lamb 2014; Bose et al. 2014) (Fig. 1.5A). Whilst the dimeric interface is 

typically comprised of residues from blades β1 and β6 of the RBP propeller, structural 

characterisation of RBP architectures has revealed that these assemblies may adopt different modes 

of association, depending on whether the RBP exhibits H, HN, or G functionality (Fig 1.5.4) 

(Bowden, Crispin, et al. 2008; Bowden, Crispin, Harvey, et al. 2010; Crennell et al. 2000; Yuan et 

al. 2005; Lawrence et al. 2004; Hashiguchi et al. 2007). 
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Fig 1.5.5: Known dimeric assemblies of paramyxoviral RBPs. Representative HN, G, and H 
RBP dimeric assemblies from NDV-RBP, HeV-RBP and MeV-RBP, respectively, are shown in 
cartoon representation with monomers coloured rainbow from the N-terminus to C-terminus (blue 
to red, respectively). Calculated angle of association, interface area and number of hydrogen bonds 
is displayed to the right-hand side of the relevant dimer. The known receptors bound by each RBP 
type is listed to the left-hand side. This figure has been adapted from Stelfox et al, 2019. 
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 Structures of higher order oligomers of RBPs with sialic acid interacting capabilities 

demonstrate a common mode of organisation utilising extensive contacts between blades β1 and β6, 

resulting in an average buried surface area of approximately 1,790 Å (Fig 1.5.5) (Stelfox and 

Bowden 2019). This dimer association sets the top faces of the protomers, and therefore the sialic 

acid binding site, at an approximate angle of 60° relative to each other (Kubota et al. 2016; Lawrence 

et al. 2004; Crennell et al. 2000; Yuan et al. 2005). This is contrasted by dimeric arrangements 

observed to be adopted by the protein binding morbilliviral and henipaviral RBPs. The observed 

HeV-RBP dimer is similarly formed through interactions involving the β1 and β6 blades, however, 

the contribution from β6 is less dominant and overall the buried surface area is approximately 880 

Å. It has been hypothesised that the dimeric association between two protomeric receptor binding 

domains is influenced by an evolutionary requirement to access sometimes bulky cell surface 

receptors, such as the B-class ephrins, SLAM or nectin-4 (Hashiguchi et al. 2007; Hashiguchi et al. 

2011; Santiago et al. 2010; Zhang et al. 2013; Yuan et al. 2008; Stelfox and Bowden 2019; Bowden, 

Crispin, Harvey, et al. 2010). The association between the protomers of the dimeric HeV-RBP 

structure is 40° and results in the upward presentation of the B-class ephrin binding site, potentially 

facilitating receptor attachment without disruption of the overall oligomeric assembly (Bowden, 

Crispin, Harvey, et al. 2010; Yuan et al. 2008). Similarly, the crystallographically observed 

organisation of the MeV-RBP deviates from the paradigm originally presented by the HN-type 

RBPs. (Fig 1.5.5). Several structures of MeV-RBP dimers in complex with cognate SLAMF1, 

nectin-4, and CD46 receptors have been solved, revealing a conserved mechanism of association 

primarily mediated through the β1 blade, and lacking involvement from the β6 blade. The receptor 

bound structures, with binding sites orientated upwards, reveal that the unique oligomeric 

organisation could potentially facilitate the docking of multiple receptor molecules at the cell surface 

(Santiago et al. 2010; Zhang et al. 2013; Hashiguchi et al. 2011; Hashiguchi et al. 2007). 

The trends in RBP association angle and level of buried surface across the paramyxovirus 

family, are consistent with the hypothesis that the overall presentation of RBP molecules is linked 
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to the type of receptor(s) utilised. Indeed, changes in the angle of association between protomers of 

a RBP dimer may enable engagement to a wider array of receptors, including larger proteinaceous 

receptors.  
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2 MATERIALS AND METHODS 

2.1 MOLECULAR BIOLOGY 

2.1.1 cDNA templates 

Gene encoding nucleotide sequences from receptor-binding proteins (RBP) were codon optimised 

for use in human cell expression systems and synthetically produced by GeneArt™ (Life 

Technologies) as GeneStrings or within transfer plasmids. All genes were produced with an AgeI 

site at the 5' end and a KpnI site at the 3' end, enabling cloning of the constructs into appropriate 

vectors. Genes supplied as lyophilised fragments were resuspended in sterile filtered deionised water 

to a final concentration of 100 ng/µL and amplified using polymerase chain reaction (PCR) prior for 

cloning. Plasmids containing genes were resuspended as above, and subsequently subjected to PCR 

or template amplification in E. coli. 

2.1.2 Cloning strategy and expression vectors 

All constructs are listed (Table 2.1.2). Typically, standard restriction digest cloning protocols were 

utilised, but at times the In-Fusion® method was utilised due to high cloning efficiency, when 

reagents were available (Park, Throop, and LaBaer 2015). All plasmids used, encoded ampicillin 

resistance as a selection marker. 

2.1.2.1 Full-length RBP constructs 

Entire receptor-binding protein gene open reading frames (ORFs) encompassing the intraviral 

portion, transmembrane domain, stalk region and β-propeller were cloned into the high-copy number 

plasmid, pHLsec (Aricescu, Lu, and Jones 2006), resulting in a stock of template for further construct 

production and for the expression of full-length constructs for use in cell-based assays.  

2.1.2.2 Constructs for soluble expression 

Design of constructs for soluble RBP expression was guided by structure based sequence alignment 

with closely related and structurally characterised paramyxoviral RBPs.  
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2.1.2.2.1 pHLsec hexa-histidine tagged constructs 

Typically, soluble constructs encoding the stalk and β-propeller region and/or the β-propeller only 

were cloned into the pHLsec vector, facilitating production of large quantities of recombinant 

protein. Typically, fragments were inserted between the AgeI and KpnI restriction sites, enabling 

incorporation of the vector secretion signal peptide (SP) and the C-terminal hexa-histidine tag (Fig 

2.1.2). Incorporation at these sites resulted in the soluble protein retaining the amino acids ETG and 

GTK proximal to the signal sequence and hexa-histidine tag, respectively. 

2.1.2.2.2 pHLsec Fc tag constructs 

Soluble constructs were sub-cloned into a pHLsec vector containing a C-terminal Fc tag followed 

by a hexa-histidine tag. The addition of an Fc allowed efficient protein G based purification and 

subsequent analysis of the proteins using flow cytometry and pulldown studies.  

2.1.2.2.3 pHLsec octa-histidine SUMO-tagged constructs 

To aid in soluble expression, SosV-RBP and BeiV-RBP(wt) were cloned into a modified pHLsec 

vector encoding an octa-histidine tag, Saccharomyces cerevisae small ubiquitin-like modifier 

(SUMO) (Panavas, Sanders, and Butt 2009) and 3C cleavage site at the N-terminus (Waugh 2011) 

and a 1D4 tag at the C-terminus (Chang et al. 2015; Molday and Molday 2014). Inserts were digested 

with AgeI and KpnI, and the plasmid with the restriction enzyme XmaI, which produces compatible 

cohesive ends. The SUMO-tag could be cleaved using human rhinovirus (HRV) 3C protease (Waugh 

2011), if necessary. 

2.1.2.2.4 pHLSEC AviTag™ constructs 

The 8xHis-SUMO-SosV-RBP cassette was cloned into an AviTag™ encoding pHLsec using AgeI 

and KpnI (Fairhead and Howarth 2015). The addition of an AviTag™ enabled subsequent 

biotinylation with the BirA enzyme, making the proteins suitable for flow cytometry (Section 

2.9.3.1). 
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2.1.2.2.5 pURD octa-histidine SUMO-tagged construct 

The SP-8xHis-SUMO-SosV-RBP-1D4 cassette was sub-cloned into the pURD expression vector 

between the EcoRI and KpnI restriction sites (Seiradake 2015). Cloning into pURD enabled 

subsequent production of stable cell lines upon cotransfection with a plasmid containing the φ31C 

integrase. Production of a stable cell line enabled constitutive production of protein and boosted 

yields. The method is described in section 2.3.6.1 (Seiradake 2015). 

2.1.2.2.6 pHR-CMV-TetO2 construct for lentivirus production 

The SP-8xHis-SUMO-SosV-RBP-AviTag™ was cloned into a lentivirus pHR-CMV-TetO2 transfer 

plasmid using EcoRI and XhoI sites. Transfection of this plasmid into a Lenti-X HEK293T cell line 

alongside helper plasmids enabled the production of Lentivirus capable of infecting and transducing 

a target cell line, as described in section 2.3.6.2 (Elegheert et al. 2018). 
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Figure 2.1.2: Plasmid maps annotated with features and relevant restriction enzyme sites. All 
inserts were cloned into plasmids at the multiple cloning site (MCS), where restriction sites are 
encoded. Plasmids A-D derived from pHLsec mammalian expression vector for transient 
transfection (Aricescu, Lu, and Jones 2006). (a) pHLsec encoding a hexa-hisitidine tag 3’ to the 
MCS. (b) pHLsec encoding a Fc and hexa-histidine tag at the 3’ to MCS. (c) pHLsec vector encoding 
a octa-histidine tag and SUMO tag 5’ to the MCS and a ID4 tag 3’ to the MCS. (d) pHLsec vector 
encoding an AviTag™ and a hexa-histidine tag 5’ to the MCS. (e) pURD plasmid, capable of site 
specific integration, encoding a ID4 tag 5’ to the MCS (Seiradake 2015). (f) pHR-CMV-TetO2 

transfer plasmid, which in combination with helper plasmids can produce lentivirus for stable cell 
line production (Elegheert et al. 2018). 
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2.1.3 Primer specifications 

DNA primers were produced by Life Technologies or Eurofins. Custom primers were all designed 

to have restriction endonuclease sites, short overhangs to facilitate digestion and an overlapping 

region to the desired target sequence. To facilitate cloning with the Thermo 

Scientific® Phusion® High-Fidelity DNA Polymerase, the melting temperature (Tm) of the primer 

regions overlapping with desired ORFs was adjusted to between 71°C and 74°C using the online 

NEB Tm calculator (https://tmcalculator.neb.com). In addition, some primers were synthesised with 

a further minimum of fifteen bases at the 5’ end homologous to target vector regions encompassing 

and proximal to the AgeI and KpnI restriction sequences to enable In-Fusion® cloning (Park, 

Throop, and LaBaer 2015).  

2.1.4 Polymerase chain reaction (PCR) 

Entire open reading frames or specific truncated constructs were amplified using the manufacturer’s 

recommended PCR protocol for the Phusion® High-Fidelity PCR Mastermix with HF buffer (New 

England Biolabs). Reactions were assembled in a 50 µL volume, with 100 ng of template DNA, 0.5 

µM concentration of each primer and the mastermix diluted to a 1x concentration. Reactions were 

heated to 98°C for an initial denaturation prior to immediate thermocycling. Thermocycling was then 

performed 30x with the following setup: 10 s at 98°C denaturation, 10−15 s at 55°C annealing, 30 s 

per kb at 72°C extension. Finally, elongation was allowed to proceed for a further 10 min at 72°C, 

before cooling to 4−12°C. The resulting DNA fragments were purified either using a QIAquick PCR 

Purification Kit (Qiagen) and PCR fragments analysed using agarose gel electrophoresis, or using a 

QIAquick Gel Extraction Kit (Qiagen) if fragments were to be applied to a subsequent splicing by 

overlap extension PCR or In-Fusion® reaction. In both cases, the manufacturers protocol was 

adhered to, unless fragments were to be used for a subsequent In-Fusion® reaction, where an extra 

ethanol wash was required. 

https://tmcalculator.neb.com/
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VIRUS GENBANK VECTOR TAG(S) START END PRIMERS USE 

MOSV NP_958054.1 pHLSEC 6xhis 1 632 N/A Template, and 
cell based 
assays 

NP_958054.1 pHLSEC 6xhis 202 632 F: CGCACCGGTGAGCTGTACACCAGAGTGCGG   

Crystallisation R: GCGGTACCAGTGTGGCAATTGTC 

NP_958054.1 pHLSEC Fc-tag, 
6xhis 

157 632 F: CGTAGCTGAAACCGGTACCTGTCTGCGGATCGAGGAAA                                

Flow cytometry R: AACAGCACCTCCAGGGTACCAGTGTGGCACTTGTCGTACTG 

NARV YP_006347588.1 pHLSEC 6xhis 1 657 N/A Template, and 
cell based 
assays 

YP_006347588.1 pHLSEC 6xhis 184 657 F: CGCACCGGTGAAGCCAGCGAGATCCACAGC                                

Crystallisation R: GCGGTACCGGGTGTTCTAGGGG 

YP_006347588.1 pHLSEC Fc-tag, 
6xhis 

184 657 F: CGTAGCTGAAACCGGTGAAGCCAGCGAGATCCACAGC                                 

Flow cytometry R: AACAGCACCTCCAGGGTACCGGGTGTTCTAGGGGCG 

JPV YP_338084.1 pHLSEC 6xhis 1 709 N/A Template, and 
cell based 
assays 

YP_338084.1 pHLSEC 6xhis 149 709 F: CGCACCGGTGAAGTGGGCATCGAGGCCATC                                
Crystallisation 
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JPV      R: GCGGTACCACCGTTGTGGCCGATGGG 
 

YP_338084.1 pHLSEC Fc-tag, 
6xhis 

123 709 F: CGTAGCTGAAACCGGTCAGTGCACCCCCAGCTTCATG                                  

Flow cytometry R: AACAGCACCTCCAGGGTACCGTTGTGGCCGATGG 

YP_338084.1 pHLSEC 8xhis, 
SUMO, 
1D3 

149 709 N/A Biochemical 
assays 

YP_338084.1 pHLSEC 8xhis, 
SUMO, 
1D4 

149 584 F: CGTAGCTGAAACCGGTGAAGTGGGCATCGAGGCCATC                                  

Biochemical 
assays R: AACAGCACCTCCAGGGTACCGTGGGCATCCAGAGGTGTCAGG 

BEIV YP_512253.1 pHLSEC 6xhis 1 734 N/A Template, and 
cell based 
assays  

YP_512253.1 pHLSEC 6xhis 145 734 F: CGCACCGGTAACCCCACCCACAGCAGATACTTCG                                  

Attempted 
expression R: GCGGTACCCTCTTTGGGGTATTCC 

 
YP_512253.1 pHLSEC 8xhis, 

SUMO, 
1D4 

145 734 N/A 
Crystallisation 

AOV81769.1  pHLSEC 6xhis 1 1046 N/A Template, and 
cell based 
assays 

AOV81769.1 pHLSEC 6x his 145 1046 F: CGTAGCTGAAACCGGTAATCCCACACACAGCCGGTACTT  

Attempted 
expression R: TGATGGTGGTGCTTGGTACCAGGTGTCACTCCCCG 
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AOV81769.1 pHLSEC 8xhis, 

SUMO, 
1D4 

145 1046 N/A 
Attempted EM 

 
AOV81769.1 pHLSEC 8xhis, 

SUMO, 
1D4 

145 589 F: CGTAGCTGAAACCGGTAATCCCACACACAGCCGGTACTT                                   

Biochemical 
assays R: TGATGGTGGTGCTTGGTACCTTTGCCGGTGAACCGCATG 

SOSV YP_009094033.1 pHLSEC 6xhis 1 582 N/A Template, and 
cell based 
assays  

YP_009094033.1 pHLSEC 6xhis 125 582 F: CGTAGCTGAAACCGGTAACGCCGTGTGTAGAGGCCCT  

Attempted 
expression R: 

TGATGGTGGTGCTTGGTACCCTTGATCAGGTACAGAAAGGACCGGATG 
 

YP_009094033.1 pHLSEC 8xhis, 
SUMO, 
1D3 

125 582 N/A Attempted 
crystallisation 

 
YP_009094033.1 pURD 8xhis, 

SUMO, 
1D4 

125 582 N/A 
Crystallisation 

 
YP_009094033.1 pHLSEC 6xhis, 

AviTag 
125 582 N/A Attempted 

purification for 
flow cytometry  

YP_009094033.1 pHR 6xhis, 
AviTag 

125 582 N/A 
Flow cytometry 

NDV Q9Q2W5.1 pHLSEC 6xhis 1 577 N/A Template, and 
cell based 
assays 

Q9Q2W5.1 pHLSEC 6xhis 74 577 F: CGTAGCTGAAACCGGTAGCATGGGCGCCAGCA                                  Biochemical 
assays 
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Table 2.1.2 Constructs synthesised contributing to doctoral work.  
aRestriction site shown with red text 
bRegion overlapping with target plasmid for In-Fusion® shown with underline

     R: TGATGGTGGTGCTTGGTACCTCCGCTTCTGGCCTCGC 
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2.1.5 Agarose gel electrophoresis 

To monitor DNA purity and identity of fragments throughout cloning samples were separated by 

agarose gel electrophoresis using TAE buffer (Tris, Acetic acid, ethylenediaminetetraacetic acid  

(EDTA)). Typically, samples were run for 20 min at 100V on an 1% w/v agarose gel produced with 

a 1:10,000 (v/v) SYBR™ safe (Thermo Fisher scientific). 6x loading dye (NEB) was added to 

samples and 1 kb Plus DNA ladder at a 1:6 dilution. Visualisation of DNA was performed using a 

blue light transilluminator if required for gel excision, or imaged with UV light with a ChemiDoc™ 

system (BioRad). 

2.1.6 Restriction enzyme digestion 

To produce fragments amenable to DNA ligation, insert and target vector DNA were digested with 

complimentary restriction enzymes (NEB). Reaction mixtures were set up as per the manufacturer’s 

standard protocol and incubated for 30 min–12 h (if enzymes are known not to exhibit star activity). 

Subsequently, digested fragments were separated using agarose gel electrophoresis (Section 2.1.5) 

and purified using a QIAquick Gel Extraction kit (Qiagen). Typically, restriction digests were 

performed with AgeI-HF® (NEB), KpnI-HF® (NEB) in CutSmart® buffer (NEB). Inserts required 

for In-Fusion® cloning were not digested, however vector digests were performed and similarly 

treated.  

2.1.7 DNA ligation  

Where In-Fusion® was not used, digested DNA fragments were ligated using a Quick Ligation™ 

kit (NEB), assembling reactions as per the manufacturer’s protocol. Reactions were incubated for 5 

min at 21°C prior to immediate transformation of competent E. coli or storage at -20°C. 

2.1.8 In-Fusion®  

PCR amplified insert with overlaps amenable to In-Fusion® cloning were mixed with the 

complimentary linearized vector as per the manufacturer’s protocol. Briefly, the In-Fusion HD 

EcoDry Mix was resuspended in 10 µL volume reaction mixtures, which were set up with a 2:1 

Insert:Vector ratio. Reactions were subsequently incubated at 37°C followed by 50°C for 15 min 
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each. Reactions were diluted with 40 µl TE (Tris, EDTA) buffer prior to transformation or storage 

at -20°C.  

2.1.9 Transformation 

Following insertion of desired constructs into target plasmids via either ligation or In-Fusion® 

methods, plasmids were transformed into chemically competent DH5α™ subcloning efficiency E. 

coli. (ID: 18265017, Invitrogen) 30 µL aliquots of cells were thawed gently on ice prior to adding 

ligation or In-Fusion® reactions to the cells at a volumetric ratio of 1:10. When transforming purified 

DNA of higher concentration (e.g. from miniprep), the volumetric ratio of DNA to cells was reduced 

to 0.3:10. Cells were subsequently incubated on ice prior to heat shock at 42°C for 20 s. Following 

heat shock, cells were cooled on ice for 2 min prior to addition of 200 µL SOC (Super optimal broth, 

Sigma) and incubated at 37°C for 45 min in a shaking incubator (180 rpm), to aid recovery. Cultures 

were plated on Luria broth (LB)-Agar plates containing ampicillin at 100 µg/mL and subsequently 

incubated at 37°C for a further 16−18 h to enable selection of colonies successfully transformed with 

circularised vector, as the pHLsec vector and its derivatives all confer ampicillin resistance. 

2.1.10 Plasmid amplification and purification 

Following transformation and overnight incubation, single colonies were inoculated into 5 mL LB 

supplemented with ampicillin at 100 µg/mL. Cultures were incubated at 37°C for 16−18 h in a 

shaking incubator (180 rpm). Bacteria were harvested by centrifugation at 4,000 x g for 5 min, 

supernatant discarded and plasmids subsequently purified from the bacterial pellets using a QIAprep 

Spin Miniprep kit (Qiagen), following the manufacturer’s protocol. 

  To determine the success of cloning, purified plasmid was digested and subject to agarose 

gel electrophoresis to assess the size of inserts. Inserts of expected length were sent for sequence 

analysis by Eurofins genomics (previously GATC Biotech). Mixtures were prepared prior to sending 

according to the service requirements: 5 µl of plasmid DNA at 80−100 ng/µL and 5 µL of primer at 
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a concentration of 5 µM. Primers complementary to the regions adjacent to the multiple cloning sites 

in pHLsec and its derivatives (incl. pURD) were used to ensure coverage of the insert and tags (Table  

Table 2.1.10: Sequencing primers  

Primer Sequence 
pHLsec (pURD) Forward  

pHLsec Reverse 
pURD Reverse 

pHR Forward 

TTCCTACAGCTCCTGGGCAAC 
CACCAGCCACCACCTTCTGATAG 
AAGCAATAGCATGATACAAAGGCATTAAAGCA 
CGTCGTCGTGCTCGTTTAGTGAAC 

pHR Reverse CCAGAGGTTGATTATCGATACGTACGATATCAAG  

 

2.1.10). However, in some cases where ORFs were particularly long, intermediate primers had to be 

sent. Intermediate primers were designed with a target Tm between 71°C and 74°C, as determined by 

the online NEB Tm calculator. DNA concentration was determined by measuring absorbance at 260 

nm (A260) on a Nanodrop 1000 spectrophotometer (Thermo Fischer Scientific). 

For production of plasmid DNA for large scale purposes colonies (selected and confirmed 

to be correct) were inoculated into 5 mL LB supplemented with ampicillin at 100 µg/mL. Cultures 

were incubated for 6−8 h at 37°C in a shaking incubator (180 rpm), prior to dilution 1:1,000 in 3 L 

of LB culture (six 2 L flasks each containing 500 mL media) supplemented with ampicillin at 100 

µg/mL. Large scale cultures were similarly grown for 16−18 h prior to bacterial pellet harvest by 

centrifugation at 4,000 x g for 15 min. Plasmids were purified from bacterial pellets using QIAGEN 

plasmid giga kits.  

2.1.11 Mutagenesis using splicing by overlap PCR 

Splicing by overlap extension (SOE) PCR was utilised as a simple method of site-directed 

mutagenesis (Heckman and Pease 2007) (Fig 2.1.11). The initial step required production of 

overlapping gene segments with the desired mutation engineered into the internal primer. In addition 

to mutations, internal primers were designed with regions of approximately 20 bases complementary 

to one another at the 3’ end and a region capable of annealing to the template DNA at the 5’ end as 

per the standard primer specification (Section 2.1.3). Two overlapping gene segments were created 

by pairing internal primers with start and end primers including the necessary engineering for 
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subsequent cloning. The initial PCR proceeded as outlined in section 2.1.4. To ensure purity prior 

SOE PCR the fragments were gel purified (Section 2.1.5). Instead of 100 ng of template, the SOE  

 

 

 

 

 

 

 

 

 

Figure 2.1.11: Splice-by-overlap PCR schematic. The blue template represents the gene of 
interest encoding the wildtype nucleotide (*). A first PCR produces two overlapping DNA 
fragments (red), each carrying a copy of the mutation (#), introduced by primers AR and BF. A final 
PCR step produces a copy of the original template (red) containing the mutation. 
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Virus Mutant Construct Tag(s) Primers 
Start End 

MosV 

N230R 

157 632 Fc 
6xHis 

AF: 
CGTAGCTGAAACCGGTACCTGTCTGCGGATCGAGGAAA        
AR: CAGGGATCAGGCGCAGGTCGGTT 
BF: AACCGACCTGCGCCTGATCCCTG 
BR: 
AACAGCACCTCCAGGGTACCAGTGTGGCACTTGTCGTAC
TG 

R268A 

AF: 
CGTAGCTGAAACCGGTACCTGTCTGCGGATCGAGGAAA        
AR: GACAGGTGCCCGCCATGGTCAG 
BF: CTGACCATGGCGGGCACCTGTC 
BR: 
AACAGCACCTCCAGGGTACCAGTGTGGCACTTGTCGTAC
TG 

R268N 

AF: 
CGTAGCTGAAACCGGTACCTGTCTGCGGATCGAGGAAA        
AR: TACCTGACCATGAATGGCACCTGTCAG 
BF: GACAGGTGCCATTCATGGTCAGGTATGT 
BR: 
AACAGCACCTCCAGGGTACCAGTGTGGCACTTGTCGTAC
TG 

Q272R 

AF: 
CGTAGCTGAAACCGGTACCTGTCTGCGGATCGAGGAAA        
AR: GTCTGTGGTCCCGACAGGTGC 
BF: GCACCTGTCGGGACCACAGAC 
BR: 
AACAGCACCTCCAGGGTACCAGTGTGGCACTTGTCGTAC
TG 

SosV 

R242N 
L243R 
Y244K 
H245S 

001 582 6xHis 

AF: CGTAGCTGAAACCGGTATGCACGCCAGAAATAGC 
AR: 
GTGTGGTCATTGTCACGCTGCAAGACTTCCGGTTGTC 
BF: CAGCAGCTGAGCCAGACCGACAACCGGAAGTCTTGC 
BR: 
TGATGGTGGTGCTTGGTACCCTTGATCAGGTACAGAAAG
GACCGGATG 

R242N 
L243R 
Y244K 
H245S 

125 582 
8xHis 
SUMO 
ID4 

AF: 
CGTAGCTGAAACCGGTAACGCCGTGTGTAGAGGCCCT 
AR: 
GTGTGGTCATTGTCACGCTGCAAGACTTCCGGTTGTC 
BF: CAGCAGCTGAGCCAGACCGACAACCGGAAGTCTTGC 
BR: 
TGATGGTGGTGCTTGGTACCCTTGATCAGGTACAGAAAG
GACCGGATG 
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Table 2.1.11: Mutagenised constructs. Details of mutagenised constructs produced, including 
residue substitution, construct design and primers used. Restriction sites are highlighted in green, 
vector overlap for In-Fusion® cloning is underlined. 

PCR mixture contained 25 ng of each overlapping gene segment. With the exception of alterations 

to template, the mixture and reaction proceeded as in section 2.1.4. Subsequent cloning, restriction 

enzyme dependent or In-Fusion® based, continued as outlined in sections 2.1.5−2.1.10. Specifics 

of mutagenised constructs are outlined further in table 2.1.11. 

2.2 MAMMALIAN CELL CULTURE 

2.2.1 Maintenance of cell lines 

A number of mammalian cell lines were utilised for the required experiments (Table 2.2.1). All cell 

culture was performed in a laminar flow cabinet, using sterile reagents and standard aseptic 

technique. For maintenance cells were cultured in T175 flasks (175 cm2 surface area, Corning) at 

37°C and 5% CO2, and were passaged upon reaching ~70−90% confluence, with the exception of 

HAP1 cells which were passaged at ~50% confluence as cells began to detatch at higher densities.  

Table 2.2.1 Details of cell culture growth media and maintenance. 

CELLS CELL TYPE CELL CULTURE 
MEDIA 

DILUTION 

HEK293T Human embryonic 
kidney 

DMEMa (Sigma) 
10% FCSb (Sigma) 
1% NEAAc (Gibco) 
1% L-glutamine (Gibco) 

1:10 

HAP1 Human chronic myeloid 
Leukaemia haploid 

IMDMd (Sigma) 
10% FCS (Sigma) 
1% NEAA (Gibco) 
1% L-glutamine (Gibco) 

1:5 

BHK21 Baby hamster kidney 
GMEMe (Gibco) 
5% FCS (Sigma) 
1% NEAA (Gibco) 

1:10 

 
aDulbecco’s Modified Eagle’s Medium 
bFetal calf serum 
cNon-essential amino acids 
dIscove’s Modified Dulbecco’s Medium 
eGlasgow’s Minimum Essential Medium 
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To passage, media was removed from flasks and cells subsequently washed with 10 mL phosphate 

buffered saline pH 7.4 (PBS, Gibco), and the monolayer detatched through 5 min incubation with 5 

mL trypsin-EDTA (Gibco). Cells were subsequently resuspended in 20 mL of the appropriate cell 

culture medium, and a suitable dilution of resuspended cells added to a flask containing 25 mL of 

fresh culture media (Table 2.2.1). 

2.2.2 Storage and revival of cell lines 

To maintain a diverse set of cells, it was necessary to keep vials of cells at -80°C and/or in liquid 

nitrogen storage. Cells were prepared for cryo-storage by washing with PBS (Gibco) followed by 

detachment with 3ml of trypsin-EDTA (Gibco). Following incubation as per section 2.2.1, cells were 

resuspended with a further 5 mL of the appropriate media supplemented with FCS (Table 2.21). For 

storage, cell solution was distributed to cryo-vials, and the cryo-protectant dimethyl sulphoxide 

(DMSO) added to a final concentration of 10%. Vials were stored in a CoolCell® (Biocision), 

enabling a controlled reduction in temperature when stored in a -80°C freezer. Cells were then 

transferred to long-term storage either in a -80°C freezer or liquid nitrogen. 

 Cell revival required rapid heating to 37°C and removal of the high concentrations of trypsin-

EDTA and DMSO. Heated cell solutions were diluted in 5 mL of the appropriate media (Table 2.2.1) 

prior to centrifugation at 1000 x g for 3 min. Media containing DMSO and trypsin-EDTA was 

removed, cells resuspended in 15 mL of media and transferred to T75 flasks (75 cm2 surface area, 

Corning).  

2.3 RECOMBINANT PROTEIN EXPRESSION AND PURIFICATION 

2.3.1 Rationale and workflow 

Both stable and transient recombinant protein production was performed in human embryonic kidney 

(HEK) 293T cells due to their fast growth rate, transfectability and ease of handling (Seiradake et al. 

2015; Elegheert et al. 2018; Aricescu, Lu, and Jones 2006). Furthermore, as a human cell line, 

appropriate folding and processing of these proteins from mammalian targeting viruses would be 
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expected. Processing in HEK293T cells, such as N-glycosylation, was controlled (Sections 2.3.5 

and 2.3.11), if necessary, to produce homogenous sample for crystallisation (Chang et al. 2007). 

Transfection of constructs contained within plasmids encoding a secretion signal sequence at the N-

terminus enabled easy collection of protein from the cell culture medium. Media was subsequently 

buffer exchanged and concentrated before application to affinity and size-exclusion chromatography 

(SEC), typically yielding milligram quantities of pure protein. 

2.3.2 Small-scale transient transfection 

To determine the suitability of protein constructs for large-scale expression small-scale transient 

expression tests were performed. This method was also utilised for small scale expression of protein 

for sialic acid interaction assays (Section 2.8), with amounts scaled as necessary. HEK293T cells 

were inoculated into 24-well plates, 0.5 mL wells, to a density that would yield ~90% confluence 

following a day of growth in DMEM (supplemented with 10% FCS, 1% NEAA and 1% L-

glutamine). Per well, 0.8 µg of purified DNA was diluted in 50 µL of DMEM FCS-free (1% NEAA, 

1% L-glutamine) and in parallel 2 µL of Lipofectamine® 2000 (Invitrogen) was similarly diluted. 

To allow for proper dispersion of DNA and Lipofectamine® 2000 (Invitrogen), samples were 

incubated for 5 min prior to mixing 1:1 and complexation allowed to proceed for 20 min at room 

temperature. The Lipofectamine® 2000 cationic liposome and neutral co-lipid formulation, 

complexes with DNA and facilitates interaction and fusion with the negatively charged plasma 

membrane, enabling entry of the plasmid (Dalby et al. 2004). The media was exchanged with 400 

µL fresh DMEM (10% FCS, 1% NEAA, 1% L-glutamine), and the 100 µL complexed DNA-

Lipofectamine® mix added. Cells were incubated at 37°C, 5% CO2 until ready to harvest following 

48−72 h. 

 Cell culture supernatants and cells dislodged using 0.5 mL of NuPAGE ® MES SDS 

Running Buffer (1x) (Life Technologies) were collected for small-scale expression analysis. In all 

tests, both a mock well, where all of the above components were added in the absence of plasmid 

DNA, and a well transfected with a construct known to be produced and secreted successfully, were 

used as negative and positive controls, respectively. Western blotting was used to determine the 
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suitability of a construct for large-scale protein expression, through comparative analysis of secreted 

protein quantity. 

2.3.3 SDS-PAGE 

Protein samples were separated according to molecular weight using sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) using 4−12% Bis-Tris PAGE gels (Life 

Technologies). Prior to loading, samples were mixed with either reducing dye (250 mM Tris-HCl 

pH 6.8, 10% SDS, 50% glycerol, 25% β-mercaptoethanol, 0.01% bromophenol-blue) or non-

reducing dye (125 mM Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 0.1% bromophenol-blue). 

Appropriate ladders were loaded in conjunction. Owing to its resolution, BenchMark ™ protein 

ladder (Invitrogen) was used for SDS-PAGE analysis unless otherwise stated. Separation was 

performed by applying a 160−180 V current for 40−60 min, stopping when the dye front reached the 

end of the gels. To visualise protein gels were either stained using InstantBlue™ Protein Stain 

(Expedeon), or western blot performed. Images of stained gels were captured using the ChemiDoc™ 

system (Bio-Rad). 

2.3.4 Western blot analysis  

In all cases, the BenchMark™ pre-stained protein ladder (ID: 10748010, Invitrogen) was loaded onto 

SDS-PAGE gels prior to western blotting, to aid judgement of successful separation and transfer. 

Blotting was variously performed using dry and wet blotting methods.  

2.3.4.1 Wet blotting 

For wet blotting, SDS-PAGE gels were assembled within a Mini Blot Module (Life Technologies), 

with sandwiches consisting of sponge pads, Whatman® Filter Paper (Sigma) and Amersham 0.45 

µm nitrocellulose membrane (GE Healthcare) placed against the gel. When assembling, care was 

taken to remove air, keep the contents wet with Bolt™ Transfer Buffer (Life Technologies) 

(Supplemented with 10% ethanol), and to place the nitrocellulose on the anode orientated side of the 

gel. The Mini Blot Module (Life technologies) was placed in the Mini Gel Tank (Life Technologies) 

and transfer set up for 70 min at 10 V.  
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2.3.4.2 Dry blotting 

The SDS-PAGE gel was assembled into commercial iBlot™ 2 transfer stacks (Life Technologies), 

and blotted onto the included nitrocellulose membrane using the associated iBlot™ 2 gel transfer 

system (Life Technologies). Dry blotting was performed by running the iBlot™ 2 gel transfer 

system 20 V for 1 min, 23 V for 4 min, and 25 V for 2 min. 

2.3.4.3 Anti-histidine tag detection 

Nitrocellulose membrane blotted with protein was blocked in 5% milk powder in PBS (w/v) for a 

minimum of 1 h at room temperature. The blocked nitrocellulose membrane was subsequently 

incubated with primary antibody. For detection of the histidine tag, the membrane was incubated for 

1 h at 21°C with the primary antibody, a mouse-derived monoclonal anti-penta-His antibody (ID: 

34660, Qiagen) diluted 1:1000 (v/v) in PBS containing 5% milk (w/v). The membrane was washed 

five times for three min with PBS containing 0.05% TWEEN20 (v/v), prior to incubation for 1 h at 

21°C with the secondary antibody, a horseradish peroxidase (HRP)-conjugated goat-derived anti-

mouse IgG antibody (Sigma), diluted 1:2000 (v/v) in PBS containing 5% milk (w/v). Membrane was 

washed as above before signal development and detection using the Clarity™ Western ECL substrate 

(Bio-Rad) and the ChemiDoc™ system (Bio-Rad). When using histidine-tag detection, samples were 

loaded alongside 1 µL His-tagged Benchmark™ protein ladder (ID: 10747012, Invitrogen) for 

confirmation of successful staining and to enable size determination.  

2.3.4.4 Anti-biotin tag detection 

Nitrocellulose membrane was incubated for a minimum of 1 h at room temperature in 2.5% Bovine 

Serum Albumin (BSA) (Sigma) in PBS. Blocked membranes were subsequently incubated for 1 h 

at 21°C with a HRP-conjugated goat derived anti-biotin antibody (ID: ab19221, Abcam), diluted 

1:1000 (v/v) in PBS containing 2.5% BSA (w/v). The membrane was washed five times for three 

min with PBS 0.05% containing TWEEN20 (v/v), prior to signal development and detection using 

the Clarity™ Western ECL substrate (Bio-Rad) and the ChemiDoc™ system (Bio-Rad). When using 
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biotin detection, samples were loaded alongside 10 µL a biotinylated protein ladder (ID: 7727, CST) 

for confirmation of successful staining and to enable size determination. 

2.3.4.5 Anti-ephrinB2 detection 

Nitrocellulose membrane blotted with protein was blocked in 5% milk powder in PBS (w/v) for a 

minimum of 1 h at room temperature. Blocked membranes were subsequently incubated for 1 h at 

21°C with an anti-ephrinB2 antibody (ID: ab150411, Abcam), diluted 1:10,000 (v/v) in PBS 

containing 5% Milk. The membrane was washed five times for three min with PBS 0.05% (v/v) 

containing tween-20, prior to incubation with the secondary HRP-conjugated goat anti-rabbit IgG 

(ID: PI-1000, Vector laboratories). The membrane was washed five times for three min with PBS 

containing 0.05% TWEEN20 (v/v), prior to signal development and detection using the Clarity™ 

Western ECL substrate (BioRad) and the ChemiDoc™ system (BioRad). 

2.3.5 Large-scale transient transfection 

For large-scale transient transfection, HEK293T cells were grown in DMEM (10% FCS), in 2,125 

cm2 area roller bottles (Cellmaster™, Greiner BioOne) at 37°C 5% CO2. Cells were subsequently 

transfected with purified plasmid DNA upon reaching ~90% confluence. Prior to preparation of a 

transfection mixture, 500 µg of DNA per roller bottle was sterilised using chloroform. 10% by 

volume chloroform was added to the appropriate amount of DNA require for the number of roller 

bottles (500 µg per bottle), mixed vigorously and centrifuged for 10 min at 13,000 x g. Sterilised 

DNA was collected from the upper-phase of liquid, mixed in a 1:2 ration with of polyethylenimine 

(PEI, Polyscience Inc.) in FCS-free DMEM, (50 mL per roller bottle), and allowed to complex at 

room temperature for a minimum of 10 min. PEI complexes with and condenses nucleic acid into 

positively charged particles capable of interacting with the negatively charged plasma membrane, 

leading to endocytosis by the cell (Boussif et al. 1995). Meanwhile, roller bottle media was replaced 

with 200 mL of fresh DMEM (2% FCS). If proteins were intended for crystallography the class I 

mannosidase inhibitor, kifunensine, was added at a concentration of 5 µM to the DNA-PEI mixture 

following complexation (Elbein et al. 1990; Chang et al. 2007). Addition of kifunensine results in 
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the presentation of high-mannose glycoforms, typically Man9GlcNAc2, amenable to cleavage by 

endoglycosidase F1 (Grueninger-Leitch et al. 1996; Maley et al. 1989). Cells were incubated in a 

rolling cabinet for a further 72−96 h at 37°C, 5% CO2 to allow for recombinant protein expression. 

2.3.6 Production of stable cell lines 

Production of protein from stable cell lines has the advantage of reliability and cost effectiveness, 

and despite the time required for selection of successfully transduced cells lines, this method offers 

the opportunity for tuneable and time economic expression once established (Chaudhary et al. 2012). 

This method has proved particularly useful for the production of poorly expressing protein, with 

reported improvements in yield (Elegheert et al. 2018). To this end, two methods were used for the 

production of stable cell lines, site specific recombination (Seiradake 2015), a reliable yet time 

consuming method, and the newly established lentiviral method of transduction (Elegheert et al. 

2018). 

2.3.6.1 Site specific recombination 

The mechanism by which Streptomyces bacteriophage φC31 uses an integrase to insert into the host 

genome has been exploited for subsequent manipulation of mammalian genomes (Keravala and 

Calos 2008; Seiradake 2015; Büssow 2015). This integrase is capable of recombining attachment 

sites, attB and attP. Co-transfection of a plasmid encoding the integrase and the pURD plasmid with 

the gene of interest (GOI) and an attB site (Fig 2.1.2) enables successful gene integration as 

mammalian genomes encode endogenous pseudo attP sites (Seiradake 2015). 

 To generate a HEK293T based stable cell line, cells were grown to ~90% confluency in 2 

mL of DMEM (10% FCS, 1% NEAA, 1% L-glutamine), prior to co-transfection with pURD 

encoding SP-8xHis-SUMO-SosV-RBP-1D4 and a plasmid encoding the φC31 integrase (pgk-

φC31), as described previously (Section 2.3.2). A day following transfection, cells were dislodged 

using 300 µL trypsin-EDTA and transferred to a T75 flask containing 15 mL DMEM (10% FCS, 

1% NEAA, 1% L-glutamine) (Table 2.2.1). Cells were incubated at 37°C, 5% CO2, until 100% 

confluency when puromycin was added at a concentration of 2 µg/mL. The following day, the media 
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was replaced with 10 mL DMEM (10% FCS, 1% NEAA, 1% L-glutamine) and puromycin at a 

concentration of 1 µg/mL. When individual cell clumps were observed to be growing on the flask 

surface, cells were maintained as outlined in section 2.2.1, with media supplemented with 1 µg/mL 

puromycin. Following analysis of successful soluble protein expression using western blotting, 

stocks of cells were frozen (Section 2.2.2) and/or expanded for large scale protein production. 

2.3.6.2 Lentiviral transduction 

The nature of lentiviruses to integrate into host genomes has been manipulated for production of 

recombinant protein in mammalian cell lines (Bandaranayake et al. 2011). Utilising a lentivirus 

producer cell line (HEK293 Lenti-X), lentivirus can be produced through co-transfection of transfer 

(encoding GOI), envelope and packing plasmids. The transfer plasmid consisting of the cis-acting 

HIV components the polypurine tract (PPT), Rev response element (RRE) and the psi (ψ) packing 

signal, and GOI flanked by the 5’ and 3’ long terminal repeats (LTRs), is stably integrated into the 

host-cell genome as proviral DNA. Subsequently produced lentiviral particles containing the GOI 

are capable of infected and transducing a target cell line, resulting in stable cell line production. 

 HEK293T Lenti-X cells were cultured in a T75 flask at 37°C, 5% CO2, and upon reaching 

>90% confluency were co-transfected with a mix consisting of the transfer (pHR-CMV-TetO2  

encoding SP-8xHis-SUMO-SosV-RBP-AviTag™), packing and envelope plasmids, mixed 1:1:1 to 

a total of 30 µg in 250 µL DMEM FCS-free (1% NEAA, 1% L-glutamine). In parallel, an appropriate 

amount of PEI (1:2.5 DNA:PEI ratio) was prepared in 250 µL DMEM FCS-free (1% NEAA, 1% L-

glutamine). Solutions were incubated at 21°C for 5 min, prior to mixing and a further incubation for 

20 min. Subsequently, the media was discarded from the HEK293T Lenti-X cells and replaced with 

12 mL DMEM (2% FCS, 1% NEAA, 1% L-glutamine) containing the DNA-PEI mixture. Cells were 

incubated at 37°C, 5% CO2 for 3 days prior to collection of the media. 

 For infection, a T75 flask of target HEK293T cells was grown to >90% confluency. Media 

from the HEK293T Lenti-X, lentivirus producing cell line was collected and 6 mL of DMEM (10% 

FCS, 1% NEAA, 1% L-glutamine) added. Media was filtered through a 0.45 µm filter unit 
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(Millipore) attached to a Luer-lock syringe prior to addition of 18 µL of polybrene infection reagent 

(Merck), which reduces the electrostatic repulsion between the viral particles and the negatively 

charged plasma membrane. The target cell line media was replaced with the lentivirus containing 

media, and incubated at 37°C, 5% CO2. Following incubation for 3 days, the T75 flask was washed 

3 times with PBS prior to maintenance as outline in section 2.2.1. The target cell line was infected 

with the lentivirus and transgene successfully integrated, as confirmed through western blotting. 

Subsequently, cells were expanded for large scale protein production and/or frozen for long-term 

storage. 

2.3.7 Large-scale stable cell line culture 

Large-scale culture of stably transfected HEK293T cells, was performed in the same manner as 

large-scale culture of transiently transfected HEK293T cells. Roller bottles (Cellmaster™, Greiner 

BioOne) with a surface area of 2,125 cm2, were seeded with stably transfected HEK293T cells, 

cultured in DMEM (10% FCS) and incubated to ~90% confluence prior to media exchange. All 

media was retained for future purification due to constant expression of protein. Media was 

exchanged with DMEM (10% FCS), and cells cultured in a rolling incubater for a further 72−96 h 

at 37°C, 5% CO2. When necessary, kifunensine was added to a final concentration of 5 µM, making 

sure to retain concentration upon media exchange. In addition, to induce production of protein from 

stable cell lines produced using the lentiviral method, doxycycline was maintained in culture at a 

concentration of 1 µg/mL.  

2.3.7.1 Large-scale stable cell culture with in vivo biotinylation 

Biotinylation of SP-8xHis-SUMO-SosV-RBP-AviTag™ was performed during large-scale protein 

expression from a stable lentivirus-transduced cell line. Prior to preparation of a transfection mixture, 

125 µg (per roller bottle) of E. coli biotin ligase (BirA) encoding pDisplay™ (Thermo) plasmid was 

chloroform purified (Section 2.3.5). Addition of a the 15 amino acid Avitag™ enables site-specific 

biotinylation of protein using the BirA enzyme, facilitating an effective method of protein detection 

for downstream applications (Fairhead and Howarth 2015). Sterilised DNA was collected from the 
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upper-phase of liquid, mixed 1:2 with of PEI in FCS-free DMEM, (50 mL per roller bottle), and 

allowed to complex at room temperature for a minimum of 10 min. D-biotin (ID: B4639, Sigma) 

was diluted in the DNA−PEI mixture so the final concentration in the rollers bottles (~250 mL) was 

100 µM.  

2.3.8 Cell harvesting and diafiltration 

To harvest secreted and soluble protein, cell supernatants were collected and centrifuged to remove 

cell debris, at 4,000 x g for 20 min, prior to filtration using 0.22 µm vacuum filter units (Millipore). 

As components of DMEM are known to strip nickel ions from HisTrap™ HP (GE Healthcare) nickel 

affinity columns, supernatants were first buffer exchanged into 10 mM Tris pH 8.0, 150 mM NaCl 

(TBS), and concentrated using the ÄKTA flux tangential flow filtration system (GE Healthcare) or 

QuixStand™ benchtop system (GE Healthcare), fitted with 10 kDa molecular cut-off (MWCO) 

membranes. 

2.3.9 Protein purification 

Protein purification typically proceeded with a combination of affinity and size exclusion 

chromatography. Chromatography was variously performed using ÄKTApurifier, ÄKTABasic, 

ÄKTAFPLC and ÄKTApure liquid chromatography systems (GE Healthcare), utilising the 

UNICORN 6 and 7 software packages (GE Healthcare) to programme purification runs.  

2.3.10 Affinity chromatography 

Affinity chromatography was initially used in order to purify the majority of contaminants from 

samples prior to secondary purification using size exclusion chromatography (SEC).  

2.3.10.1 Nickel-affinity chromatography 

Protein constructs tagged with a hexa- or octa-histidine tag were purified using 5 mL HisTrap™ FF 

(GE Healthcare) nickel affinity columns and ÄKTA liquid chromatography systems. The HisTrap™ 

FF column was equilibrated in TBS, prior to loading of the concentrated supernatant. Proteins 

expressing an accessible oligo-histidine tag bound specifically to the immobilised nickel ions, and 

flowthrough contained proteins unable to bind the resin. As histidine has an imidazole side chain, 
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competition with this chemical can be used to increase stringency during purification and for elution. 

Subsequent controlled mixing with a 0−50 mM imidazole enabled the removal of non-specifically 

bound protein and an increase of imidazole concentration to 250 mM allowed competitive 

displacement of the specifically bound protein. 

2.3.10.2 Protein G-affinity chromatography 

Protein constructs conjugated to a Fc tag were purified using 5 mL and 1 mL HiTrap® Protein G HP 

(GE Healthcare) columns and ÄKTA liquid chromatography systems. Supernatant was concentrated 

as above for ease of application, and to ensure buffer components would not strip the columns. 

Concentrated supernatant was loaded onto a HiTrap® Protein G HP column, pre-equilibrated into 

20 mM sodium phosphate pH 7.0. The protein G used in affinity purification derived from the group 

G streptococci bound specifically to proteins expressing an Fc tag. Protein was eluted by washing 

the column into 0.1 M glycine-HCl pH 2.7 (Akerstrom and Bjorck 1986). Eluted fractions were 

immediately neutralised using 60 µL of 1 M Tris-HCl pH 9.0 per mL of eluted fraction. 

Subsequently, protein was exchanged back into standard buffers using size exclusion 

chromatography (SEC) (Section 2.3.13). 

2.3.11 Enzymatic deglycosylation 

To reduce heterogeneity of protein samples for crystallisation, proteins deglycosylation was 

performed with the enzyme endoglycosidase F1 (EndoF1) (Grueninger-Leitch et al. 1996) at a mass 

ratio of 1:100 (EndoF1:Protein), and incubated overnight at 21°C. EndoF1 cleaves the high-mannose 

glycoforms resulting from protein expression conducted in the presence of kifunenzine, an α-

mannosidase inhibitor (Chang et al. 2007). Cleavage occurs in the N-linked diacetylchitobiose core 

between the two N-acetylglucosamine (GlcNAc) residues (Maley et al. 1989), resulting in a 

truncated glycan consisting a single GlcNAc. Subsequent to deglycosylation, new protein constructs 

were subject to SEC (Section 2.3.13) and SDS-PAGE (Section 2.3.3) analysis.  
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2.3.12 3C cleavage 

Constructs cloned into the modified pHLsec vector encoding a SUMO-tag were expressed with an 

N-terminal octa-histidine tag, SUMO-tag and Human Rhinovirus (HRV)-3C protease cleavage site 

(Chang et al. 2015). To remove the SUMO-tag, purified protein was incubated with glutathione S-

Transferase (GST)-tagged HRV-3C protease at a 1:10 (3C:protein) molar ratio, overnight at 21°C. 

To obtain a homogeneous sample of successfully cleaved protein, sample was passed over a 5 mL 

HisTrap™ FF column, taking care to collect the unbound flowthrough. The specifically bound 

protein, with the N-terminal tags, was washed from the column using 250 mM imidazole. 

Comparison of the two peaks was performed using anti-histidine western blot and SDS-PAGE 

analysis. Subsequently, cleaved target protein was purified using SEC, to ensure a homogeneous 

crystallisation sample.  

2.3.13 Size-exclusion chromatography 

SEC was utilised to ensure purity of samples for crystallography and other applications, determine 

approximate size and therefore oligomerisation state, and for buffer exchange of samples. Depending 

on the expected size of constructs, both Superdex™ 200 Increase 10/300 GL and Superose 6 10/300 

columns were used. Columns were loaded onto ÄKTA chromatography systems (GE Healthcare) so 

the UV absorbance (mAU) during elution could be tracked. All purifications were performed using 

TBS, unless otherwise stated. Samples were concentrated using Millipore™ Amicon™ centrifugal 

filter units with a 10 kDa MWCO in order to load them onto a 500 µL sample delivery loop. Prior 

to loading all samples were filtered using Millipore™ Ultrafree® 0.22 µm centrifugal filter units. 

SEC was performed at a flow rate of 0.5 mL/min. Fractions from SEC were assessed using SDS-

PAGE and western blot analysis and subsequently pooled. SEC fraction analysis was often 

performed in parallel to analysis of previous steps of the purification, i.e. affinity purification, 

enzymatic digestion, etc.  
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2.3.14 Protein concentration determination 

Throughout purification protein concentration was determined to keep track of yield and potential 

steps resulting in protein loss, e.g. concentration steps. Protein concentration was estimated 

following measurement of absorbance of light at 280 nm using a Nanodrop 1000 (Thermo) 

Spectrophotometer. Adhering to the Beer-Lambert law (Absorbance (A) = molar extinction 

coefficient (ε) x molar concentration (c) x path length (l)) the concentration of individual protein 

samples could be determined upon calculation of their unique extinction coefficient (Grimsley and 

Pace 2004). The molar extinction coefficient describes the ability of the protein samples to absorb 

light at 280 nm is dependent on its tryptophan, tyrosine, phenylalanine and disulphide bond 

composition, and was calculated for individual protein constructs and their tags using the 

‘Protparam’ tool (Wilkins et al. 1999).  

2.4 PROTEIN CRYSTALLISATION 

Protein structure solution using X-ray diffraction typically necessitates the production of good 

quality protein crystals, such crystals preferentially form from high concentration solutions of pure 

and homogeneous sample (McPherson and Gavira 2013). To achieve this, protein samples were 

deglycosylated with EndoF1 (Section 2.3.11), purified by size exclusion chromatography (Section 

2.3.13), concentrated and filtered prior to crystallisation. Following purification, the sample was 

concentrated with a Millipore™ Amicon® Ultra centrifugal filter, in all cases a 10 kDa MWCO filter 

was appropriate. Prior to crystallisation, proteins were filtered with Millipore™ Ultrafree® 0.22 µm 

centrifugal filter units to remove potential aggregates. To determine an optimum protein 

crystallisation concentration a pre-crystallisation test (PCT™, Hampton) was performed. 

  Utilising nanolitre scale sitting-drop vapour-diffusion, drops consisting of 100 nL protein 

and 100 nL reservoir solution were dispensed into Greiner CrystalQuick ® plates by a crystallisation 

robot (Cartesian Technologies) (Walter et al. 2003). Plates were sealed, enabling the drop to 

equilibrate against the precipitant reservoir solution, increasing precipitant and protein concentration 
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(McPherson and Gavira 2013). Plates were subsequently stored in a Formulatrix® system at either 

21°C or 4°C, and automatically imaged (Walter et al. 2005). 

  Proteins were initially screened for crystal formation using in-house conditions (Division of 

Structural Biology, University of Oxford), adapted from commercial screens available from 

Molecular Dimensions and Hampton Research (Walter et al. 2005). Crystals formed from initial 

screens were optimised by varying precipitant concentration, protein concentration, seeding and 

through the use of additives. The specifics of successful protein crystallisation experiments are 

outlined in the relevant result chapters.  

2.5 STRUCTURE DETERMINATION 

2.5.1 Crystal harvesting and cryo-protection 

Crystals were harvested from Greiner CrystalQuick ® plates using Litholoops™, and transferred 

into a cryo-protectant solution containing either glycerol, ethylene glycol or 2-Methyl-2,4-

pentanediol (MPD). Crystals protected using glycerol or ethylene glycol were transferred to a 

solution consisting of 25% cryo-protectant in mother liquor. Crystal hits obtained from Morpheus® 

(Molecular Dimensions) screens containing precipitant mix 4 (25% v/v MPD; 25% PEG 1000; 25% 

w/v PEG 3350) were transferred to a mother liquor solution supplemented with 10% MPD. Many of 

the crystals obtained were harvested with the help of Dr. Karl Harlos. 

2.5.2 X-ray data collection and processing 

Data were collected at beamlines 102, I04, I04-1 and I24 at the Diamond Light Source (DLS), UK. 

Diffraction data were collected at 100 K using a range of Dectris detectors utilised by DLS beamlines 

between 2015 and 2018. 

 To achieve successful constructive interference resulting in measurable X-ray diffraction, 

experiments were performed in accordance with Bragg’s law (Bragg William and Bragg William 

1913):  

nλ = 2dsinθ 
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Where n is an integer, λ refers to the wavelength of the incident X-ray, θ, to the scattering angle, and 

d, to the inter-plane spacing of the crystal lattice.  Reflection positions (θ and d) and intensities were 

measured and processed using the xia2 suite of programmes (Winter 2010), which index, integrate 

and scale data. Utilising the measured reflection positions and knowledge of detector geometry, data 

were assigned Miller indices enabling definition of unit cell parameters. Defined crystal and 

instrument parameters were refined, and reflection intensities were subsequently converted to 

structure factor amplitudes. 

 Data were initially processed automatically by xia2 with the data resolution limit determined 

by standard criteria (CC1/2 > 0.5, merged I/σI > 1, unmerged I/σI > 0.25). By monitoring the values 

for resolution dependent statistics, such as correlation coefficient (CC1/2) (Karplus and Diederichs 

2012), signal to noise ratio (I/σI), completeness, mutliplicity and Rmerge/Rpim/Rmeas, it was determined 

whether automatic resolution limits imposed by xia2 were appropriate. Subsequently, data were 

often merged with multiple data sets and reprocessed with the application of manually defined 

parameters within the xia2 software. The details of processing procedures will be covered in the 

relevant results chapters. 

2.5.3 Phase determination 

Calculation of an electron density map from X-ray diffraction data requires the structure factor 

amplitudes and the phase information of each reflection (McPherson and Gavira 2013). The structure 

factor amplitudes are calculated from measured reflection intensities, whereas information about 

reflection phase is lost during an X-ray diffraction experiment. However, phases can be estimated, 

utilising both experimental methods, which take advantage of added or intrinsic heavy atoms in the 

crystal, or computationally using molecular replacement (MR), by applying the phases of a related 

structure (Taylor 2010; McPherson and Gavira 2013). 

  Initially, MR was performed with the programme Phaser (McCoy et al. 2007), in order to 

attempt to derive phases for novel data using those from similar structures. Potential MR models 

were selected from the protein data bank (PDB) based upon sequence identity, and subsequently 
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edited to isolate the protein core using COOT (Emsley et al. 2010), reducing the potential for clashes 

impacting structure solution. Solutions were assessed according to the generated Fo−Fc and 2Fo−Fc 

density maps, log likelihood gain (LLG) value and Z-score. 

 Structure solution of MosV-RBP using molecular replacement was unsuccessful, therefore 

experimental methods of phase determination were employed. MosV-RBP crystals were soaked with 

potassium tetrachloroplatinate (K2PtCl4) with the help of Dr. Karl Harlos. A solution comprising the 

precipitant and 5mM K2PtCl4 was added to the crystal containing droplet, and incubation allowed to 

proceed for 3 hr prior to cryo-cooling in a precipitant, K2PtCl4 solution containing 25% glycerol. 

Incorporation of the heavy metal platinum into the crystal enabled phase determination using single 

isomorphous replacement with anomalous scattering (SIRAS). The location of K2PtCl4 within the 

crystal was determined by exploiting the differences in the structure factor amplitudes of native and 

derivatised MosV-RBP data from isomorphous crystals. The resulting phase ambiguity was broken 

using anomalous scattering methods. The derivatised data were collected at the LIII absorption edge 

for platinum (λ = 1.072 Å), resulting in a breakdown of Friedel’s law, which states that a reflection 

and its inverse have the same intensity and opposite phases (McPherson and Gavira 2013). Further 

details of phase determination are provided in the relevant chapters.  

2.5.4 Model building and refinement 

Iterative rounds of building and refinement were performed to improve electron density maps. Real-

space model building and refinement was performed using maps generated by phenix.refine in 

COOT (Emsley et al. 2010). Refinement in reciprocal-space was performed using phenix.refine 

(Afonine et al. 2012), a component of the PHENIX suit of programmes (Adams et al. 2010). Where 

relevant, non-crystallographic symmetry (NCS) restraints were employed throughout, and 

translation-libration-screw (TLS) parameters employed for later rounds on refinement. Structure 

quality and the suitability of the refinement strategy employed were assessed using the statistics, Rfree 

and Rwork, which describe the agreement between the model and data. 
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2.6 STRUCTURE ANALYSIS 

2.6.1 Molecular visualisation and presentation 

Structures presented were obtained within this project or sourced from the PDB. Visualisation of 

molecules and subsequent graphics production was performed using the PyMOL Molecular Graphics 

System (Schrödinger, available online: www.schrodinger.com/pymol) and UCSF Chimera 

(Pettersen et al. 2004). Dimer association angle was calculated in UCSF Chimera using the ‘Structure 

Measurements’ functionality. Calculation of surface electrostatic potential was performed using the 

Adaptive Poisson-Boltzmann server, APBS (Jurrus et al. 2018).  

2.6.2 Structural phylogenetic analysis 

For structural phylogenetic analysis, RBP six-bladed β-propeller monomers were prepared by 

removal of water molecules, ligands and protein chains extending from the canonical fold. Structures 

were applied to the Structural Homology Program, SHP (Stuart et al. 1979), generating pairwise 

evolutionary distance matrices which were subsequently used to generated un-rooted phylogenetic 

trees in PHYLIP (Felsenstein 1989). 

2.7 BIOPHYSICAL CHARACTERISATION 

2.7.1 High performance liquid chromatography small-angle X-ray scattering 

Small-angle X-ray scattering (SAXS) was used to characterise the properties of glycosylated MosV-

RBP and NarV-RBP crystallisation constructs in solution. Here, the shape and mass of a protein was 

described by the angle of scattered intensity (Rambo and Tainer 2013b). Data were collected on 

beamline B21, at the DLS, UK, configured to measure across the scattering vector range 0.0032 Å-

1 < q < 0.38 Å-1. For high performance liquid chromatography (HPLC) mode, a 55 µL sample at a 

concentration of 5 mg/mL was loaded onto a Superdex™ 200 PC 3.2/30 (GE healthcare). Buffer 

TBS, was washed over at a rate of 0.075 mL/min. The SAXS instrument was coupled directly inline 

enabling efficient measurement of the solution as it eluted (Rambo 2017). Buffer subtraction, peak 

range selection and data reduction were performed using the Software package ScÅtter 

http://www.schrodinger.com/pymol
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(www.bioisis.net). SAXS profiles were calculated for MosV-RBP and NarV-RBP structures using 

the fast X-Ray scattering (FoXS) server, and matched to SAXS experimental profiles. Determination 

of the success of the fit was demonstrated by assessment of the χ2 statistic. 

2.8 SIALIC-ACID INTERACTION ANALYSIS 

2.8.1 Hemadsorption and neuraminidase activity analysis 

To understand whether uncharacterised paramyxoviral RBPs were capable of binding and 

hydrolysing sialic acid from glycoconjugates, hemadsorption and neuraminidase experiments were 

performed. HEK293T cells were transfected with full-length RBP genes, encompassing the intraviral 

portion, transmembrane domain, stalk, head domain, and vector derived hexa-histidine tag as 

described previously (Section 2.3.2), except the amount of DNA and volume of Lipofectamine® 

2000 were scaled to 1 mL wells. Experiments were performed 18 h following transfection. All 

experiments were normalised to a NDV-RBP positive control and the relative level of protein cell 

surface expression, as assessed by enzyme-linked immunosorbent assay (ELISA). 

2.8.1.1 Hemadsorption assay 

Binding of purified RBPs to terminal sialic acid residues presented on the surface of red blood cells 

(RBCs) was measured using a hemadsorption assay (Bousse et al. 1994). RBP expressing HEK293T 

monolayers were washed on ice with PBS pH 7.4 containing MgCl2 and CaCl2 (Sigma), prior to 

incubation with a 2% solution of sheep blood (Thermo Scientific Oxoid) diluted in PBS (MgCl2, 

CaCl2) at 4°C for 30 min. Cells were washed four times whilst on ice using PBS (MgCl2, CaCl2), 

careful to only remove unabsorbed erythrocytes and not to disturb the monolayer. The remaining 

cells were lysed using 50 mM Tris pH 7.4, 5 mM EDTA, 150 mM NaCl and 0.5% NP-40. 

Absorbance at 540 nm was measured using a CLARIOStar plate reader (BMG Labtech). 

2.8.1.2 Neuraminidase activity assay 

The ability of the paramyxoviral RBPs to hydrolyse sialic acid from glycoconjugates was determined 

using a neuraminidase activity assay (Potier et al. 1979). The sialic acid analogue, 2′-(4-

http://www.bioisis.net/
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methylumbelliferyl)-α-D-N-acetylneuraminic acid (MU-Neu5Ac), releases the fluorescent 4-

methylumbelliferyl upon hydrolysis. Monolayers of HEK293T cells expressing full-length RBPs 

were washed and dislodged with PBS pH 7.4 (Gibco), counted and seeded at a density of 25,000 

cells per mL into a 96-well V-bottom plate (Greiner Bio One). Cells were pelleted with centrifugation 

at 1,500 rpm for 5 min, before aspiration into a black non-transparent 96-well flat-bottomed plate 

(Nunc) with 0.1M sodium acetate pH 6.0 containing 1 mM MU-Neu5Ac. The mixture was incubated 

for 1 h at 37°C and the reaction stopped by addition of 0.25 M glycine buffer pH 10.7. Free 4-

methylumbellifrone levels could be fluorimetrically determined at 365 nm for excitation and 450 nm 

for emission using a CLARIOStar plate reader (BMG Labtech). 

2.8.1.3 Cell-surface expression enzyme-linked immunosorbent assay  

An ELISA was performed to determine relative levels of cell surface protein expression across 

HEK293T monolayers (Bousse et al. 1994). Transfected HEK293T cells were washed and dislodged 

with PBS pH 7.4 (Gibco), counted and seeded at a density of 25,000 cells per mL into 96-well Nunc-

immuno™ PolySorp® plates (Sigma), and bound overnight at 4°C. Supernatant was removed and 

cells fixed in 4% paraformaldehyde for 15 min at 21°C. Cells were washed three times with PBS, 

prior to blocking with 5% milk powder in PBS (w/v) for a minimum of 1 h. The hexa-histidine tag 

at the C-terminus of the protein was bound with a rabbit anti-6xHis-tag antibody (ab9108) diluted 

1:1000 in PBS containing 5% milk for 1 h at 21°C. Cells were repeatedly washed prior to addition 

of HRP-conjugated goat anti-rabbit IgG (ID: PI-1000, Vector laboratories), for 1 h at 21°C. Cells 

were repeatedly washed prior to addition of TMB substrate kit (Pierce ™). Stop solution (2 M 

sulphuric acid) was added following a 15 min incubation at room temperature, and absorbance was 

read at 430 nm using a using an Infinite F200 plate reader (TECAN). 

2.8.2 Warren test 

The warren test is a thiobarbituric method to determine free sialic acid concentration (FSA) (Warren 

1959), which takes advantage of the formation of β-formyl pyruvic acid following oxidation of sialic 

acid. β-formylpyruvic acid reacts with thiobarbituric acid to produce a pink coloured product, which 
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can be measured fluorimetrically at λex = 555/λem = 585 nm. Two slightly differing methods were 

utilised, depending on the reagents available. 

2.8.2.1 Warren test using purified protein 

Free sialic acid (FSA) concentration was determined following incubation of purified protein of 

interest and the heavily sialidated protein, fetuin (Spiro 1960). Potential neuraminidases were 

incubated with 10 µM fetuin (Sigma) for 2.5 h at 37°C, 5% CO2 in PBS, pH 7.4 (Gibco). Protein 

was precipitated using a 2% trichloroacetic acid solution followed by centrifugation at 14,000 x g. 

Supernatants were oxidized, and reacted with dye containing thiobarbituric acid, resulting in a pink 

coloured product if sialic acid was present. Samples were aliquoted into a black non-transparent 96-

well flat-bottomed plate (Nunc) before reading using a CLARIOStar plate reader (BMG Labtech). 

Concentration could be determined by plotting signal against a standard curve determined by 

samples containing a known concentration of sialic acid. 

2.8.2.2 Warren test using small-scale expressed protein 

If purified recombinant protein was not available, a method only requiring the small-scale transient 

expression of protein was utilised. Histidine-tagged constructs to test were transfected and expressed 

in 1 mL volumes, as outlined in section 2.3.2. 96-well Nunc-immuno™ PolySorp® plates (Sigma) 

plates were incubated with a 50 µL PBS, pH 7.4, solution containing mouse-derived monoclonal 

anti-5xHis antibody (ID: 34660, Qiagen) diluted 1:200, one day prior to harvesting small-scale 

transiently expressed protein. Following 72 h incubation at 37°C, 5% CO2, supernatants were 

collected and 100 µL added to anti-His antibody coated plates, and incubated for 2 h at 21°C. Plates 

were washed prior to addition of 50 µL of 50 µM fetuin (Sigma) diluted in PBS. Samples were 

incubated for 18 h at 37°C, 5% CO2, prior to continuing with the protocol as above (Section 2.8.2.1). 

Successful expression of soluble protein was confirmed by applying supernatant to an SDS-PAGE 

gel, performing a western blot with anti-histidine detection, as detailed in sections 2.3.3 and 2.3.4. 
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2.9 NOVEL RECEPTOR IDENTIFICATION 

A number of techniques were used in order to attempt to identify novel carbohydrate or protein 

receptors. Despite negative results thus far, these methods are detailed below. 

2.9.1 Glycan array analysis 

Interactions between paramyxovirus hemagglutinin-neuraminidase receptor binding proteins (HN-

RBPs) and sialic acid have been well characterised (Connaris et al. 2002; Crennell et al. 2000; 

Langedijk, Daus, and VanOirschot 1997; Iorio et al. 2001; Mirza, Deng, and Iorio 1994). However, 

further RBP interactions with other carbohydrate species have not been identified, despite this being 

possible (Raman et al. 2016). Utilising a microarray based assay developed commercially by 

RayBiotech, MosV (Glu202−Thr632), NarV (Glu184−Pro657), JPV (Glu149−N709) RBPs were 

screened for binding to a panel of 100 glycans (https://www.raybiotech.com/glycan-array-100/). 

This was done in parallel to testing of the positive controls, NDV-RBP (Ser47−Gly577) and glycine 

max soybean lectin (ID: L1395, Sigma). 

 Prior to application to the glass slide based microarray, it was necessary to biotinylate 

samples for biotin detection downstream. Samples were dialysed into PBS, pH 8.0, for 6 h at 4°C 

with constant stirring, changing the 500 mL of buffer once during this time. Proteins were labelled 

non-specifically by incubation of 30 µg of dialysed sample at room temperature with 3.3 µL of the 

1x labelling reagent provided in the Glycan Array 100 kit (RayBiotech). Subsequently, 3 µL of ‘Stop 

Solution’ was added to the mixture and samples dialysed as above. 

 Glycan sub-arrays were blocked prior to application of biotinylated sample by application 

of 400 µL of ‘Sample Diluent’ and subsequent incubation at room temperature for 30 min. 

Particulates were removed from biotinylated samples by centrifugation at 10,000 rpm for 5 min. 

Sample was diluted to 10 µg/mL in 400 µL of ‘Sample Diluent’, and applied to the blocked sub-

arrays. Slides were incubated at room temperature for 3 h. Following incubation, sub-arrays were 

washed 5 times with 800 µL of 1x ‘Wash Buffer I’ and 2 times with 800 µL 1x ‘Wash Buffer II’, 5 

min each, taking care to remove the buffer following each wash step. Meanwhile the 1x Dye-

https://www.raybiotech.com/glycan-array-100/
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conjugated Streptavidin was prepared by first adding 1 mL ‘Sample Diluent’ to the Cy3 equivalent 

dye-conjugated streptavidin tube, creating a stock solution. The stock solution was diluted 400 µL 

in 1.4 mL of ‘Sample Diluent’. Subsequently, 400 µL of 1x Cy3 equivalent dye-conjugated 

streptavidin was added to each sub-array well, the slide covered with foil and incubated at room 

temperature for 1 h. Samples were decanted from each sub-array well, which were promptly washed 

5 times with 800 µL 1x ‘Wash Buffer I’, for 5 min at room temperature. The whole slide was then 

placed within the slide washer dryer and washed with 30 mL 1x ‘Wash Buffer I’ for 15 min, 30 mL 

1x ‘Wash Buffer II’ for 5 min, and finally washed with 30 mL ultrapure water, before thorough, yet 

gentle drying. Slides were sent to Raybiotech Inc. (Peachtree Corners, GA, USA), where scanning 

and data extraction services were performed.  

2.9.2 Pull-down experiments 

Pull-down biochemical methods of receptor hunting utilise a ‘bait’ protein that can bind and isolate 

interacting partners from a host-cell. This method has been successful in identifying the SARS-CoV 

receptor angiotensin-converting enzyme 2 (ACE2) (Li et al. 2003) and ephrinB2 as the receptor 

utilised by NiV-RBP (Negrete et al. 2005). 

2.9.2.1 Preparation of a biotinylated BHK21 membrane protein solution 

BHK21 cells were grown to ~90% confluency in 4x T75 flasks before collection, and centrifugation 

in a 50 mL tube at 500 x g for 3 min. The cell pellet was gently lysed in 500 µL buffer consisting of 

25 mM Tris pH 7.4, 150 mM NaCl, 1% n-dodecyl-b-D-maltopyranoside (DDM) sol-grade (ID: 

D301S, Anatrace), 1x protease inhibitor cocktail (ID: P8340, Sigma). Solubilisation was aided by 

ultrasound based sonication using the Bioruptor® Pico (Diagenode). Cells were sonicated for 3 

cycles, 30 sec ON/30 sec OFF, at 4°C, before solubilisation proceeded for a further 2 h at 4°C. 

Insoluble material was removed by centrifugation at 10,000 x g for 15 min. To maintain the solubility 

of membrane proteins without need of detergents, DDM was exchanged for the biotinylated A8-35 

amphipol (ID BAM01, Anatrace). The solubilised solution was supplemented with 5 g of 

biotinylated A8-35 per g of protein, exceeding the typical binding capacity of membrane proteins 
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(Popot et al. 2003). The solution was incubated for 3 h at 4°C prior to removal of detergent by 

incubation of the solution overnight at 4°C with Bio-Beads® SM-2 (ID: 152-3920, Biorad) (Byrne 

et al. 2016), added at 5 g per 25 mL of solution. The amphipol exchanged solution was collected for 

application to the pulldown experiment.  

2.9.2.2 MosV-RBP and NiV-RBP Fc pulldown assay 

Fc-tagged MosV-RBP (Thr157−Thr632) and Nipah virus(NiV)-RBP (Gly183−Thr602) (the latter 

provided by Dr Rhys Pryce) were expressed in HEK293T cells, harvested and purified using protein 

G affinity purification as per section 2.3.10.2. Dynabeads™ Protein G (ID: 10004D, Thermo) 

magnetic beads were used for capture of Fc-tagged MosV-RBP and NiV-RBP pre-incubated with 

the solubilised membrane protein solution. However, prior to this the solubilised membrane protein 

was pre-cleared, with two rounds of incubation with unbound protein G beads, and one round with 

IgG coated protein G beads. Solubilised membrane protein was added to 80 µL beads, rotated for 30 

min at 4°C prior to collection and application to further rounds of pre-clearing. Per 1 mg of beads, 8 

µg of IgG was required to coat the beads. A final pre-clearing step against unbound protein G beads 

was performed prior to immunoprecipitation. 

 For binding to Fc tagged protein, 50 µL protein G beads per reaction was mixed with 15 µg 

MosV-RBP Fc diluted in 200 µL PBS. Similarly, Fc tagged NiV RBP was also added to protein G 

beads. Samples were incubated at room temperature for 10 min, prior to washing with PBS, followed 

by the application of the pre-cleared solubilised membrane protein. The mixture was incubated on 

ice for 30 min, with occasional gentle pipetting. The supernatant containing unbound membrane 

protein was collected and beads were washed 3 times with PBS, prior to elution in 40 µL of 0.1 M 

glycine, pH 2.7, and subsequent neutralisation with 1.6 µL 1 M Tris, pH 9. 

  The successful complexation of biotinylated amphipol and testing of bead eluate was 

performed using SDS-PAGE and anti-biotin dot-blot analysis. 2 µL volumes of sample (BHK21 

lysate, supernatant following bead bind, washes 1, 2 and 3, and eluate) to test were applied to a 
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nitrocellulose membrane, subsequently treated as per section 2.3.4.4. A biotinylated molecular 

weight marker was used as a positive control, and PBS as a negative to confirm successful staining.  

2.9.3 SosV-RBP binding analysis for potential haploid screen 

2.9.3.1 Flow cytometry 

Screening viral protein binding to mutagenised haploid cells enables the study of phenotypes that 

could be impactful to virus interactions at the early stages of infection (Pillay and Carette 2015). 

HAP1 cells, derived from the human myeloid leukemia cell line, KBM-7 (Andersson et al. 1995), 

have been used as tools to identify Neimann-Pick C1 (NPC1) as the receptor for Ebola virus and the 

lysosomal-associated membrane protein-1 (LAMP-1), as an intracellular receptor for Lassa virus 

(Jae et al. 2014). 

 Prior to pursuing haploid screening for the SosV-RBP target, it was necessary to confirm 

binding to the haploid cells, HAP1, using flow cytometry. HAP1 cells were grown to ~50% 

confluency in 4x T175 flasks prior to collection. Cells were dislodged using 5 mL PBS, pH 7.4, 1 

mM EDTA, and counted prior to centrifugation at 1200 rpm for 5 min at 21°C. Cells were 

resuspended in an appropriate amount of PBS prior to transferring 1 million cells per well to a V-

bottom plate (Greiner Bio One). Cells were centrifuged for 5 min at 1,500 rpm, 21°C, prior to 

removal of supernatant and resuspension in an Fc block solution consisting of 5 µL per well of 

Human TruStain FcX™ (ID: 422301, Biolegend), 10 µg/mL mouse IgG (ID:12-371, 

MerckMillipore), and 10 µg/mL human IgG (ID: I4506, Sigma), diluted in 50 µL fluorescence 

activated cell sorting (FACS) buffer (PBS, pH 7.4, 1% bovine serum albumin). Following a 5 min 

incubation and centrifugation for 5 min at 1,500 rpm, the relevant cells were resuspended in solutions 

of mouse antibody specific to the HAP1 cell marker CD59 (phycoerythrin (PE) tagged ID: 304707, 

Biolegend; Alexafluor®-647 tagged ID: ab187769, Abcam; Biotin tagged ID: 555762, BD 

Biosciences) and biotinylated SosV-RBP, with specifics regarding dilutions detailed in the ‘Future 

perspectives and concluding remarks’ chapter. Incubation was allowed to proceed for 30 min at 4°C, 

with samples covered with foil. HAP1 cells were washed 3 times with 150 µL FACS buffer, with 
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centrifugation for 5 min at 1,500 rpm, 4°C, between steps. A second incubation was performed, 

applying streptavidin tagged with PE diluted 1:3000 in FACS buffer for 20 min at 4°C. Cells were 

washed 3 times with FACS buffer, before being resuspended in 200 µL FACS buffer. 

 Samples were analysed using a FACSCelesta™ (BD Biosciences) operated with the 

FACSDiva software (BD Biosciences). The cytometer was calibrated with CS&T-beads (BD 

Biosciences) and compensation, where the overlap of the excitation and emission spectra of the 

fluorochromes corrected. Data were analysed in the software FlowJo (BD Biosciences).  

2.9.3.2 Enzyme-linked immunosorbent assay 

An ELISA was performed as a secondary technique to flow cytometry to analyse SosV-RBP binding 

to HAP1 cells. HAP1 cells were washed and dislodged with PBS pH 7.4 (Gibco) supplemented with 

1mM EDTA, counted and seeded at a density of 25,000 cells per mL into 96-well Nunc-immuno™ 

PolySorp® plates (Sigma), and bound overnight at 4°C. In parallel a subset of wells was coated with 

recombinant His-tagged SosV-RBP, at a concentration of 1 µg/mL in PBS. Following overnight 

incubation, supernatant was removed and cells fixed in 4% paraformaldehyde for 15 min at 21°C. 

Cells were washed three times with PBS, prior to blocking with 2.5% BSA in PBS for 1 h. Subsets 

of HAP1 cells were either treated with SosV-RBP or biotinylated CD59 diluted in 2.5% BSA in PBS 

to a concentration of 5 µg/mL, or left untreated and incubated for a further hour in blocking buffer. 

For detection of SosV-RBP wells were incubated with a rabbit anti-6xHis-tag antibody (ab9108; 

Abcam) diluted 1:5000 in PBS containing 2.5% BSA for 1 h at 21°C, before incubation with HRP-

conjugated goat anti-rabbit IgG (ID: PI-1000, Vector laboratories), diluted 1:5000 2.5% BSA in PBS, 

for 1 h at 21°C. For detection of biotinylated CD59 antibody bound to HAP1 cells, wells were 

incubated for 1 h at 21°C with HRP-conjugated goat derived anti-biotin antibody (ID: ab19221, 

Abcam) diluted 1:10,000 in 2.5% BSA in PBS. Wells were repeatedly washed prior to addition of 

TMB substrate kit (Pierce ™). Stop solution (2 M sulphuric acid) was added following a 15 min 

incubation at room temperature, and absorbance was read at 430 nm using a using an Infinite F200 

plate reader (TECAN). 
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3 THE SOSUGA VIRUS RECEPTOR BINDING PROTEIN 

3.1  SUMMARY OF FINDINGS 

Sosuga virus (SosV), a bat-borne paramyxovirus, is one of a host of recently identified viruses to be 

classified within the recently defined Pararubulavirus genus, family Paramyxoviridae  

(Amarasinghe et al. 2019). In 2012, a wildlife biologist presenting severe febrile illness was found 

to be infected with SosV, suggestive that the virus may be a human pathogen (Albarino et al. 2014; 

Iorio et al. 2001). The pathobiological characteristics of SosV can be, in part, studied by analysis of 

the SosV receptor binding protein (SosV-RBP), which facilitates host-cell attachment and is a major 

determinant of tissue and species tropism (Thibault et al. 2017; Zeltina, Bowden, and Lee 2016). 

Despite the close relation of SosV-RBP to the hemagglutinin neuraminidase (HN)-type RBPs of 

other paramyxoviruses, SosV-RBP lacks the stringently conserved hexapeptide motif integral to 

sialic acid binding and hydrolysis (Albarino et al. 2014). In this chapter, I show that while SosV-

RBP structurally aligns closely with RBPs with HN functionality, the putative receptor-binding site 

contrasts those displayed by RBPs with HN functionality. Observed structural alterations across this 

rationalise hemadsorption and neuraminidase activity analyses, which demonstrate the inability of 

SosV-RBP to interact with sialic acid. Altogether, this combined structural and functional 

investigation provides data that indicate that SosV undergoes a non-classical route of host-cell entry, 

and provides a model by which pararubulaviruses only recently diverged from sialic acid binding 

functionality. 

3.2  INTRODUCTION 

SosV was identified following infection of a wildlife biologist, who presented with severe febrile 

illness upon returning to the US from Uganda and South Sudan (Albarino et al. 2014). Metagenomic 

studies revealed that this virus was closely related the recently identified ‘rubula-like’ virus, Tuhoko 

virus 3 (ThkV3), isolated in southern China from Leschenault's rousette bats (Rousettus 

leschenaultia) (Lau et al. 2010). Investigations of bat populations at multiple locations throughout 
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Uganda over a 3-year period (2009-2012), found a number of Egyptian rousette bats (Rousettus 

aegyptiacus) that were PCR positive for SosV-RBP, indicating this species as a possible reservoir 

host (Amman et al. 2015). Given the recent identification of putatively functionally similar viruses 

circulating in Egyptian rousette bat populations in South Africa, and the range of this species across 

sub-Saharan Africa (Mortlock et al. 2019), concern regarding the transmission of SosV or similar 

rubula-like viruses to human populations has increased. 

‘Rubula-like’ viruses were defined as close genetic relatives to rubulaviruses, such as 

mumps virus (MuV), whilst having key differences in the amino acid sequences of their RBPs which 

dictate interactions with the host-cell receptor, sialic acid (Albarino et al. 2014; Baker et al. 2013; 

Bowden et al. 2001; Burroughs et al. 2015; Chua, Wang, et al. 2002; Lau et al. 2010). The 

rubulaviruses present a tetrameric HN-type RBP, composed of an intraviral region, transmembrane 

domain, α-helical stalk, and a HN-type six-bladed β-propeller head domain which utilises a 

conserved mechanism of sialic acid binding and hydrolysis to facilitate viral entry and escape. 

Paramyxoviral HN-type RBPs retain the seven sialidase residues Arg1, Asp1, Glu4, Arg4, Arg5, Tyr6, 

and Glu6 (sub-script refers to location on blades 1−6 of the β-propeller fold) (Langedijk, Daus, and 

VanOirschot 1997; Connaris et al. 2002; Crennell et al. 2000; Iorio et al. 2001). Paramyxoviral HN-

type RBPs also encode a stringently conserved ‘Asn−Arg−Lys−Ser−Cys−Ser’ hexapeptide motif. 

Mutagenesis of the hexapeptide motif NDV-RBP resulted in an ablated HN functionality (Mirza, 

Deng, and Iorio 1994). Whilst, the SosV-RBP encodes for the seven conserved sialidase residues, it 

only retains the final two residues of the hexapeptide motif (Cys−Ser) (Albarino et al. 2014) (Fig 

3.2). The absence of this hexapeptide and variation across the conserved residues required for sialic 

acid binding and hydrolysis has been observed in a number of ‘Rubula-like’ viruses, such as 

Menangle virus (MenV) (Bowden et al. 2001), Teviot virus (TevPV) (Burroughs et al. 2015) and 

Tioman virus (TioV) (Chua, Wang, et al. 2002). Futhermore, recent studies have confirmed that 

sialidase treatment of permissive cells does not ablate infection (Johnson et al. 2019), supporting a 

sialic acid independent entry paradigm for the pararubulaviruses. 
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 Given the variation across the hexapeptide motif and other residues integral to sialic acid 

interactions, and recent data which supports a sialic acid independent mode of virus entry (Johnson 

et al. 2019), the genus, Rubulavirus, has undergone a reorganisation. Rubulavirinae, now constitutes 

a subfamily containing two genera, Pararublavirus and Orthorubulavirus within the 

Paramyxoviridae. The Orthorubulavirus genus contains well-characterised sialic acid-interacting 

viruses, including MuV and parainfluenza virus 5 (PIV5).  The genus, Pararubulavirus, on the other 

hand, contains newly identified and divergent viruses, including SosV, MenV, TevPV (Amarasinghe 

et al. 2019).  

Here, I sought to clarify the structure of the unique SosV-RBP, therefore providing initial 

characterisation of a newly defined genus of the paramyxovirus family with pathogenic potential. In 

accordance with the discovery of a binding site that is incompatible with known modes of HN-

mediated sialic acid recognition, I found that SosV-RBP maintains only a limited capability to 

interact with sialic acid, in vitro. These data provide evidence that SosV utilises a non-classical mode 

of paramyxovirus entry, in addition to presenting a rationale for the recent distinction of the genus, 

Pararubulavirus (Amarasinghe et al. 2019). 

Figure 3.2: Amino acid sequence alignment. Alignment of the receptor binding protein (RBP) amino 
acid sequences from Sosuga virus (SosV), Tuhokoviruses 1, 2 and 3 (ThkPV-1/2/3), Achimota 
viruses 1 and 2 (AchPV-1/2), Menangle virus (MenV), Teviot paramyxovirus (TevPV), Tioman 
virus (TioV), Newcastle disease virus (NDV), avian paramyxoviruses 2 and 3 (AMPV-2/3), mumps 
virus (MuV) and Sendai virus (SeV). The seven conserved sialidase residues (Langedijk, Daus, and 
VanOirschot 1997) and hexapeptide motif (Mirza, Deng, and Iorio 1994) are labelled according to 
residue and blade location (Langedijk, Daus, and VanOirschot 1997) and annotated above 
alignments. Genbank accession codes are listed in Appendix D. 
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3.3 PROTEIN PRODUCTION AND STRUCTURE DETERMINATION OF SOSV-
RBP 

3.3.1 Construct design and small-scale expression testing 

SosV constructs were generated from a human codon-optimised gene of the full-length RBP 

(GenBank NC_025343). In order to determine appropriate construct boundaries required to obtain 

soluble six-bladed β-propeller head domains for structural and functional characterisation, the SosV-

RBP amino acid sequence was aligned against the sequences of the constructs used for structure 

determination of  PIV3-RBP (Lawrence et al. 2004), the PIV5-RBP (Yuan et al. 2005; Welch et al. 

2013) and the MuV-RBP (Kubota et al. 2016). Constructs were generated using PCR, with primers 

specific to unique N-terminal start sites (Glu65, Ile74, Gln116, Thr118, Asn125) and the C-terminal 

end site, Lys582, and cloned into the pHLsec expression vector (Aricescu, Lu, and Jones 2006). 

 The ability of the constructs to produce soluble protein was assessed by small-scale 

expression screening in HEK293T cells. Whilst almost all constructs expressed within the cell 

fraction (excluding Thr118−Lys582), no constructs were secreted, indicative that the protein was 

unstable. To aid in solubility and stability, a small ubiquitin-like modifier (SUMO) tag was 

Figure 3.3.1 Construct design and small-scale expression test of SosV-RBP. (a) Gene diagram 
displaying features of the SosV-RBP, including the intraviral (IV) region, transmembrane domain 
(TMD), stalk and six-bladed β-propeller receptor binding head (rainbow). Predicted N-linked 
glycosylation sites (NXT/S, where X≠P) are marked with pins and relevant asparagine residue 
numbered. The designed constructs are illustrated below the schematic. (b) Western blot of small 
scale expression test of constructs tagged with an N-terminal SUMO tag, where an SDS-PAGE gel 
of HEK293T cell supernatants was performed under reducing conditions. Western blot analysis was 
performed alongside the Benchmark™ Protein Ladder (Thermo, left). 
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introduced to the N-terminus (Peroutka et al. 2008) by sub-cloning constructs into a modified 

pHLsec vector (Chang et al. 2015). The addition of a SUMO tag resulted in the production of 

secreted protein (Fig 3.3.1). Due to the observed equal expression of the SosV-RBP constructs, the 

shortest construct, Asn125−Lys582, was selected for large-scale expression, as the presence of an 

unstructured N-terminus protruding beyond the six-bladed β-propeller head could impede 

crystallogenesis (Savitsky et al. 2010).  

3.3.2 Large-scale expression and purification 

Large-scale transient transfection of the SosV-RBP construct Asn125−Lys582 encoding an N-

terminal octa-histidine, and SUMO tag fusion was performed in the presence of α-mannosidase type 

I inhibitor, kifunensine (Chang et al. 2007). Cell culture supernatants were clarified by 

centrifugation, filtered and subject to buffer exchange into 10 mM Tris pH 8, 150 mM NaCl buffer 

(TBS). Concentrated and exchanged supernatants were purified using nickel-affinity 

chromatography using a HisTrap™ FF column (GE Healthcare), and partially deglycosylated with 

the enzyme endoglycosidase F1 (EndoF1), to yield protein bearing single N-acetylglucosamine 

(GlcNAc) residues (Maley et al. 1989).  

Size exclusion chromatography (SEC) was performed on the deglycosylated sample using a 

Superdex™ 200 Increase 10/300 GL column (GE Healthcare), revealing an absorbance spectrum 

with two prominent peaks and multiple shoulders (Fig 3.3.2A). The peak was analysed by SDS-

PAGE, revealing a species corresponding to the ~65 kilodalton (kDa) tagged SosV-RBP (Fig 

3.3.2C). The SEC indicated that SosV-RBP likely exists as an oligomeric species in solution. 

Consistent with previous studies of paramyxovirus RBPs (Yuan et al. 2005; Yuan et al. 2008; 

Bowden, Crispin, Harvey, et al. 2010; Hashiguchi et al. 2007; Lawrence et al. 2004; Yuan et al. 

2011), it is possible that the un-partnered cysteine  in the N-terminal stalk domain potentially drives 

homoligomerisation and the formation of the native-like dimer-of-dimers. However, neither an 

expected homodimeric nor a homotetrameric species conjugated to a SUMO tag corresponds to the 

~160 kDa band visualised when non-reduced sample was tested (Fig 3.3.2C). Further analyses are 
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Figure 5.3.2: Purification of SosV-RBP. (a) Size exclusion chromatogram of SosV-RBP 
expressed transiently in the presence of kifunensine, and treated with endoglycosidase F1 (EndoF1), 
aligned against gel filtration standards (ID: 1511901, BioRad, orange). Blue stars refer to pooled 
peaks analysed using SDS-PAGE analysis. (b) Size exclusion chromatogram of SosV-RBP 
following 3C cleavage of the N-terminal 8xHis and SUMO tag. Poor yields resulted in a change of 
strategy. (c) SDS-PAGE analysis of SosV-RBP purification prior to cleavage of tags with protein 
of interest (POI) highlighted, indicating the presence of oligomeric species composed of ~65 kDa 
SosV-RBP monomers. Pooled peaks (*) run under reducing and non-reducing conditions. (d) Size 
exclusion chromatogram of SosV-RBP expressed stably in the presence of kifunensine, and treated 
with EndoF1, aligned against gel filtration standards (BioRad, orange). (e) Size exclusion 
chromatogram following cleavage of tags. (f) SDS-PAGE analysis of SosV-RBP pre- and post-3C 
cleavage, revealing a final sample with some minor tag contamination. In both panel C and F, 
samples were run alongside Benchmark™ Protein Ladder (Thermo, left), and ran under reducing 
conditions. 
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required to determine the oligomeric status of the protein in solution (e.g. multi-angle light scattering 

(MALS). The peak fractions were pooled, excluding sample within the void, and treated with human 

rhinovirus (HRV) 3C protease overnight. Successfully cleaved sample was separated from 

residually-tagged protein and subject to SEC (Fig 3.3.2B). The SosV-RBP peak was not 

monodisperse and neither was there sufficient protein yield required to perform SDS-PAGE analysis 

and crystallisation screening. Therefore, utilising site-specific recombination, a stable cell line was 

produced to enable more efficient production of larger quantities of SosV-RBP. 

In order to produce a stable cell line, the SP-8xHis-SUMO-SosV-RBP(Asn125−Lys582)-

ID4 cassette was sub-cloned into the pURD vector (Seiradake 2015). The plasmid was co-transfected 

with a pDisplay vector encoding the φ31C integrase, in order to enable host-cell integration and 

constitutive expression. Stably expressing cells were expanded to large-scale production and protein 

purified from supernatant described above (Fig 3.3.2D-F). Whilst yields were greatly improved, the 

protein precipitated during concentration, resulting in limited initial crystallisation screening.  

3.3.3 Crystallisation and X-ray diffraction data collection 

An appropriate SosV-RBP crystallisation concentration of 2.1 mg/mL, was determined using a pre-

crystallisation test (PCT™, Hampton). SosV-RBP purified protein crystallised following 25 d in 0.2 

M magnesium acetate tetrahydrate, 0.1 M sodium cacodylate pH 6.5, 20% PEG 8000. The crystal 

was immersed in a cryo-protectant solution, comprising 20% glycerol diluted in reservoir solution. 

X-ray data collection was performed at a wavelength of 0.9795 Å on beamline I04, Diamond Light 

Source (DLS), Didcot, UK. Reflections were indexed, integrated and scaled using the xia2 package 

(Winter 2010). Data processing statistics are presented in Table 3.3.3. 
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Table 3.3.3: Data collection and refinement statistics for SosV-RBP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aNumbers in parentheses refer to the outer resolution shell. 
bRfree is calculated as for Rwork, but using only 5% of the data which were separated prior to 
refinement. 
cr.m.s deviations: root mean square deviation from ideal geometry. 
dDetermined using the Molprobity server (Chen et al. 2010). 

 

 

 
SosV-RBP 

Data collection statistics 
 

Beamline DLS  I04 
Spacegroup P 1 21 1 
Cell dimensions 

 

a, b, c (Å) 75.7, 84.0, 81.7 
α, β, γ (°) 90.0, 112.9, 90.0 
Resolution range (Å) 51.60–2.50 

(2.54−2.50)a 
Wavelength (Å) 0.9795 
Rmerge 0.08 (0.94) 
Rmeas 0.08 (1.02) 
Rpim 0.03 (0.39) 
I/σ I 13.5 (1.5) 
CC1/2 1.00 (0.80) 
Completeness (%) 99.8 (98.9) 
Multiplicity 6.7 (6.5) 
  
Refinement statistics  
Resolution (Å) 43.44−2.50 

(2.59−2.50) 
No. reflections 32,699 
Rwork / Rfree

b (%) 19.5/23.3 
No. atoms  

Protein 5,870 
Ligand/ion 182 
Water 39 

B-factors  
Protein 77.6 
Ligand/ion 91.2 
Water 61.0 

R.m.s deviationsc  
Bond lengths (Å) 0.003 
Bond angles (°) 0.65 

Ramachandran analysisd  
Favoured region (%) 96.6 
Allowed region (%) 3.3 



Chapter 3: Sosuga virus receptor binding protein 
 

 

82 
 

3.3.4 Structure determination 

The structure of SosV-RBP was solved by molecular replacement in Phaser (McCoy et al. 2007) 

using the structure of unliganded MuV-RBP as a search model (PDB: 5B2C) (Kubota et al. 2016). 

The structure was improved with iterative rounds of building and refinement, using COOT (Emsley 

et al. 2010) and PHENIX (Adams et al. 2010) software packages, respectively. Refinement statistics 

are presented in Table 5.3.3. 

3.4 STRUCTURE ANALYSIS 

3.4.1 Structure overview 

Crystallographic analysis confirmed that residues Arg158−Lys582 of SosV-RBP correspond to the 

canonical six-bladed β-propeller (Fig 3.4.1), with each blade (β1 to β6) comprised of four 

antiparallel β-strands. Within the asymmetric unit were two near-identical β-propeller head domains 

(root-mean-square deviation [RMSD] of 0.5 Å over 366 aligned Cα atoms) (Fig 3.4.2i), associated 

by a putative native dimeric interface formed through interaction of the first (β1) and sixth (β6) 

blades of the β-propeller. A portion of the N-terminal stalk region (residues Asn125−Tyr155), and 

loops β3L23 (Arg344–Gly373) and β5L01 (Val464–Thr479) could not be visualised and were 

directed towards the solvent channels in the crystal. This disorder likely reflects an intrinsic 

flexibility within these regions of the RBP, which may be stabilised by higher order RBP and fusion 

(F) protein assemblies formed on the native virion envelope. Eight disulphide bonds stabilise the six-

bladed β-propeller fold, seven of which are conserved amongst the RBPs of the related 

orthorubulaviruses (Kubota et al. 2016; Yuan et al. 2005). A further disulphide, Cys522−Cys527, is 

formed between the 3rd and 4th strands of β5 (Fig 3.4.2.2iiiB). 

 Paramyxoviral RBPs are typically post-translationally modified to display N-linked 

glycosylation, which has been shown to have roles in protein folding, host immune evasion, 

virulence and modulation of entry (Biering et al. 2012; Bradel-Tretheway et al. 2015; Sawatsky and 

von Messling 2010; Panda et al. 2004; Chu et al. 2013). Consistent with this general RBP feature,  
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the crystallised SosV-RBP construct encodes six predicted N-linked glycosylation sequons (NXS/T, 

where X≠P) (Asn201, Asn265, Asn340, Asn403, Asn416, and Asn455) (Fig 3.4.1). Electron density 

corresponding to GlcNAc moieties for each of these sites was observed in the crystal, consistent with 

the hypothesis that all the N-linked glycosylation sites of SosV-RBP are glycosylated in the context 

of the native virion. 

3.4.2 Comparison of SosV-RBP to characterised paramyxoviral RBPs 

3.4.2.1 Macro-comparisons  

Structural comparison reveals that SosV-RBP exhibits a greater structural relatedness to the HN-

type RBPs of the orthoavula-, orthorubula- and respiroviruses (1.7−2.1 Å root-mean-square 

deviation [RMSD] upon superposition of equivalent Cα atoms), than the RBPs from the protein 

binding morbilliviruses (3.1 Å RMSD upon overlay with measles virus RBP; MV-RBP) and 

henipaviruses (2.2−2.3 Å RMSD) (Fig 3.4.2.1iA). This structural conservation is reflected upon  

Figure 3.4.1: SosV-RBP β-propeller monomer. (a) Six-bladed β-propeller SosV-RBP monomer 
is shown in cartoon representation with blades labelled (coloured blue to red, from N- to C-
terminus), viewing from both top down and the side. The N-linked glycosylation sites (Asn201, 
Asn265, Asn340, Asn403, Asn416, Asn455) observed within the crystal structure are labelled and 
represented as sticks (yellow). The putative sialic acid binding pocket is labelled with a red cross.  
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Figure 3.4.2.1i: SosV-RBP is structurally related to the HN-type RBPs. (a) Overlays of SosV-
RBP (grey) with other paramyxoviral RBP structures: from left to right, NDV, Newcastle disease 
virus (blue, 1E8V) (Crennell et al. 2000), NiV, Nipah virus (pink, 2VWD) (Bowden, Crispin, et al. 
2008), MojV, Mojiang virus (green, 5NOP) (Rissanen et al. 2017), MeV, measles virus (purple, 
2ZB5) (Hashiguchi et al. 2007). Cα trace rendered and root-mean-square deviation (RMSD) 
annotated. (b) Structure-based phylogenetic analysis of paramyxoviral RBP monomers, clockwise: 
SosV, Sosuga virus; PIV3, parainfluenzavirus 3 (1V2I) (Lawrence et al. 2004); NDV (1E8V); PIV5, 
parainfluenza virus 5 (4JF7) (Welch et al. 2013); MuV, mumps virus (5B2C) (Kubota et al. 2016); 
MojV (5NOP); GhV, Ghana virus (4UF7) (Lee et al. 2015); NiV (2VWD); HeV, Hendra virus 
(2X9M) (Bowden, Crispin, Harvey, et al. 2010); CedV, Cedar virus (PDB pending) (Pryce et al. 
2019); MeV (2ZB5). Structural Homology Program (SHP (Stuart et al. 1979)), utilised to calculate 
evolutionary distance matrices by means of pairwise superposition of RBP structures. The resultant 
matrices were used to plot an unrooted tree in PHYLIP (Felsenstein 1989). RBP surfaces are 
represented with cognate receptor binding sites coloured (red), and receptors presented either as 
yellow ribbon (protein) or spheres (carbohydrate). Calculated evolutionary distances are indicated 
beside the branches. Figure adapted from Stelfox, et al (2019).       
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structure-based phylogenetic analysis (Fig 3.4.2.1iB), which reveals that SosV-RBP peripherally 

clusters with the HN-type RBP structures. 

Whilst the dimeric interface is typically comprised of residues from blades β1 and β6 of the 

RBP propeller, structural characterisation of RBP architectures has revealed that these assemblies 

may adopt different modes of association, depending on whether the RBP exhibits H, HN, or G 

functionality. The interaction between paramyxoviruses and their receptors is hypothesised to impact 

the overall oligomeric organisation of the different RBPs, i.e. an upward facing orientation of the 

ephrin binding sites on Hendra virus (HeV) accommodates this bulky receptor (Yuan et al. 2008; 

Bowden, Crispin, Harvey, et al. 2010; Zhang et al. 2013; Hashiguchi et al. 2007; Hashiguchi et al. 

2011). The two molecules of SosV-RBP in the asymmetric unit form a putative homodimer 

comparable to other previously observed oligomeric paramyxoviral RBP organisations, including 

NDV-RBP (Crennell et al. 2000; Yuan et al. 2011), PIV3-RBP (Lawrence et al. 2004), PIV5-RBP 

(Yuan et al. 2005; Yuan et al. 2008; Welch et al. 2013), HeV-RBP (Bowden, Crispin, Harvey, et al. 

2010), and MuV-RBP (Kubota et al. 2016). Furthermore, in-line with the crystallographically 

observed SosV-RBP dimer representing a native oligomeric assembly, the dimeric interface was 

Figure 3.4.2.1ii: Dimeric assembly of SosV-RBP. The crystallographic SosV-RBP dimer shown 
in cartoon representation with monomers coloured rainbow from the N-terminus to C-terminus 
(blue to red, respectively). Calculated angle of association, interface area and number of hydrogen 
bonds is displayed to the right-hand side of the relevant dimer. This figure has been adapted from 
Stelfox et al, 2019. 

 

 



Chapter 3: Sosuga virus receptor binding protein 
 

 

86 
 

devoid of N-linked glycosylation (Fig 3.4.2.1ii) (Bowden, Crispin, Harvey, et al. 2010). Similar to 

the dimeric assemblies of NDV-RBP, PIV3-RBP, and MuV-RBP, which are stabilised by an average 

of 14 hydrogen bonds, the SosV-RBP dimer is stabilised by 16 hydrogen bonds (as calculated by the 

Proteins, Interfaces, Structures and Assemblies (PISA) server (Krissinel and Henrick 2007)).  

 The SosV-RBP dimer occludes approximately 1,340 Å² of solvent exposed surface area (Fig 

3.4.2.1ii), which differs from the average area of approximately 1,790  Å² observed for archetypal 

HN-type NDV-RBP, PIV3-RBP, PIV5-RBP and MuV-RBP structures (Fig 1.5.5). Unlike the HN-

type RBP dimers, blade one strand 4 (β1S4) does not form part of the interaction surface between 

the protomeric β-propeller units, and likely contributes to the reduced dimerisation surface. In 

addition, the angle of association between SosV-RBP protomers of 31° deviates from the average of 

~60° observed across the sialic acid binding NDV-RBP (Crennell et al. 2000; Yuan et al. 2011), 

PIV3-RBP (Lawrence et al. 2004), PIV5-RBP (Yuan et al. 2005; Yuan et al. 2008), and MuV-RBP 

(Kubota et al. 2016) structures. This parallels the varied angles of association observed in HeV-RBP 

(40°) and MeV-RBP (117°) dimeric structures, which have been hypothesised to have arisen during 

the adaptation to binding bulky proteinaceous receptors, such as B-class ephrin receptors and SLAM-

F1/nectin-4, respectively (Bowden, Crispin, Harvey, et al. 2010; Yuan et al. 2008; Hashiguchi et al. 

2011; Hashiguchi et al. 2007; Zhang et al. 2013). 
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Figure 3.4.2.2i: Mapping of SosV-RBP sequence conservation onto henipaviral and 
morbilliviral RBPs. (a) NiV-RBP (PDB ID 2VSM) (Bowden, Aricescu, et al. 2008) is shown as a 
surface with ephrinB2 shown as a yellow ribbon and the cognate receptor-binding footprint coloured 
blue (left). Sequence conservation of GhV-RBP (middle) and SosV-RBP (right) with NiV-RBP 
mapped onto the surface of NiV-RBP. Consistent with the known shared usage of ephrinB2, GhV-
RBP and NiV-RBP share an elevated level of sequence conservation at the receptor binding site. 
This feature of elevated sequence conservation was not observed using the same approach with NiV-
RBP and SosV-RBP, suggestive that SosV-RBP does not utilise ephrin receptors. Residues coloured 
red are identical, those that are pink are equivalent residues. (b) MeV-RBP (PDB ID 3ALZ) 
(Hashiguchi et al. 2011) is shown in surface representation with SLAM-F1 (green) and nectin-4 
(cyan) shown in ribbon representation and the cognate joint receptor-binding footprint coloured blue 
(left). Sequence conservation of CDV-RBP (middle) and SosV-RBP (right) with MeV-RBP is 
mapped onto the surface of MeV-RBP. Residues coloured red are identical, those coloured pink are 
equivalent. Consistent with the shared usage of SLAMF1/nectin-4, MeV-RBP and CDV-RBP share 
an elevated level of sequence conservation at the receptor binding sites. This feature of elevated 
sequence conservation was not observed using the same approach with MeV-RBP and SosV-RBP, 
suggestive that SosV-RBP does not utilise SLAMF1/nectin-4 receptors. 

 



Chapter 3: Sosuga virus receptor binding protein 
 

 

88 
 

3.4.2.2 Comparisons to characterised receptor-binding sites 

3.4.2.2.1 Proteinaceous receptors 

Previous studies have demonstrated that genetically diverse paramyxoviruses exhibit elevated levels 

of sequence conservation at binding sites specific to common or similar receptors (Zeltina, Bowden, 

and Lee 2016). Sequence conservation mapping was performed in order to detect whether SosV-

RBP may bind proteinaceous receptors utilised by henipaviral (B-class ephrins) or morbilliviral 

RBPs (SLAM-F1/nectin-4). SosV-RBP has an overall amino acid sequence identity with NiV-RBP 

of 20%, and a similarly low sequence identity of 23% across ephrinB2 binding residues, in contrast 

to the elevated identity demonstrated by GhV-RBP across this region (Bowden, Aricescu, et al. 2008; 

Lee et al. 2015) (Fig 3.4.2.2iA).  Likewise, there is no detectable sequence conservation between 

SosV-RBP and MeV-RBP across nectin-4 and SLAM-F1 binding residues (Hashiguchi et al. 2011; 

Zhang et al. 2013) (Fig 3.4.2.2iB), nor does SosV-RBP display the integral β4-5 groove required 

morbilliviral receptor recognition (Zhang et al. 2013; Hashiguchi et al. 2011; Santiago et al. 2010). 

These analyses suggest that SosV-RBP does not utilise characterised henipaviral or morbilliviral 

proteinaceous receptors.  

3.4.2.2.2 Sialic acid  

The well understood sialic acid interaction site presented by HN-type RBPs is composed of a specific 

set of seven conserved residues, which act collaboratively to bind and hydrolyse sialic acid (Connaris 

et al. 2002; Crennell et al. 2000; Iorio et al. 2001; Langedijk, Daus, and VanOirschot 1997), in 

addition to the paramyxoviral hexapeptide motif (Asn-Arg-Lys-Ser-Cys-Ser) (Mirza, Deng, and 

Iorio 1994), involved in completing the necessary receptor binding and destroying activities (Wasik, 

Barnard, and Parrish 2016). While the SosV-RBP structure retains some features consistent with the 

HN-type RBPs, including a site for binding the glycerol component of sialic acid (Fig 3.4.2.2iiB), 

and a conserved cation binding site (Fig 3.4.2.2iiC) (Crennell et al. 2000; Kubota et al. 2016; 

Lawrence et al. 2004; Yuan et al. 2005), there are a number of distinct differences across the putative 

sialic acid recognition site (Fig 3.4.2.2iiA). Firstly, residues corresponding to the SosV-RBP 

hexapeptide motif present a surface that is structurally incompatible to sialic acid recognition  
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(Fig 3.4.2.2iiD). Residues Leu243SosV-RBP and His245SosV-RBP impede into the region where the O4 of 

sialic acid is located in liganded HN-type structures (Crennell et al. 2000; Kubota et al. 2016; 

Lawrence et al. 2004; Yuan et al. 2005), altering both local structure but also the chemical 

composition of the pocket (Fig 3.4.2.2iiD). Analysis of surface electrostatics using the Adaptive 

Poisson-Boltzmann server (APBS) (Jurrus et al. 2018), confirms that SosV-RBP presents a 

considerably altered surface charge, resulting in an extended acidic patch incongruous to binding the 

negatively charged sialic acid (Fig 3.4.2.2iiE). The most compelling change, however, is the 

rearrangement of the β5L23 loop of SosV-RBP, which presents Arg514 (R5) of the triarginyl motif. 

In HN-type RBP structures, the β5L23 loop folds inwards enabling stabilisation of the carboxyl 

group of an incoming sialic acid, however the homologous loop in the SosV-RBP structure peels 

outwards towards a small external cavity (Fig 3.4.2.2iii). This altered conformation causes a 

dramatic displacement of Arg514SosV-RBP, resulting in an approximately 14 Å distance between the  

 

Figure 3.4.2.2ii: SosV-RBP displays similarities and differences to the HN-type across the 
region corresponding to the sialic acid binding site. (a) The SosV-RBP β-propeller, and close up 
of region corresponding to sialic acid binding site shown with the inhibitor N-Acetyl-2,3-dehydro-
2-deoxyneuraminic acid (DANA) (yellow) superimposed (1E8V). Residues equivalent to those 
utilised by HN-type RBPs to bind and hydrolyse sialic acid shown using stick representation and 
annotated. (b) Residues and loops implicated in binding glycerol region of sialic acid and its 
analogues displayed, with important residues shown using stick representation and annotated, and 
DANA (yellow) superimposed. (c) Fitting of a calcium ion (green) into loop β2L23 is consistent 
with the 2Fo−Fc difference map generated following refinement. A similar mechanism of 
stabilization of β2L23 through coordination of a calcium cation has been observed in several HN 
RBP structures, and loss of calcium inhibits activity in NDV-RBP (Connaris et al. 2002). The 
2Fo−Fc electron density is rendered at 2.0 sigma and displayed as mesh (blue). SosV-RBP is 
displayed in cartoon (grey) representation, with important residues and glycans displayed as sticks. 
(d) SosV-RBP (grey) and NDV-RBP (white) (1E8V) (Crennell et al. 2000) are shown in cartoon 
representation with the relevant side chains represented as sticks. N-Acetyl-2,3-dehydro-2-
deoxyneuramic acid (DANA) is shown as yellow sticks. Homologous residues are numbered 
according to SosV-RBP. In contrast to NDV-RBP, SosV-RBP residues Arg242, Leu243, and 
His245 protrude into the putative sialic acid binding site. (e) Electrostatic charges of SosV-RBP 
calculated using the Adaptive Poisson-Boltzmann Solver (Jurrus et al. 2018), represented using 
surface by colouring residues from red to blue (-5 kT e-1 to +5 kT e-1), demonstrating the 
electrostatic incompatibility of the SosV-RBP surface with binding of sialic acid and analogues. 
DANA is represented as above. 
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Figure 3.4.2.2iii: Arg514(5) of SosV-RBP displays a unique orientation which may impact sialic 
acid interactions. (a) Active site of NDV-RBP (white) superposed with SosV-RBP (grey) structure, 
highlighting the differing locations of the Arg5 residues. Residues are labelled as in Fig. 3.2. Loops 
are shown in cartoon representation, with functionally important residues and DANA (yellow) 
(1E8V) shown as sticks. (b) Both SosV-RBP (grey) and NDV-RBP (white) (1E8V) are shown in 
cartoon representation and the relevant residues represented using sticks. The conserved triarginyl 
motif of the SosV-RBP structure is disrupted, loop β5L23 bends outwards, away from the putative 
active site. The disulphide (Cys522−Cys527) formed between β5S3 and β5S4 has not been observed 
in other paramyxovirus structures and may contribute to the structural displacement of residue 
Arg514(5) in SosV-RBP. 
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equivalent Arg5 Cα atom in the homologous HN-type RBP structures (Crennell et al. 2000; Kubota 

et al. 2016; Yuan et al. 2005; Lawrence et al. 2004) (Fig 3.4.2.2iiiA). Stabilisation of this large local 

structural difference could be attributed to the introduction of the novel SosV-RBP disulphide bond 

between residues Cys522 and Cys527 of the third and fourth strands of blade five (β5S3 and β5S4, 

respectively) (Fig 3.4.2.2iiiB). Upon collection of crystallographic data following production of 

SosV-RBP crystals soaked with (3-sialyllactose, 30mM) and co-crystallised in the presence of 

sialyllactose (3- and 6- sialyllactose, 5x greater molar concentration), no changes to the β5L23 loop 

conformation and no ligand density within the putative sialic acid binding site, or elsewhere within 

the structure, was observed. Similarly, there are no alternate confirmations of the β5L23 loop which 

resemble the SosV-RBP mode in the liganded and un-liganded HN-type structures (Crennell et al. 

2000; Kubota et al. 2016; Yuan et al. 2005; Lawrence et al. 2004), indicative that SosV-RBP may 

utilise a sialic acid independent mode of attachment. Furthermore, there is a lack of structural 

conservation at the region equivalent to the secondary binding site on NDV-RBP (Crennell et al. 

2000), and likewise no evidence of glycan binding to this site following crystal soaks. 

3.5 ASSESSMENT OF SIALIC ACID INTERACTIONS 

Whilst these structural analyses provide evidence that SosV-RBP is distinct from the receptor 

binding architectures presented by characterised paramyxoviruses, given the close topological 

similarity to the HN-type RBPs and the maintenance of conserved residues implicated in sialic acid 

interactions, we assessed the hemadsorption (Morrison and McGinnes 1989) and neuraminidase 

activity (Potier et al. 1979) of SosV-RBP. Consistent with the recent finding that related 

pararubulaviruses utilise a sialic acid independent mechanism of host-cell entry (Johnson et al. 2019) 

and the distinctive structural organisation of SosV-RBP, human embryonic kidney (HEK) 293T cells 

presenting full-length SosV-RBP exhibited no neuraminidase (Potier et al. 1979) and minimal 

hemadsorption activity (Morrison and McGinnes 1989) with respect to an NDV-RBP control (Fig. 

3.5iA). This apparent lack of sialic acid interactions was further corroborated by assessment of 

neuraminidase activity using the Warren method (Warren 1959), where a lack of free sialic acid was 
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measured following incubation of SosV-RBP with fetuin, a heavily sialylated protein presenting both 

α2,3 and α2,6 linked sialic acid (Spiro 1960; Cointe, Leroy, and Chirat 1998; Guttman and Lee 

2016; Wu et al. 2016), when compared to a fetuin only control and NDV-RBP (Fig 3.5iB). Soluble 

NDV-RBP (Ser47−Gly577) was generated for this initial Warren test through transient transfection 

of HEK293T cells, followed by purification utilising nickel-affinity chromatography and SEC. 

Given the apparent lack of binding or enzymatic activity demonstrated by SosV-RBP, these data 

were indicative that sialic acid dependent host-cell engagement is not utilised by SosV as a primary 

mode of infection. 

Subsequently, a SosV-RBP construct presenting the full hexapeptide motif 

‘Asn−Arg−Lys−Ser−Cys−Ser’ was recombinantly engineered (termed ‘eSosV-RBP’) to assess 

whether neuraminidase activity is acquired when compared to wildtype SosV-RBP and an NDV-  

Figure 3.5i: SosV-RBP displays limited hemadsorption activity and a lack of neuraminidase 
activity. (a) SosV-RBP neuraminidase (Potier et al. 1979) and hemadsorption (Morrison and 
McGinnes 1989) activity normalized to cell surface expression of a NDV-RBP control. (b) Free 
sialic acid concentration detected following incubation of RBP with fetuin (Warren 1959). For 
panels A (n = 10) and B (n = 13) error bars represent the standard deviation across all replicates. 
Figure adapted from Stelfox, et al (2019). 
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RBP control using the Warren method (Warren 1959). Whilst soluble eSosV-RBP was shown to be 

properly folded (Fig 3.5iiA), similar to the wildtype SosV-RBP no neuraminidase activity was 

detected when assessed against the NDV-RBP positive control and a mock transfected negative 

control (Fig 3.5iiB). These data supported a model by which the lack of the full hexapeptide motif 

did not exclusively dictate the likely sialic acid independence of SosV, but also the structural and 

chemical composition of the potential interaction site, in particular the displacement of Arg514(5). 

  

Figure 3.5ii: Engineered (e)SosV-RBP bearing full ‘NRKSCS’ motif lacks neuraminidase 
activity. (a) HEK293T cells were transiently transfected with NDV-RBP, wildtype SosV-RBP, and 
eSosV-RBP. All constructs encoded an N-terminal hexa-histidine tag and SUMO-tag. The 
expression of folded soluble protein harvested from the supernatants of transfected HEK293T cells 
was determined using western blotting with a mouse- derived monoclonal anti-penta-histidine 
antibody. Samples were run alongside Benchmark™ Protein Ladder (Thermo, left), on the same gel 
with the same exposure time. (b) Free sialic acid concentration detected following incubation of 
NDV-RBP, SosV-RBP, ‘NRKS’ mutant eSosV-RBP, and mock-transfected cell supernatant with 
fetuin (Warren 1959). For B (n = 6) error bars represent the standard deviation across all replicates. 
Figure adapted from Stelfox, et al (2019). 
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3.6  DISCUSSION 

A recent study in Uganda which reported that 62% of cases of severe febrile illness were 

misdiagnosed as malaria demonstrates that the impact of emerging viruses, such as SosV, in Africa 

is likely underestimated (Ghai et al. 2016; Stoler and Awandare 2016). The bat-borne SosV, was 

recently identified as the cause of a severe febrile illness suffered by a wildlife biologist (Albarino 

et al. 2014), and was subsequently identified in bat populations throughout Uganda (Amman et al. 

2015). While the identification of new pararubulaviruses continues and the full biomedical and 

economic impact of these viruses is yet to be understood, other pararublaviruses have demonstrated 

the ability to cross the species barrier. For example, MenV infects pigs, fruit bats and humans 

(Bowden et al. 2001; Chant et al. 1998), and the Achimota viruses (AchPV) are capable of causing 

respiratory disease in experimentally infected ferrets (Barr et al. 2018), and further serological 

evidence of AchPV2 human infection in Ghana and Tanzania indicates that the virus is potentially 

zoonotic (Baker et al. 2013). Given the importance of the paramyxoviral RBP in determining the 

zoonotic potential of paramyxoviruses (Thibault et al. 2017), I proceeded to determine the structure 

of the SosV-RBP and define the structural and functional relatedness to other paramyxoviral RBPs, 

with focus on key receptor binding motifs, and utilise this information to tailor subsequent functional 

analyses.  

 Our structural analyses demonstrate that whilst the overall SosV-RBP presents an 

architecture most similar to the HN-type RBPs (Fig 3.4.2.1i), observation of the regions homologous 

to receptor binding sites reveal molecular divergence. This work also reveals that SosV-RBP does 

not share structural features associated with SLAMF1/nectin-4 and ephrin recognition, and 

interestingly displays a structurally and chemically distinct profile at the cannonical sialic acid 

interaction site. Specifically, despite the site homologous to sialic acid binding presenting the 

residues that support the binding of the glycerol group of sialic acid (Fig 3.4.2.2iiB) and a conserved 

cation binding site (Fig 3.4.2.2iiC), non-favourable surface charge properties are exhibited (Fig 

3.4.2.2iiE) and sialic acid binding is sterically disrupted by the protrusion of residues, Leu243 and 

His245 (Fig 3.4.2.2iiD) and the displacement of Arg514(5) (Fig 3.4.2.2iii). 
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 Consistent with recent studies regarding related pararubulaviruses, our analysis shows that 

SosV-RBP has minimal ability to bind sialic acid and lacks neuraminidase activity (Fig 3.5). 

However, the observed low level hemadsorptive ability exhibited by SosV-RBP in the context of an 

NDV-RBP control could indicate low-affinity or secondary interactions, such as those which support 

MERS-CoV infection (Li et al. 2017). Similarly, whilst these assays do not assess binding to the 

neurotropic α2,8 linked sialic acid (Mühlenhoff, Eckhardt, and Gerardy-Schahn 1998), we note that 

a broadened receptor tropism exhibited by vaccine strains of MuV did not result in a departure from 

α2,3 and α2,6 specificity (Santos-Lopez et al. 2009), suggestive that if SosV-RBP interacted with 

α2,8 linked sialic acid, hemadsorption and neuraminidase activity would have been observed. In 

addition, our finding that SosV-RBP likely does not utilise sialic acid as a primary receptor are 

corroborated by recent studies which demonstrate that related pararubulaviruses, MenV, TioV and 

TevPV, employ a sialic acid independent mode of entry (Johnson et al. 2019). The hemadsorption 

and neuraminidase data are rationalised by our structural findings, as described, SosV-RBP presents 

a potential sialic acid binding site with a number of alterations likely incompatible with the typical 

HN-type activity. Interestingly, we were able to demonstrate that production of SosV-RBP bearing 

the full hexapeptide motif ‘Asn−Arg−Lys−Ser−Cys−Ser’ did not confer neuraminidase activity (Fig 

3.5C), indicating that the principal contributor to the reduced sialic acid associated activity 

demonstrated by SosV-RBP, is the observed structural and chemical differences and not the 

alterations to the primary sequence. 

 However, consistent with genetic analysis, structural phylogenetic analysis and overlay with 

existing RBP structures, demonstrate that SosV-RBP displays a higher structural similarity to the 

HN-type RBPs rather than the protein tropic viruses. Given this closer relation to the HN-type RBPs, 

SosV-RBP likely diverged from a sialic acid dependent ancestral paramyxovirus, in an event that 

was distinct from the evolution of the morbilli- and henipaviruses. Furthermore, SosV-RBP exhibits 

the smallest known level of structural reorganisation required to gain sialic acid independence. These 

observed structural differences may have arisen following acquisition of binding motifs required for 

interaction with a unique protein or glycan based receptor. However, given the structural plasticity 
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of the paramyxoviral β-propeller, it is plausible that another novel binding site is utilised, and 

structural diversification across the sialic acid site is a product of the lack of functional constraints 

imposed across this region. In addition, alterations to the SosV-RBP architecture are not limited to 

the sialic acid binding site. Whilst SosV-RBP demonstrates a fold related to the HN-type RBPs, the 

organisation of the dimeric SosV-RBP deviates from the conserved ~60° association angle observed 

in HN-type RBP structures (MuV-RBP, PIV3-RBP, PIV5-RBP and NDV-RBP), similar to the 

associations observed for HeV-RBP and MeV-RBP dimers, where alterations to the high-order RBP 

assembly may facilitate interactions with bulky proteinaceous receptors (Bowden, Crispin, Harvey, 

et al. 2010; Yuan et al. 2008; Hashiguchi et al. 2011; Zhang et al. 2013), supportive of SosV-RBPs 

acquisition of a novel receptor-binding modality. 

3.7  CONCLUSION 

Our investigations, that utilise both structural and functional methods, support the sialic acid 

independent paradigm presented by pararubulaviruses (Johnson et al. 2019; Bowden et al. 2001; 

Chua, Wang, et al. 2002; Burroughs et al. 2015; Lau et al. 2010). Our structural studies rationalise a 

lack of observed neuraminidase and minimal hemadsorption activity, and enhance our understanding 

of the diversity of receptor binding architectures presented by paramyxoviruses.  However, further 

characterisation of the receptor interactions mediated by SosV-RBP and other pararubulaviral RBPs 

is necessary to grasp the potential impact and spillover risk of these emerging paramyxoviruses.  
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4 THE MOSSMAN VIRUS AND NARIVA VIRUS RECEPTOR 

BINDING PROTEINS 

4.1 SUMMARY OF FINDINGS 

The rodent-isolated paramyxoviruses Mossman and Nariva (MosV and NarV, respectively) (Miller 

et al. 2003; Lambeth et al. 2009), represent an uncharacterised arm of the Paramyxoviridae, the 

recently defined Narmovirus genus (Amarasinghe et al. 2019). The propensity of paramyxoviruses 

to undergo interspecies transmission is partially dictated by the molecular details of paramyxoviral 

receptor recognition, an interaction that impacts both cellular and host tropism, and therefore the 

resultant pathobiological characteristics (Thibault et al. 2017; Zeltina, Bowden, and Lee 2016). In 

this chapter, the structural characterisation of MosV and NarV RBPs (MosV-RBP and NarV-RBP) 

reveals that whilst the narmovirus RBPs exhibit the canonical paramyxoviral six-bladed β-propeller, 

they lack the necessary structural motifs for known paramyxoviral entry pathways. Structural-

phylogenetic analysis reveals that MosV-RBP and NarV-RBP present a distinct structural class of 

paramyxovirus RBP. Furthermore, through sequence conservation mapping a potential binding site 

unique amongst the paramyxoviral RBPs has been identified, with efforts to characterise this region 

ongoing. Altogether, our data indicate that the narmoviruses, MosV and NarV, likely utilise a novel 

paramyxoviral entry pathway and therefore support the recent independent classification of 

narmoviruses from other members of the Paramyxoviridae. 

4.2 INTRODUCTION 

Viral surveillance and molecular characterisation efforts have led to the discovery and study of a 

number of novel paramyxoviruses with unknown pathogenic potential (Drexler et al. 2012; Thibault 

et al. 2017). MosV was isolated in Queensland, Australia, from the pooled organs of wild rats 

originating from two separate locations in the 1970s (Miller et al. 2003) and NarV was isolated in 

the early 1960s from forest rodents in Trinidad (Lambeth et al. 2009). Despite the disparate locations 

in which they were discovered, sequencing and phylogenetic analysis revealed these viruses 
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clustered closely within the Paramyxoviridae (Amarasinghe et al. 2019; Thibault et al. 2017; Zeltina, 

Bowden, and Lee 2016). However, as there is little functional and structural information regarding 

these viruses, our understanding of MosV and NarV is limited to sequence. Due to their tenuous 

phylogenetic relationship with paramyxoviruses from the established genera, the newly defined 

Narmovirus genus was formed to encompass MosV, NarV and the more recently sequenced bank 

vole virus (BaVV) (Amarasinghe et al. 2019).  

 The RBP is presented on the paramyxovirus surface as a dimer-of-dimers, with each 

protomer consisting of an intraviral (IV) region, transmembrane (TM) domain, α-helical stalk, and 

a six-bladed β-propeller head domain, which mediates the interaction with the cognate host-cell 

receptor (Yuan et al. 2008; Yuan et al. 2011; Yuan et al. 2005). Primary amino acid sequence of the 

paramyxoviral RBPs is highly variable despite conservation of the overall protein fold (Bowden, 

Crispin, Jones, et al. 2010; Zeltina, Bowden, and Lee 2016). This variable nature of paramyxoviral 

RBPs is illustrated upon BLAST alignment of full-length RBPs to NarV-RBP, where there is an 

overall poor query cover and low sequence identity (Table 4.2). Indeed, despite the distinct 

clustering of MosV-RBP and NarV-RBP together within the paramyxoviral RBP phylogenetic tree, 

the primary sequences exhibit only 31.4% identity (Table 4.2). Furthermore, NarV-RBP presents an 

extended C-terminus (Asn626−Pro657) bearing no sequence homology to regions of other 

paramyxoviral RBPs, or any known proteins. This diversity complicates predictions of viral tropism 

based on amino acid sequence alone. However, the structure-based methods proved useful in 

predicting the independence of Mojiang virus (MojV) RBP from the established receptor-specific 

groupings (Rissanen et al. 2017). 

 Here, I solved the structures of MosV-RBP and NarV-RBP glycoproteins using X-ray 

crystallography to 1.6 Å and 2.1 Å resolution, respectively. Utilising structure-based phylogenetic 

analysis and finer comparisons against characterised paramyxovirus binding surfaces, the recent 

distinction of MosV-RBP and NarV-RBP within the newly defined genus, Narmovirus, is 

rationalised. Furthermore, this work has led to the identification of a putative receptor binding site  
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Table 4.2: Percent sequence identity of amino acid sequences of paramyxoviral 

RBPs against NarV-RBP. 

 Proteinb Identityc 

(Calculated with BLAST) 
Query coveragec 
(Calculated with BLAST) 

Metaavulavirus APMV2-RBPa 20.0% 60.0% 
Orthoavulavirus NDV-RBPa 23.5% 24.0% 
Paraavulavirus APMV3-RBPa 19.0% 84.0% 

Respirovirus SeV-RBPa 22.1% 71.0% 
Orthorubulavirus MuV-RBPa 22.8% 37.0% 
Pararubulavirus MenV-RBPa 26.2% 42.0% 

Henipavirus HeV-RBPa 17.8% 81.0% 
 MojV-RBPa 21.7% 27.0% 

Morbillivirus MeV-RBPa 25.9% 15.0% 
Narmovirus MosV-RBPa 31.4% 94.0% 

 

shared by MosV-RBP and NarV-RBP, which has allowed the prediction of residues that are 

potentially important for negotiating host-cell recognition, with these hypotheses being currently 

investigated. 

4.3 PROTEIN PRODUCTION AND STRUCTURE DETERMINATION OF MOSV-
RBP AND NARV-RBP 

4.3.1 Construct design and small-scale expression testing  

MosV and NarV RBP constructs for protein expression were generated from human codon-

optimised genes of the full-length RBPs (Genbank AY286409.1 and FJ362497.2, respectively). Due 

to the low amino acid sequence similarity between MosV-RBP and NarV-RBP, and the other 

paramyxoviral RBPs, construct boundaries were determined by alignment of the amino acid 

sequences from a number of solved RBP structures, including Mojiang virus (MojV)-RBP (Rissanen 

et al. 2017), Nipah virus (NiV)-RBP (Bowden, Crispin, et al. 2008), measles virus (MeV)-RBP 

aReceptor binding protein (RBP) 
bRBPs of viruses representing each of the current genera of the Paramyxoviridae, including: avian 
paramyxovirus 2 (AMPV2), Newcastle disease virus (NDV), avian paramyxovirus 3 (APMV3), 
Sendai virus (SeV), mumps virus (MuV), Menangle virus (MenV), Hendra virus (HeV), Mojiang 
virus (MojV), measles virus (MeV) and MosV. 
cIdentity and query cover values are coloured using a scale format, with the lowest values 
represented with yellow and the highest with green. 
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(Hashiguchi et al. 2007) and Newcastle disease virus (NDV)-RBP (Crennell et al. 2000). Constructs 

containing the putative six-bladed β-propeller head and minimal stalk region were preferred as they 

were likely to be more amenable to crystallisation (Savitsky et al. 2010) (Fig 4.3.1A). Using a primer 

specific to the selected N-terminal start sites and the fixed C-terminal end site, PCR was performed 

to generate fragments for cloning into the pHLsec mammalian expression vector (Aricescu, Lu, and 

Jones 2006). For MosV-RBP, constructs Lys181−Thr632 and Glu202−Thr632 (Fig 4.3.1A), and for 

NarV-RBP, constructs Glu184−Pro657 and Ile202−Pro657 (Fig 4.3.1C), were initially designed for 

further testing. However, due to issues cloning MosV-RBP Lys181−Thr632 and NarV-RBP 

Ile202−Pro657, only the soluble expression of the MosV-RBP Glu202−Thr632 and NarV-RBP 

Glu184−Pro657 constructs were analysed by small-scale expression screening in human embryonic 

kidney (HEK)293T cells. The soluble protein fraction was analysed through anti-histidine western 

blotting of the supernatant, revealing successful expression of the folded MosV-RBP 

Glu202−Thr632 and NarV-RBP Glu184−Pro657 constructs (Fig 4.3.1B and D).   
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Figure 4.3.1 Construct design and small-scale expression test of MosV-RBP and NarV-RBP. 
(a) Gene diagram displaying features of the MosV-RBP, including the intraviral (IV) region, 
transmembrane domain (TMD), stalk and six-bladed β-propeller receptor binding head (rainbow). 
Predicted N-linked glycosylation sites (NXS/T, where X≠P) are marked with pins and relevant 
asparagine residue numbered. The designed constructs are illustrated below the schematic. (b) 
Soluble expression of MosV-RBP construct Glu202−Thr632 tagged with a C-terminal histidine tag 
shown using western blot analysis of HEK293T cell supernatants from small-scale expression test. 
Western blot analysis was performed alongside the Benchmark™ Protein Ladder (Thermo, left), 
under reducing conditions. (c) Gene diagram displaying features of the NarV-RBP, including the 
intraviral (IV) region, transmembrane (TM) domain, stalk and six-bladed β-propeller receptor 
binding head (rainbow). Predicted N-linked glycosylation sites are marked with pins and relevant 
asparagine residue numbered. The designed constructs are illustrated below the schematic. (d) 
Soluble expression of NarV-RBP construct Glu184−Pro657 tagged with a C-terminal histidine tag 
shown using western blot analysis of HEK293T cell supernatants from small-scale expression test. 
Samples were run under reducing conditions alongside a PageRuler™ prestained protein ladder 
(Thermo, left), where the ladder was imaged using white light. 
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4.3.2 Large-scale expression and purification of MosV-RBP and NarV-RBP 

Large-scale transient expression of both MosV-RBP (Glu202−Thr632) and NarV-RBP 

(Glu184−Pro657) was performed in the presence of the class I mannosidase inhibitor kifunesine 

(Chang et al. 2007). Cell culture supernatants were harvested by clarification through centrifugation 

and filtration, prior to buffer exchange into 10 mM Tris pH 8, 150 mM NaCl buffer (TBS). 

Subsequently, supernatants were purified using nickel-affinity chromatography using a HisTrap™ 

HP (GE Healthcare) column, and subjected to an initial round of SEC using a Superdex™ 200 

Increase 10/300 GL column (GE Healthcare). Pooled peaks were deglycosylated using overnight 

treatment with EndoF1, resulting in protein decorated with single GlcNAc residues.  A further round 

of SEC was performed to remove EndoF1 prior to crystallisation.  

 Given the calculated molecular weight of monomeric MosV-RBP is 49 kDa, the species 

observed through SEC analysis (44 kDa−158 kDa) would be consistent with a dimeric arrangement 

of MosV-RBP (Fig 4.3.2A). A shift in size between the pre- and post-EndoF1 treated MosV-RBP 

observed following SDS-PAGE analysis confirmed successful deglycosylation (Fig 4.3.2B). 

Furthermore, both SEC and SDS-PAGE analysis indicated that a monodisperse sample of MosV-

RBP had been obtained, and therefore was suitable for crystallisation. 

 The species observed during SEC of NarV-RBP, conversely, is larger, with a size consistent 

with the 158 kDa gel filtration size standard (Fig 4.3.2C). This is somewhat larger than the expected 

size of the monomer, consistent with hypothesis that NarV-RBP forms a stable higher order oligomer 

in solution, which purifies as a monodisperse peak. The solution state characteristics of both MosV-

RBP and NarV-RBP are examined in greater detail in section 4.4.2. Following SDS-PAGE analysis 

(Fig 4.3.2D), which confirmed successful deglycosylation of NarV-RBP, the protein was applied 

into crystallisation screens.  
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Figure 4.3.2: Purification of MosV-RBP and NarV-RBP. (a) Size exclusion chromatogram of 
MosV-RBP expressed transiently in the presence of kifunensine, pre- (blue) and post-
deglycosylation (grey) with EndoF1, aligned against gel filtration standards (BioRad, orange). (b) 
The SDS-PAGE analysis of MosV-RBP purification pre- and post-deglycosylation indicates a shift 
following treatment with EndoF1. (c) Size exclusion chromatogram of NarV-RBP expressed stably 
in the presence of kifunensine, pre- (blue) and post-deglycosylation (grey) with EndoF1, aligned 
against gel filtration standards (BioRad, orange). (d) The SDS-PAGE analysis of NarV-RBP pre- 
and post-deglycosylation reveals a shift following treatment with EndoF1. In both panel B and D, 
samples were run under reducing conditions, alongside Benchmark™ Protein Ladder (Thermo, left). 
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4.3.3 Crystallisation and X-ray diffraction data collection 

Utilising a pre-crystallisation test (PCT™, Hampton), the optimal concentration for crystallisation 

of MosV-RBP was determined to be 5.5 mg/mL. MosV-RBP crystals were harvested 4 days 

following plate setup. Crystals were grown in the following precipitant mix: 0.2 M L-arginine, 0.1 

M Tris pH 7.8, 8% poly-γ-glutamic acid (PGA)-LM, 6% dextran sulphate. Crystals were immersed 

in 20% glycerol diluted in reservoir solution prior to cryo-cooling. X-ray diffraction data were 

collected at a wavelength of 0.9795 Å on beamline I04, DLS. Reflections were processed to a 

resolution of 2.75 Å (Table 4.3.4i). With the help of Dr Karl Harlos, for experimental phasing, 

crystals from this same condition were soaked in a solution containing potassium tetrachloroplatinate 

(K2PtCl4) for 3 hr, prior to cryo-cooling with a 20% glycerol solution containing K2PtCl4 diluted in 

precipitant. At beamline I04, DLS, crystals were exposed to a wavelength consistent with the 

platinum LIII absorption edge (λ = 1.072 Å) to facilitate experimental structure determination. A 

further MosV-RBP dataset was collected on crystals which grew between 52 and 79 days post plate 

preparation, utilising the following precipitant mix: 0.2 M potassium bromide, 0.2 M potassium 

thiocynate, 0.1 M sodium cacodylate pH 6.5, 3% PGA-LM, 20% w/v polyethylene glycol (PEG) 

550 MME. Crystals were harvested and cryo-cooled in a 20% glycerol solution diluted with 

precipitant. Data were collected at a wavelength of 0.9795 Å, on beamline I04, DLS, and 

subsequently reflections were processed to 1.62 Å (Table 4.3.4i). 

 The optimal concentration for NarV-RBP crystallisation was determined to be 4.5 mg/mL. 

Fine needle-like crystals appeared following 4 days after plate preparation, in the following 

precipitant condition: 0.2 M magnesium chloride, 0.1 M HEPES pH 7.5, 25% PEG 3350, 10% PEG 

400. Crystals were optimised by seeding into a lower concentration solution of NarV-RBP (Bergfors 

2007; Walter et al. 2008). Crystals were pulverised, utilising a seed bead (Hampton Research, USA) 

(Luft and DeTitta 1999), and dispensed onto a plate prepared with the original precipitant mix and 

NarV-RBP at a concentration of 3 mg/mL (Walter et al. 2008). Fine fan-like crystals were harvested 

and cryo-cooled in a 20% glycerol, precipitant mix, 8 days following plate preparation. Data were 

collected at wavelength of 0.9795 Å, on beamline I04, DLS, and subsequently reflections were 
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processed to 2.07 Å (Table 4.3.4ii). All MosV-RBP and NarV-RBP reflections were indexed, 

integrated and scaled using the xia2 package (Winter 2010).  

4.3.4 Structure determination 

Phase determination of the original MosV-RBP dataset using molecular replacement was not 

successful, however, as the crystals were numerous and reproducible, heavy metal soaks using 

K2PtCl4 were performed. The isomorphous differences between the native dataset and this new 

derivatised dataset, in addition to the anomalous signal derived from platinum, enabled subsequent 

phase determination using single isomorphous replacement with anamolous scattering (SIRAS). 

SIRAS was performed using the Autosol wizard (Terwilliger et al. 2009), which identified heavy 

atom sites, calculated initial phases, performed density modification, and proceeded with the initial 

building and refinement of the MosV-RBP model. Further iterative phase improvement and model 

building was performed using the ‘Phase and Build’ programme (Adams et al. 2010). The partial 

MosV-RBP model obtained was used as a molecular replacement model to phase the NarV-RBP 

dataset using PHASER (McCoy et al. 2007). Iterative rounds of NarV-RBP model building and 

refinement were performed using the programmes COOT (Emsley and Cowtan 2004) and 

Phenix.refine (Afonine et al. 2012), with the refinement statistics presented in Table 4.3.4ii. 

 Despite multiple attempts to iteratively build and refine the MosV-RBP model, it remained 

partially built and the R-factors were unsatisfactory (>30%). Using PHASER (McCoy et al. 2007), 

molecular replacement was performed using the refined NarV-RBP structure, making sure to avoid 

potential model bias imposed through maintenance of a consistent set of MosV-RBP Rfree flags. As 

above, the model underwent iterative rounds of building and refinement, and was considered 

complete. However, following collection of a higher resolution MosV-RBP dataset, molecular 

replacement was performed once again, this time utilising the lower resolution MosV-RBP as a 

model to enable phasing of the higher resolution MosV-RBP dataset. Model building and refinement 

was performed as above, with the refinement statistics presented in Table 4.3.4i.  
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Table 4.3.4i: Data collection and refinement statistics for MosV-RBP 
 Native Pt Peak High resolution native 
Data collection statistics    
    
Beamline DLS I02 DLS I04 DLS I04 
Spacegroup I 41 2 2 I 41 2 2 P 21 21 21 
Cell dimensions    
a, b, c (Å) 214.0, 214.0 138.4 214.0, 214.0 136.2 80.2, 83.9, 122.1 
α, β, γ (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 
Resolution range (Å) 67.66−2.75 (2.82−2.75)a 63.22−3.24 (3.32−3.24) 69.17−1.62 (1.65−1.62) 
Wavelength (Å) 0.9795 1.0721 0.9795 
Rmerge 0.12 (2.26) 0.18 (4.63) 0.08 (1.47) 
Rmeas 0.13 (2.46) 0.20 (4.76) 0.08 (1.62) 
Rpim 0.04 (0.79) 0.03 (0.65) 0.03 (0.68) 
I/σ I 15.3 (1.3) 22.1 (1.2) 13.0 (1.1) 
CC1/2 1.00 (0.51) 1.00 (55.9) 1.00 (0.50) 
Completeness (%) 99.7 (99.7) 99.9 (100.0) 99.8 (99.4) 
Multiplicity 11.7 (12.0) 53.6 (53.8) 6.5 (5.5 
    
Resolution (Å) 48.58−1.62 (1.68−1.62) 
No. reflections 10,324 
Rwork / Rfreeb (%) 20.1 (17.3 
No. atoms  

Protein 6,766 
Ligand/ion 14 
Water 695 

B−factors  
Protein 32.9 
Ligand/ion 36.4 
Water 38.6 

R.m.s deviationsc  
Bond lengths (Å) 0.006 
Bond angles (°) 0.89 

Ramachandram analysisd  
Favoured region (%) 96.3 
Allowed region 3.4 

aNumbers in parentheses refer to the outer resolution shell. 
bRfree is calculated as for Rwork, but using only 5% of the data which 
were separated prior to refinement. 
cr.m.s deviations: root mean square deviation from ideal geometry. 
dDetermined using the Molprobity server (Chen et al. 2010). 
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Table 4.3.4ii: Data collection and refinement statistics for NarV-RBP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aNumbers in parentheses refer to the outer resolution shell. 
bRfree is calculated as for Rwork, but using only 5% of the data which were separated prior to 
refinement. 
cr.m.s deviations: root mean square deviation from ideal geometry. 
dDetermined using the Molprobity server (Chen et al. 2010). 

 
NarV-RBP 

Data collection statistics 
 

Beamline DLS  I04 
Spacegroup P 1 21 1 
Cell dimensions 

 

a, b, c (Å) 55.4, 83.0, 93.0 
α, β, γ (°) 90.0, 90.0, 90.0 
Resolution range (Å) 82.96–2.07 

(2.14−2.07)a 
Wavelength (Å) 0.9795 
Rmerge 0.18 (0.81) 
Rmeas 0.24 (1.09) 
Rpim 0.13 (0.59) 
I/σ I 4.2 (1.3) 
CC1/2 0.98 (0.62) 
Completeness (%) 100 (99.9) 
Multiplicity 3.3 (3.4) 
  
Refinement statistics  
Resolution (Å) 55.38−2.07 

(2.14−2.07) 
No. reflections 50,856 
Rwork / Rfree

b (%) 23.0/27.0 
No. atoms  

Protein 6,702 
Ligand/ion 0 
Water 721 

B-factors  
Protein 23.3 
Ligand/ion N/A 
Water 26.6 

R.m.s deviationsc  
Bond lengths (Å) 0.003 
Bond angles (°) 0.63 

Ramachandran analysisd  
Favoured region (%) 97.1 
Allowed region (%) 2.8 
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4.4 STRUCTURE ANALYSIS 

4.4.1 Structure overview of the MosV and NarV RBPs 

Crystallographic analysis confirmed that the six-bladed β-propellers of MosV-RBP and NarV-RBP 

consist of the residues Thr209−Thr632 and Arg203−Asn626, respectively (Fig 4.4.1). For both of 

the structures, the asymmetric unit consisted of two near-identical β-propeller head domains, with a 

putative native dimeric interface composed of interactions between the first (β1) and sixth (β6) 

blades of the β-propeller (Fig 4.4.1). The root-mean-square deviation [RMSD] between MosV-RBP 

monomers is 0.4 Å over 428 aligned Cα atoms, with a buried surface area of 2,064 Å2, as calculated 

by the Proteins, Interfaces, Structures and Assemblies (PISA) server (Krissinel and Henrick 2007). 

The RMSD between NarV-RBP monomers is 0.4 Å over 427 aligned Cα atoms, with a calculated 

dimer interface area of 2,165 Å2. The first residue, Glu202, of MosV-RBP and final residue, Thr632, 

including the C-terminal could not be resolved. More regions of NarV-RBP could not be resolved, 

including residues Glu184−Asn197 at the N-terminus, and the extended C-terminus 

Asn626−Pro657, which were disordered and directed towards the solvent channels in the crystal. 

Potentially, such disorder is indicative of flexibility, which may only stabilised in the context of the 

native virion, where neighbouring RBPs or fusion (F) proteins may influence NarV-RBP structure.  

Despite a sequence similarity of only 31.4%, MosV-RBP and NarV-RBP monomers appear 

to maintain a close structural relationship, demonstrating a RMSD of 1.6 Å over 401 aligned Cα 

atoms. This is also reflected at the dimer level, where alignment of the two dimeric RBPs results in 

an RMSD of 1.8 Å over 801 aligned Cα atoms. Similarly, both structures are stabilised by a set of 

seven conserved disulphide bonds, consistent with the NiV-RBP structure, which presents this same 

conserved set of seven disulphides (Bowden, Crispin, et al. 2008). This is in contrast to NDV-RBP 

(Crennell et al. 2000) and MeV-RBP (Hashiguchi et al. 2007), which both show a less related pattern 

of disulphide bonding to the narmoviral RBPs, with only five and three conserved disulphides across 

the β-propeller, respectively. 
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Figure 4.4.1: Crystal structures of MosV-RBP and NarV-RBP β-propellers. (a) The six-bladed 
β-propeller MosV-RBP monomer is shown in cartoon representation with blades labelled (coloured 
blue to red, from N- to C-terminus), viewing from both top down and the side. The N-linked 
glycosylation site (Asn319) and corresponding N-acetylglucosamine residue (yellow sticks) 
observed within the crystal structure is annotated. (b) The six-bladed β-propeller NarV-RBP 
monomer, viewed from both top down and the side, is shown in cartoon representation with blades 
labelled (coloured blue to red, from N- to C-terminus). 
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 Unlike other paramyxoviruses, which typically present highly glycosylated surfaces 

(Bowden, Crispin, et al. 2008; Sawatsky and von Messling 2010; Hu et al. 1994; Segawa et al. 2003; 

Ng, Hiebert, and Lamb 1990; McGinnes and Morrison 1995; Panda et al. 2004; Chu et al. 2013), 

MosV-RBP and NarV-RBP, encode only three predicted N-linked glycosylation sequons (NXS/T 

where X≠P), with only one within the β-propeller, Asn319 for MosV-RBP and Asn575 for NarV-

RBP. In contrast to MosV-RBP where density observed at the Asn319 site is consistent with a single 

N-acetylglucosamine (GlcNAc), density for N-linked glycosylation at Asn575 was not observed in 

the NarV-RBP structure, either due to the site not being occupied (Jones, Krag, and Betenbaugh 

2005) or the glycan being disordered. 

4.4.2 Small-angle X-ray scattering analysis  

To assess the solution state characteristics of glycosylated MosV-RBP and NarV-RBP β-propellers, 

SAXS was carried out at beamline B21, Diamond Light Source (DLS), Didcot, UK. Utilising the 

software package ‘ScÅtter’, the molecular mass was calculated following determination of the radius 

of gyration (Rg) using Guinier analysis, the distance pair (P(r)) distribution using real space analysis 

and the volume-of-correlation (Vc) (Putnam 2016; Rambo and Tainer 2013b, 2013a). The mass 

calculated for the recombinantly produced MosV-RBP and NarV-RBP was approximately 117 kDa 

and 112 kDa, respectively (Rambo and Tainer 2013a). Considering that MosV-RBP and NarV-RBP 

were glycosylated and accounting for the typical approximately 10% error observed when measuring 

protein mass using SAXS, these data were consistent with the expected molecular mass of MosV-

RBP and NarV-RBP dimers (98 kDa and 106 kDa, respectively). Experimental scattering data were 

compared to a theoretical scattering profile calculated from the MosV-RBP and NarV-RBP crystal 

structures using the ‘Fast X-ray Scattering’ (FoXS) server (Schneidman-Duhovny, Hammel, and Sali 

2010). Whilst the calculated χ2 between the experimental SAXS profile and dimeric crystal structure 

data was not ideal in both cases (4.5 and 3.9, for MosV-RBP and NarV-RBP, respectively), when 

compared to fitting of a theoretical profile generated from MosV-RBP and NarV-RBP monomers 

alone (χ2 = >100), this analysis supported the dimeric organisation in solution (Fig 4.4.2). 

Furthermore, such discrepancies between the experimental and theoretical dimer profiles could arise 
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Figure 4.4.2: SAXS analysis indicates MosV-RBP and NarV-RBP β-propellers form dimers 
in solution. Experimental MosV-RBP and NarV-RBP SAXS data (blue) compared to theoretical 
data calculated from dimeric (orange) and monomeric (grey) crystal structures, plotted log intensity 
(I(q)) against the Porod invariant (q) (Schneidman-Duhovny, Hammel, and Sali 2010). (a) MosV-
RBP SAXS data against dimeric MosV-RBP, (b) NarV-RBP SAXS data against dimeric NarV-
RBP, (c) MosV-RBP SAXS data against monomeric MosV-RBP, (d) NarV-RBP SAXS data 
against monomeric NarV-RBP. The χ2 for each fit is represented above the plotted experimental 
and theoretical profiles. 
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Figure 4.4.3.1i: MosV-RBP and NarV-RBP are structurally distinct from characterised 
paramyxoviral RBPs. (a) Overlays of MosV-RBP (white) and NarV-RBP (grey) with other 
paramyxoviral RBP structures: from left to right, NDV (blue, 1E8V) (Crennell et al. 2000), NiV 
(pink, 2VWD) (Bowden, Crispin, et al. 2008), MojV (green, 5NOP) (Rissanen et al. 2017), MeV 
(purple, 2ZB5) (Hashiguchi et al. 2007). Cα trace rendered and root-mean-square deviation 
(RMSD) annotated. (b) Structure-based phylogenetic analysis of paramyxoviral RBP monomers: 
MosV; NarV; PIV3, parainfluenzavirus 3 (1V2I) (Lawrence et al. 2004); NDV (1E8V); PIV5, 
parainfluenza virus 5 (4JF7) (Welch et al. 2013); MuV (5B2C) (Kubota et al. 2016); MojV (5NOP); 
MeV (2ZB5); GhV, Ghana virus (4UF7) (Lee et al. 2015); NiV (2VWD); HeV (2X9M) (Bowden, 
Crispin, Harvey, et al. 2010); CedV, cedar virus (PDB code N/A) (Pryce et al. 2019). Structural 
Homology Program (SHP (Stuart et al. 1979)), utilised to calculate evolutionary distance matrices 
by means of pairwise superposition of RBP structures. The resultant matrices were used to plot an 
unrooted tree in PHYLIP (Felsenstein 1989). RBP surfaces are represented with cognate receptor 
binding sites coloured (red), and receptors presented either as yellow ribbon (protein) or spheres 
(carbohydrate). Calculated evolutionary distances are indicated beside the branches. 
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from an inability to resolve regions of disorder in the crystal structure and differences in the 

glycosylation state of the samples utilised for each technique.  

4.4.3 Comparison of MosV-RBP and NarV-RBP to different paramyxoviral RBPs 

4.4.3.1 Macro-comparisons  

Despite a conserved pattern of disulphide bonding across the β-propeller, pairwise analysis reveals 

that MosV-RBP and NarV-RBP deviate from the HNV-RBP structures (2.4−2.7 Å and 2.2−2.4 Å 

RMSD, respectively) (Bowden, Crispin, et al. 2008) (Fig 4.4.3.1iA). Indeed, a similar level of 

structural divergence is observed upon pairwise analysis of MosV-RBP and NarV-RBP against 

MeV-RBP (3.3 Å and 3.1 Å RMSD, respectively) and the HN-type RBPs of the Respiro-, 

Orthoavula-, and Orthorubulavirus genera (2.4−2.9 Å and 2.3−2.5 Å RMSD, respectively) (Yuan et 

al. 2005; Lawrence et al. 2004; Crennell et al. 2000; Hashiguchi et al. 2007; Bowden, Aricescu, et 

al. 2008; Rissanen et al. 2017; Kubota et al. 2016) (Fig 4.4.3.1iA). This observed independence is 

reflected upon structural phylogenetic analysis of the narmovirus RBPs and published RBP 

structures, where MosV-RBP and NarV-RBP form a distinct branch equidistant from the HN-type 

RBPs and the protein binding RBPs (Fig 4.4.3.1iB). The apparent distinction of the MosV-RBP and 

NarV-RBP is reflective of an evolutionary divergence from an ancestral paramyxoviral RBP.   

 This apparent structural independence of MosV-RBP and NarV-RBP from other 

paramyxoviral RBPs extends to the observed dimeric arrangement (Fig 4.4.3.1ii). As calculated by 

the PISA server (Krissinel and Henrick 2007), the association between MosV-RBP protomers 

occludes 2,066 Å2 of solvent accessible surface area, and is stabilised by 16 hydrogen bonds and 3 

salt bridges. The interface between NarV-RBP protomers is similarly substantial, demonstrating a 

surface area of 2,157 Å2, stabilised by 19 hydrogen bonds and 3 salt bridges (Fig 4.4.3.1ii). MosV-

RBP and NarV-RBP show a similar mode of dimerisation as that observed in HN-type oligomeric 

RBP structures (Crennell et al. 2000; Kubota et al. 2016; Yuan et al. 2005; Lawrence et al. 2004), 

where residues of both the 1st and 6th blades (β1 and β6, respectively) contribute to the interface. 

However, the Narmovirus RBP structures demonstrate a greater buried surface area, and utilise 



Chapter 4: Mossman virus and Nariva virus receptor binding protein 
 

 

116 
 

 

 

salt bridges in the arrangement. Calculation of the angle of association of MosV-RBP and NarV-

RBP protomers also reveals that their overall organisation is divergent from the established RBP 

dimerisation modes presented by the henipaviral RBPs, morbilliviral RBPs and HN-type RBPs. 

Indeed, whilst the HN-type RBP dimers typically assemble with a 60° of association between 

protomers, the MosV-RBP and NarV-RBP protomers are organised approximately 90° relative to 

each other. 

 

Figure 4.4.3.1ii: Dimeric assembly of MosV-RBP and NarV-RBP. The crystallographic MosV-
RBP and NarV-RBP dimer shown in cartoon representation with monomers coloured rainbow from 
the N-terminus to C-terminus (blue to red, respectively). Calculated angle of association, interface 
area and number of hydrogen bonds is displayed to the right-hand side of the relevant dimer. The 
circles labelled ‘A’ and ‘B’ represent different monomers of the dimeric assembly. 
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Figure 4.4.3.2i: Mapping of MosV-RBP and NarV-RBP sequence conservation onto 
henipaviral and morbilliviral RBPs. (a) NiV-RBP (2VSM) (Bowden, Aricescu, et al. 2008) is 
shown as a surface with ephrinB2 shown as a yellow ribbon and the cognate receptor-binding 
footprint coloured blue (far left). Sequence conservation of GhV-RBP (second left), MosV-RBP 
(second right), and NarV-RBP (far right), with NiV-RBP mapped onto the surface of NiV-RBP. 
Consistent with the known shared usage of ephrinB2, GhV-RBP and NiV-RBP share an elevated 
level of sequence conservation at the ephrin receptor binding site. This feature of elevated sequence 
conservation was not observed using the same approach with NiV-RBP and the narmoviral RBPs, 
suggestive that MosV-RBP and NarV-RBP do not utilise ephrin receptors. Residues coloured red 
are identical, those that are pink are equivalent residues. (b) MeV-RBP (3ALZ) (Hashiguchi et al. 
2011) is shown in surface representation with SLAM-F1 (green) and nectin-4 (cyan) shown in ribbon 
representation and the cognate joint receptor-binding footprint coloured blue (far left). Sequence 
conservation of CDV-RBP (second left), MosV-RBP (second right), and NarV-RBP (far right), with 
MeV-RBP is mapped onto the surface of MeV-RBP. Residues coloured red are identical, those 
coloured pink are equivalent. Consistent with the shared usage of SLAMF1/nectin-4, MeV-RBP and 
CDV-RBP share an elevated level of sequence conservation at the receptor binding sites. This 
feature of elevated sequence conservation was not observed using the same approach with MeV-
RBP and the narmoviral RBPs, suggestive that MosV-RBP and NarV-RBP do not utilise 
SLAMF1/nectin-4 receptors. 
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Figure 4.4.3.2ii: The surfaces of MosV-RBP and NarV-RBP appear incompatible to binding 
characterised paramyxoviral proteinaceous receptors. (a) The surface of NiV-RBP (left) 
(white), with the G-H loop of ephrinB2 shown in cartoon representation (yellow) (2VSM) (Bowden, 
Aricescu, et al. 2008). To the right MosV-RBP (blue) is shown in surface representation with the 
G-H loop docked into the putative binding site, revealing that the loop would be unlikely to bind 
due to the lack of the necessary pockets required to accommodate residues Phe120, Leu124 and 
Trp125 of ephrinB2. (b) MeV-RBP (left) shown as grey cartoon with blades β4 and β5 coloured 
darker grey (Hashiguchi et al. 2007). The arrow indicates the location of the deep β4-β5 groove. 
MosV-RBP (right) shown as a blue cartoon with darker blue used to represent blades β4 and β5. 
The arrow indicates the lack of the characteristic morbilliviral groove.  
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4.4.3.2 Comparisons to characterised receptor-binding sites 

To determine the level of conservation across characterised henipaviral and morbilliviral receptor 

binding sites, the identical and equivalent residues encoded by the narmoviral RBPs were mapped 

onto NiV-RBP (2VSM) (Bowden, Aricescu, et al. 2008) and MeV-RBP (3ALZ) (Hashiguchi et al. 

2011) structures (Fig 4.4.3.2i). Conservation mapping of MosV-RBP and NarV-RBP sequences 

revealed that in addition to displaying a low sequence identity with the henipaviral RBP β- propeller 

(23% and 19%, respectively), the ephrinB2 binding site was not maintained, demonstrating only 

26% and 28% identity, respectively (Fig 4.4.3.2iA). Furthermore, superposition of ephrinB2 

(2VSM) (Bowden, Aricescu, et al. 2008) and ephrinB3 (3D12) (Xu et al. 2008) onto MosV-RBP and 

NarV-RBP structures reveals a non-complementary receptor-binding surface, with 

ephrinB2/ephrinB3 recognition likely sterically hindered by an extended β5L01 loop, not present in 

the HNV-RBP structures (Pryce et al. 2019; Lee et al. 2015; Bowden, Aricescu, et al. 2008; Xu et 

al. 2008). Additionally, MosV-RBP and NarV-RBP lack the hydrophobic pockets required to 

accommodate residues Phe120EphrinB2/Tyr120EphrinB3, Leu124, and Trp125 of presented by the G-H 

loop of ephrinB2 and ephrinB3 (Bowden, Aricescu, et al. 2008; Xu et al. 2008) (Fig 4.4.3.2iiA). The 

presentation of a surface incompatible to B-class ephrin interactions is suggestive that MosV-RBP 

and NarV-RBP do not utilise the established mode of henipaviral entry, a finding corroborated by 

flow cytometry data collected by collaborators in the laboratory of Prof. Benhur Lee (Icahn School 

of Medicine at Mount Sinai, USA), where MosV-RBP and NarV-RBP did not bind Chinese hamster 

ovary (CHO) cells presenting ephrinB2 (unpublished data).  

Similarly, MosV-RBP and NarV-RBP do not maintain identity with MeV-RBP (3ALZ) 

(Hashiguchi et al. 2011) over the β-propeller (22% and 24%, respectively), or across SLAM-F1 (12% 

and 9%, respectively) and nectin-4 (7% and 10%, respectively) binding sites (Fig 4.4.3.2iB). In 

addition, they lack the β4-5 groove integral to wildtype morbilliviral receptor interactions 

(Hashiguchi et al. 2011; Zhang et al. 2013)  (Fig 4.4.3.2iiB).  

 Of the seven residues commonly implicated in sialidase activity, Arg1, Asp1, Glu4, Arg4, 

Arg5, Tyr6 and Glu6, both MosV-RBP and NarV-RBP display some identity at the level of primary  
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Figure 4.4.3.2iii: Conservation of MosV-RBP and NarV-RBP across the characterised sialic 
acid interacting site. (a) Alignment of the receptor binding protein (RBP) amino acid sequences 
from MosV, NarV, bank vole virus (BaVV), Newcastle disease virus NDV, AMPV-2, AMPV-3, 
MuV and SeV. The seven conserved sialidase residues (Langedijk, Daus, and VanOirschot 1997) 
and hexapeptide motif (Mirza, Deng, and Iorio 1994) are labelled according to residue and blade 
location (Langedijk, Daus, and VanOirschot 1997) and annotated above alignments. Genbank 
accession codes are listed in Appendix D. (b) NDV-RBP (left) (1E8V) shown using cartoon 
representation (grey) with important sialic acid interacting residues rendered as sticks and annotated 
(Crennell et al. 2000). Sialic acid analogue N-Acetyl-2,3-dehydro-2-deoxyneuraminic acid (DANA) 
is represented as sticks and coloured yellow. The equivalent region of MosV-RBP (right) (blue) is 
shown with DANA superimposed (yellow), also utilising cartoon representation and sticks to 
illuminate important residues. MosV-RBP lacks the majority of the residues involved in sialic acid 
interactions.  
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sequence (Crennell et al. 2000; Iorio et al. 2001; Langedijk, Daus, and VanOirschot 1997). MosV-

RBP and NarV-RBP encode the residues, Arg1 (Arg249 and Arg244, respectively), Asp1 (Asp273 

and Asp269, respectively), Tyr6 (Tyr600 and Tyr595, respectively), in addition to MosV-RBP also 

encoding Glu4 (Glu475) (Fig 4.4.3.2iiiA) (Miller et al. 2003; Lambeth et al. 2009). However, 

structural analysis reveals that both the Glu4 and Tyr6 residues of MosV-RBP and NarV-RBP are not 

presented within the putative sialic acid binding site (Fig 4.4.3.2iiiB), and are instead located at the 

underside of the propeller. Additionally, both proteins present an altered hexapeptide motif, 

‘Asn−Arg−Lys−Ser−Cys−Ser’ (Mirza, Deng, and Iorio 1994), with MosV-RBP only presenting the 

final two residues, ‘Cys−Ser’, and NarV-RBP only retaining the cysteine residue (Fig 4.4.3.2iiiA). 

Nonetheless, despite lack of these integral sialic acid interacting residues, both MosV-RBP and 

NarV-RBP present a deep central pocket consistent with the site observed in the HN-type RBP 

structures (Crennell et al. 2000; Lawrence et al. 2004; Yuan et al. 2005; Kubota et al. 2016) (Fig 

4.4.3.2iiiB).  

 Observation of such differences across these receptor binding sites, indicates both a 

structural and functional divergence from the characterised modes of paramyxoviral host-cell 

engagement. 

4.5 ASSESSMENT OF MOSV-RBP AND NARV-RBP SIALIC ACID 

INTERACTIONS 

Structural analysis of MosV-RBP and NarV-RBP indicate that both proteins are unlikely to utilise 

sialic acid as a host-cell receptor. To assess the ability of MosV-RBP and NarV-RBP to interact with 

sialic acid, the proteins were applied to hemadsorption and neuraminidase activity assays (Morrison 

and McGinnes 1989; Potier et al. 1979). Human embryonic kidney (HEK) 293T cells displaying 

either full-length MosV-RBP or full-length NarV-RBP exhibited no capacity for neuraminidase 

activity or hemadsorption when compared to an NDV-RBP control (Fig 4.5) (Potier et al. 1979; 

Morrison and McGinnes 1989). The lack of interactions with sialic acid was consistent with the  
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absence of key sialidase residues, indicating that MosV and NarV likely utilise a sialic acid 

independent mode of entry. 

4.6 COMPARISONS WITHIN THE NARMOVIRUS GENUS 

Study of the MosV-RBP and NarV-RBP within the context of the characterised RBPs of the 

Paramyxoviridae, indicates that these viruses are unlikely to utilise any characterised paramyxoviral 

receptor. However, as observed through sequence conservation mapping of the henipaviral and 

morbilliviral RBPs, paramyxovirus RBPs tend to maintain conserved receptor binding sites despite 

high overall sequence variability (Zeltina, Bowden, and Lee 2016). Mapping the sequence 

conservation between MosV-RBP and NarV-RBP onto the MosV-RBP revealed an extensive 

elevated region of identity spanning across the two protomers (Fig 4.6A). Flow cytometry analysis 

performed by collaborators in the laboratory of Prof. Benhur Lee have identified that MosV-RBP 

interacts with both the mouse lung adenoma cell line, LA-4, and the African green monkey kidney  

Figure 4.5: MosV-RBP and NarV-RBP display no hemadsorption and neuraminidase activity. 
(a) MosV-RBP and NarV-RBP neuraminidase (Potier et al. 1979) and hemadsorption (Morrison 
and McGinnes 1989) activity normalized to cell surface expression and a NDV-RBP control. For 
both hemadsorption (n = 12) and neuraminidase (n = 6) analysis error bars represent the standard 
deviation across all replicates. 
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Figure 4.6: Mapping of sequence conservation between MosV-RBP and NarV-RBP onto the 
surface of MosV-RBP reveals a patch of elevated identity. (a) MosV-RBP is shown as surface 
with identical and equivalent residues shared with NarV-RBP, coloured red and pink respectively. 
Residues selected for mutation studies are annotated. (b) Western blot analysis following small-
scale expression screening of wildtype (wt) and mutant MosV-RBP conjugated to an Fc in 
HEK293T cells. (c) Size exclusion analysis shows that MosV-RBP conjugated to an Fc tag, in both 
wt (blue) and mutant (grey) forms, elutes at a volume consistent with the expected size. The samples 
were aligned against a size exclusion standard (ID: 1511901, BioRad, orange), with markers at 670, 
158, 44 and 17 kDa.  
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epithelial Vero cell line (unpublished data). Whilst this region of identity was only an indication of 

a receptor binding site shared by MosV-RBP and NarV-RBP, these data provided a mechanism to 

study Narmovirus receptor interactions further through site-directed mutagenesis and subsequent 

flow cytometry analysis. 

4.6.1 Production of mutant MosV-RBPs 

To assess the impact of the patch of identity shared by MosV-RBP and NarV-RBP in cell binding, 

site-directed mutagenesis of MosV-RBP was performed in order to introduce substitutions across 

this region. Three residues were selected for initial substitution, with those chosen predicted to cause 

either a chemical or structural change to the surface. The substitutions were as follows: Asn230Arg, 

Arg268Asn, Arg268Ala, and Gln271Arg (Fig 4.6A). Utilising the full-length human codon-

optimised MosV-RBP gene, the substitutions were introduced by splicing by overlap extension 

(SOE) polymerase chain reaction (PCR) (Heckman and Pease 2007), and mutated fragments ligated 

into the pHLsec vector (Aricescu, Lu, and Jones 2006). Constructs for soluble production of wildtype 

(wt) and mutant MosV-RBPs were generated through PCR of Thr157−Thr632 from the full-length 

MosV-RBP backbones. These were subsequently inserted into a pHLsec vector with a C-terminal 

Fc tag and hexa-histidine tag encoded, enabling purification and analysis by flow cytometry. The 

ability of the constructs to produced soluble protein was assessed by small-scale expression 

screening in HEK293T cells (Fig 4.6B). 

 Large-scale production of wt and mutant MosV-RBP (Thr157−Thr632)-Fc-6xHis was 

performed through transient transfection of HEK293T cells. Cell culture supernatants were clarified 

by centrifugation, filtered and subject to buffer exchange into 20mM sodium phosphate pH 7.0. The 

concentrated and exchanged supernatants were purified using protein G affinity chromatography 

with a HiTrap® Protein G HP (GE Healthcare) column. Subsequently, fractions comprising the peak 

were concentrated and applied to a Superdex™ 200 Increase 10/300 GL column for gel filtration. 

Consistent with dimeric and Fc tagged MosV-RBP molecules, both the mutagenised and wt protein 

presented a molecular mass larger than that observed with the non-Fc tagged version (Fig 4.6C).  
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Figure 4.6.2: The potential receptor binding site (RBS) is as pronouced following mapping of 
sequence conservation between MosV-RBP and BaVV-RBP onto the surface of MosV-RBP. 
(a) MosV-RBP is shown as surface with identical and equivalent residues shared with BaVV-RBP, 
coloured red and pink, respectively. The MosV-RBP residues selected for site-directed mutagenesis 
studies and the corresponding BaVV residues are annotated. A table outlines the overall identity and 
identity across the putative RBS between BaVV-RBP and the structurally characterised MosV-RBP 
and NarV-RBP.  
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These samples were sent to be analysed by flow cytometry in the laboratory of Prof. Benhur Lee, 

where experiments are ongoing. 

4.6.2 Comparison of MosV-RBP and NarV-RBP to the recently discovered bank vole virus 

RBP 

Following generation of the MosV-RBP mutants, work was published concerning the genetic 

characterisation of a third Narmovirus from Russia, BaVV (Alkhovsky et al. 2018; Amarasinghe et 

al. 2019). Sequence conservation mapping revealed that the RBP of BaVV had a slight elevation of 

sequence identity across the putative Narmovirus RBP binding site (Fig 4.6.2), though not to the 

extent observed between MosV-RBP and NarV-RBP. A number of residues that form the region of 

elevated identity observed between MosV-RBP and NarV-RBP are not conserved, in particular, 

BaVV-RBP lacks a Asn at the position corresponding to 230MosV-RBP (Fig 4.6.2), one of the mutants 

selected for flow cytometry analysis. Given this, future mutagenesis studies concerning the 

narmoviral RBPs may benefit from the consideration of BaVV-RBP identity in addition to MosV-

RBP and NarV-RBP.  

4.7 DISCUSSION 

Explorations into viruses harboured by various wildlife reservoirs has begun to unveil the 

unprecedented diversity of paramyxoviruses that fall outside the existing genera (Thibault et al. 

2017). One major reservoir of paramyxoviruses are populations of rodents, which due to their 

extensive inter- and intra-species behaviours are amplifiers of viral diversity (Thibault et al. 2017; 

Drexler et al. 2012). The existence of these reservoirs has motivated our work to model and 

understand such novel viruses isolated from rodent species (Rissanen et al. 2017). MosV and NarV 

represent the narmoviruses, a recently defined paramyxoviral genus discovered in numerous rodent 

species worldwide (Lambeth et al. 2009; Miller et al. 2003; Amarasinghe et al. 2019). The molecular 

interactions between the paramyxoviral RBP and their cognate receptors is an important determinant 

of a virus’s propensity for interspecies transmission (Zeltina, Bowden, and Lee 2016; Thibault et al. 

2017). Concerning the RBP, I proceeded to determine the structures for both MosV-RBP and NarV-
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RBP, utilising existing knowledge of paramyxoviral receptor binding sites to determine the structural 

independence of these viruses, supporting the recent establishment of the genus, Narmovirus 

(Amarasinghe et al. 2019).  

 Structural study of MosV-RBP and NarV-RBP revealed that whilst the head domains of the 

RBPs retained the conserved six-bladed β-propeller fold, the RBPs lacked the necessary residues 

and complimentary surface required for characterised paramyxoviral receptor interactions. Both 

MosV-RBP and NarV-RBP did not present the β4-β5 groove integral to the interaction between 

MeV and its receptors (Hashiguchi et al. 2011; Zhang et al. 2013; Santiago et al. 2010) and the 

characteristic B-class ephrin binding pocket presented by the henipaviral RBPs (Bowden, Aricescu, 

et al. 2008; Xu et al. 2008). This apparent inability to interact with B-class ephrin receptors is 

consistent with data collected by collaborators from the laboratory of Prof. Benhur Lee (Icahn School 

of Medicine at Mount Sinai), where binding of soluble MosV-RBP and NarV-RBP to ephrinB2 

presenting CHO cells was not detected. Reflecting this independence of the narmoviral RBPs, an 

absence of extensive glycosylation was not characteristic of paramyxoviral RBPs (Bowden, Crispin, 

et al. 2008; Sawatsky and von Messling 2010; Hu et al. 1994; Segawa et al. 2003; Ng, Hiebert, and 

Lamb 1990; McGinnes and Morrison 1995; Panda et al. 2004; Chu et al. 2013). It was also found 

that the narmoviral RBPs also lacked a number of residues required for binding and hydrolysing 

sialic acid, with an inability to interact with sialic acid confirmed through hemadsorption and 

neuraminidase activity analysis. Additionally, the distinct RBP does not align closely with other 

structurally characterised RBPs, as demonstrated utilising pairwise overlay analysis and the 

constructed structure-based phylogeny. Furthermore, the oligomeric organisation of MosV-RBP and 

NarV-RBP is unlike dimeric associations observed for the HN-type RBPs, where the angle of 

association is approximately 60° (Yuan et al. 2005; Yuan et al. 2008; Lawrence et al. 2004; Kubota 

et al. 2016; Crennell et al. 2000). Divergence of the dimeric organisation has been observed in the 

HeV and MeV structures, most likely as a requirement to accommodate larger receptors (Bowden, 

Crispin, Harvey, et al. 2010; Hashiguchi et al. 2007; Bowden, Aricescu, et al. 2008; Hashiguchi et 

al. 2011; Zhang et al. 2013; Santiago et al. 2010), however, the narmoviral RBP dimer with an 
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approximate 90° angle of association is also distinct from these protein binding RBPs. Together these 

data outline a number of structural differences which support the recent distinction of the 

narmoviruses (Amarasinghe et al. 2019). 

 Sequence conservation between MosV-RBP and NarV-RBP, when mapped onto the MosV-

RBP, surface reveal the existence of a patch of elevated identity stretching across the two protomers 

of the dimer despite sequence variability between the two. The potential usage of this site for receptor 

interactions would be consistent with the dimeric organisation of the narmoviral dimer, and 

furthermore resembles the binding sites utilised by other RBPs in that such sites are conserved 

between the different RBPs within a specific genus (Zeltina, Bowden, and Lee 2016). The discovery 

of this site, and the flow cytometry data provided by our collaborators in the laboratory of Prof. 

Benhur Lee offered a means to potentially study the viruses further through mutagenesis of residues 

across this region. Following production of mutant MosV-RBP, protein samples were sent to our 

collaborators for further testing. However, the recent molecular characterisation of BaVV 

(Alkhovsky et al. 2018), a member of the Narmovirus genus (Amarasinghe et al. 2019), revealed 

that some of the selected mutations were not conserved across the BaVV-RBP surface. Future efforts 

to characterise the receptor binding site utilised by this group of viruses will undoubtedly account 

for this newly discovered virus. Furthermore, given the structural plasticity of the paramyxoviral β-

propellers (Bowden, Crispin, Jones, et al. 2010), another region on the RBP surface may form the 

receptor binding site, and it may be that MosV-RBP, NarV-RBP, and BaVV-RBP do not interact 

with the same receptor. Further work with a view to identifying the receptors utilised by these viruses 

is ongoing and covered in chapter 6.  

4.8 CONCLUSIONS 

The structural characterisation of MosV-RBP and NarV-RBP support the recent independent 

classification of these viruses within the newly defined genus, Narmovirus (Amarasinghe et al. 

2019). Furthermore, the narmoviral RBP surface is distinct from those already characterised, and 

MosV-RBP and NarV-RBP present a potential common binding site requiring further study. Overall 
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this data expands our appreciation of the diversity of RBPs exhibited by paramyxoviruses. However, 

further work is certainly required to further characterise these viruses and assess their potential for 

interspecies transmission, with particular attention to receptor interactions.  
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5 THE J PARAMYXOVIRUS AND BEILONG VIRUS 

RECEPTOR BINDING PROTEINS 

5.1 SUMMARY OF FINDINGS 

The paramyxoviruses of the newly defined genus, Jeilongvirus, within the Paramyxovirdae family, 

have the longest characterised genome of all viruses of the order Mononegavirales (Amarasinghe et 

al. 2019). A number of features are distinct within this uniquely large genome, including an extended 

receptor binding protein (RBP) (Jack et al. 2005; Vanmechelen, Bletsa, Laenen, Lopes, Vergote, 

Beller, Deboutte, Korva, Avšič Županc, et al. 2018). Indeed, in addition to exhibiting the 

characteristic paramyxoviral RBP domain architecture, jeilongvirus RBPs also have an extended C-

terminus of varying length (139−1,014 amino acids) and unknown function. Sequence analysis 

reveals that J paramyxovirus (JPV) and beilong virus (BeiV) RBPs present residues known to be 

integral for sialic acid interactions (Langedijk, Daus, and VanOirschot 1997; Crennell et al. 2000; 

Iorio et al. 2001), despite a previous study suggesting that JPV likely lacks neuraminidase activity 

(Jun, Karabatsos, and Johnson 1977). Consistent with a close functional relationship of jeilongvirus 

RBPs with sialic acid binding RBPs, my X-ray crystallographic analysis reveals that JPV-RBP and 

BeiV-RBP structures align closely with hemagglutinin neuraminidase (HN)-type RBPs. 

Furthermore, JPV-RBP and BeiV-RBP maintain the structurally conserved primary sialic acid 

binding pocket on the top face of the propeller (Crennell et al. 2000; Lawrence et al. 2004; Yuan et 

al. 2005; Kubota et al. 2016), along with a potential secondary binding site at the dimeric interface 

(Zaitsev et al. 2004). Interestingly, analogous to the RBP structure from the Ulster strain of NDV, 

which presents a C-terminus involved in inhibiting sialic acid associated activity (Yuan et al. 2012), 

structural characterisation of the BeiV-RBP C-terminal segment reveals a ‘hat-like’ domain that 

extends into the putative sialic acid interaction site at the centre of the six-bladed β-propeller fold. 

Additionally, despite the C-terminal segment of JPV-RBP being disordered in the crystal, electron 

density potentially corresponding to a Cα chain within the putative sialic acid site suggests that the 

JPV-RBP C-terminal extension may be structurally employed for a similar auto-inhibitory role. 
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Hemadsorption and neuraminidase activity analysis confirmed that JPV-RBP and BeiV-RBP 

presenting the full C-terminal extension are unable to interact with sialic acid. Subsequent analysis 

of JPV-RBP and BeiV-RBP C-terminal truncations has not been possible due to the timing of this 

work within this thesis, therefore the auto-inhibition hypothesis was not tested.  Nonetheless, these 

structural findings provide evidence for a close evolutionary relationship of jeilongvirus RBPs with 

HN-type RBPs, and support the hypothesis that the extended C-terminus facilitates auto-inhibition 

functionality.  

5.2 INTRODUCTION 

Isolated from feral mice in Queensland, Australia, in the 1970s (Jun, Karabatsos, and Johnson 1977; 

Mesina et al. 1974), JPV is the first known member of the recently defined genus, Jeilongvirus 

(Amarasinghe et al. 2019). At the time of molecular characterisation, JPV presented the greatest 

known divergence from the typical six-gene paramyxovirus genome structure, and had the longest 

known genome of the order, Mononegavirales (Jack et al. 2005). Subsequently, BeiV was isolated 

following the detection of cDNA clones with sequence homology to paramyxoviral genes during a 

subtractive hybridisation experiment focused on identifying genes upregulated by Angiotensin II in 

human kidney mesangial cells (HMCs) (Schomacker, Collins, and Schmidt 2004; Liang et al. 2003; 

Basler, García-Sastre, and Palese 2005; Li et al. 2006b).  

 The extensively long JPV genome encodes an additional small hydrophobic (SH) protein, 

TM protein, an elongated RBP, and an additional open reading frame (ORF), termed ‘X’. In addition 

to the SH and TM genes, the BeiV also encodes two further ORFs with unknown functionality, 

termed ‘X1’, a proline, serine and threonine (P/T/S)-rich protein, and X2’. Analysis of a variety of 

laboratory cell lines during the original gene expression study revealed that the likely origin of BeiV 

was a rat mesangial cell (RMC) line from 1998 (Li et al. 2006b). Consistent with this hypothesis, 

BeiV was identified in black and brown rats in Hong Kong, China, and is thought to be endemic in 

these populations (Woo, Lau, Wong, Wu, et al. 2012). Subsequent molecular characterisation of 

these rat isolated variants revealed the absence of a stop codon at position 2,205 of the BeiV RBP 
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gene, resulting in an RBP 1,046 amino acids in length, as opposed to the 734 observed from the 

laboratory isolated BeiV (Woo et al. 2016b). The absence of the stop codon results in the 

incorporation of what was previously termed ORF ‘X1’. Subsequent investigation found that unlike 

JPV-RBP and BeiV(HMC)-RBP, a number of newly identified jeilongviruses include the P/T/S-rich 

‘X1’ region (Vanmechelen, Bletsa, Laenen, Lopes, Vergote, Beller, Deboutte, Korva, Avšič Županc, 

et al. 2018). Herein, BeiV will be variously appended with ‘HMC’ or ‘rat’ to denote origin, when 

necessary. 

 The identification and isolation of further members of the Jeilongvirus genus has expanded 

our understanding of the genome structures presented by these viruses and increased our appreciation 

of their widespread presence in animal populations worldwide. This includes the isolation of Tailam 

virus (TlmV) from Sikkim rats in China (Woo et al. 2011b), Mount Mabu Lophuromys 

paramyxoviruses 1 and 2 (MMLPV-1 and -2) from Rungwe brush-furred rats in Mozambique and 

Pohorje Myodes paramyxovirus 1 (PMPV-1) from bank voles in Slovenia (Vanmechelen, Bletsa, 

Laenen, Lopes, Vergote, Beller, Deboutte, Korva, Avšič Županc, et al. 2018). Other studies have 

identified the presence of jeilongviruses in other bat, rodent and shrew populations (Noh et al. 2018; 

Kurth et al. 2012; Maganga et al. 2014; Sasaki et al. 2014; Mortlock et al. 2019), however, oftentimes 

full genetic characterisation of these viruses has not been performed. Furthermore, the potential for 

interspecies transmission is demonstrated by JPV. Indeed, initial characterisation of this virus led to 

the isolation of serum neutralising antibodies from mice, rats, pigs, cattle and humans, however with 

the exception of rodents JPV infection was not associated with disease (Jack et al. 2005; Jun, 

Karabatsos, and Johnson 1977). Therefore, despite the continued identification and isolation of 

jeilongviruses in numerous species, worldwide, the disease potential and evolutionary origin of these 

viruses remains unknown. Given the role of the unique jeilongviral RBP in dictating tissue and 

species tropism (Thibault et al. 2017), studies of this protein are essential for clarifying jeilongvirus 

pathobiology.  

Similar to all paramyxoviruses, jeilongviruses utilise an RBP and fusion (F) protein to 

mediate viral entry (Jardetzky and Lamb 2014). The RBP is presented on the paramyxoviral surface 
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as a dimer-of-dimers (Yuan et al. 2008; Yuan et al. 2011), with each protomer formed of an intraviral 

(IV) portion, transmembrane (TM) domain, α-helical stalk, and a six-bladed β-propeller head 

domain, which interacts with the host-cell receptor. The primary amino acid sequence of the six-

bladed β-propeller head domain of JPV-RBP and BeiV-RBP is most closely related to hemagglutinin 

neuraminidase (HN)-type β-propellers, with JPV-RBP and BeiV-RBP demonstrating 27% and 26% 

sequence identity to parainfluenza virus 3 (PIV3)-RBP, respectively. Importantly, the RBPs of 

jeilongviruses typically retain the majority of the residues implicated in the sialic acid associated 

interactions characteristic of HN-type RBPs. The seven conserved sialidase residues presented by 

HN-type RBPs are: Arg1, Asp1, Glu4, Arg4, Arg5, Tyr6, and Glu6 (sub-script refers to location on 

blades 1−6 of the β-propeller fold) (Iorio et al. 2001; Langedijk, Daus, and VanOirschot 1997; 

Crennell et al. 2000). RBPs from JPV, BeiV (both HMC and rat), MMPV-2, PMPV-1, and TlmV 

present residues Arg1, Glu4, Arg4, Arg5, Tyr6, and Glu6 (Fig 5.2iA). The typically conserved Asp1 is 

much more variable, with only MMPV-2 maintaining this residue. However, in the context of the 

jeilongviral RBPs, Asp1 is often conservatively substituted with the similar residue, Glu, as is the 

case for BeiV-RBP. In addition, the importance of Asp1 in mediating sialic acid activity of the related 

mumps virus (MuV) has been debated (Kubota et al. 2016).  MMPV-1 is an outlier within the family, 

in that it only retains the sialidase associated residues, Arg1 and Tyr6. Similarly, the hexapeptide 

motif (Asn−Arg−Lys−Ser−Cys−Ser), which is integral to the enzymatic activity of paramyxoviral 

HN-type RBPs (Mirza, Deng, and Iorio 1994), displays only a small level of divergence with 

jeilongviral RBPs, where Lys/Arg and Ser/Thr are variously presented at the 3rd and 6th positions of 

the hexapeptide, respectively (Fig 5.2iA).  

 In addition to the well conserved sialic acid binding site formed by the seven sialidase 

residues and the hexapeptide motif, some HN-type paramyxoviral RBPs present a secondary sialic 

acid binding site associated with triggering fusion (Zaitsev et al. 2004; Porotto et al. 2012b; Porotto 

et al. 2007; Yuan et al. 2012). Structural studies of NDV-RBP reveal that this site is located at the 

dimer interface and is composed of residues from both propellers, primarily including, Gly169NDV- 
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Figure 5.2i: Amino acid sequence alignment of regions known to confer sialic acid binding and 
hydrolysis functionality. (a) Alignment of the receptor binding protein (RBP) amino acid sequences 
from Newcastle disease virus (NDV), human kidney mesangial cell (HMC) and rat isolated beilong 
virus (BeiV), Tailam virus (TlmV), Pohorje Myodes paramyxovirus 1 (PMPV-1), Mount Mabu 
Lophuromys paramyxovirus 1 and 2 (MMLPV-1/2), J paramyxovirus (JPV), avian 
paramyxoviruses 1 and 2 (AMPV-2/3), mumps virus (MuV) and Sendai virus (SeV). Residues 
associated with primary sialic acid interactions, including the seven conserved sialidase residues 
(Langedijk, Daus, and VanOirschot 1997) and hexapeptide motif (Mirza, Deng, and Iorio 1994; Li 
et al. 2006b), are labelled according to residue and blade location (Langedijk, Daus, and 
VanOirschot 1997) and annotated above alignments. (b) Alignment of RBP sequences as above 
with residues associated with secondary sialic acid interactions annotated (Zaitsev et al. 2004). 
Genbank accession codes are listed in Appendix D. (c) Structure of the NDV-RBP Ulster strain 
(Yuan et al. 2012) (4ZFH), with the head-domain (white) and C-terminal extension (blue) shown in 
cartoon representation, and interchain disulphide bonds represented as spheres (yellow). The 
positions of the primary (right) and secondary (left) sialic acid recognition sites are labelled with a 
red cross, with the C-terminal extension blocking both these sites.  
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RBP, Leu552NDV-RBP, Phe553NDV-RBP from one monomer, and Phe156NDV-RBP, Arg516NDV-RBP, 

Val517NDV-RBP, Ser519NDV-RBP and Leu561NDV-RBP from the other (Zaitsev et al. 2004). Whilst this 

sialic acid binding site has only been shown to be definitively functionally relevant in the case of the 

Orthoavulavirus, NDV (Zaitsev et al. 2004; Porotto et al. 2012b; Bousse et al. 2004), there is the 

potential for other paramyxoviruses, such as the Respirovirus, PIV3, to interact via this second sialic 

acid binding site (Mishin et al. 2010b; Porotto et al. 2007; Porotto et al. 2012b). It appears that the 

majority of jeilongviral RBPs retain either identical or equivalent residues at both the secondary and 

primary sialic acid binding sites, with the exception of the more divergent MMPV-1 (Fig 5.2iB). It 

is not clear how such small changes to these motifs impact the potential for jeilongviral RBPs to 

utilise sialic acid as a receptor. However, a preliminary investigation of JPV indicates that the virus 

lacks the expected neuraminidase activity associated with viral exit (Jack et al. 2005; Jun, 

Karabatsos, and Johnson 1977). 

This apparent disconnect between the HN activity of jeilongviral RBPs and the presentation 

of sialic acid interacting residues would be consistent with an auto-inhibitory mechanism, such as 

that observed in the case of the RBP from Newcastle disease virus (NDV) Ulster strain (Yuan et al. 

2012; Nagai and Klenk 1977) (Fig 5.2iC). For a subset of avirulent NDV strains, including NDV 

Ulster, proteolytic cleavage of a C-terminal segment of the RBP was required for the restoration of 

hemadsorption activity. Structural analysis reveals that this 45 amino acid C-terminal extension 

wraps around the NDV-RBP propeller, and is stabilised at the top of the dimeric interface by an 

interchain disulphide bond (chain A Cys596−chain B Cys596). The residues at the extremity of the 

C-terminus utilise both polar and non-polar contacts to insert into the sialic acid interaction site, 

thereby preventing receptor recognition (Yuan et al. 2012). In addition, residues Glu584−Lys587 of 

this extension occlude the secondary sialic acid binding site at the interface of the NDV dimers. 

Beyond the conserved six-bladed β-propeller presented by all known paramyxoviral RBPs, the 

jeilongvirus RBP encodes a similarly distinct extended C-terminus with uncharacterised structure or 

function. Whilst there is no sequence homology between the C-terminal extension of the NDV Ulster  
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strain RBP and the jeilongviral RBPs (Jack et al. 2005; Li et al. 2006b; Vanmechelen, Bletsa, Laenen, 

Lopes, Vergote, Beller, Deboutte, Korva, Avšič Županc, et al. 2018), application of a C-terminal 

extension to the sialic acid site could be a common method of auto-inhibition to mediate 

pathogenicity, and therefore promote virus survival. However, the large size of the jeilongviral RBP 

indicates that these viruses potentially utilise the C-terminal extension for further diverse 

functionalities.  

Within the Jeilongvirus genus, the C-terminal extensions of the RBPs display high levels of 

sequence diversity relative to the overall RBP, and vary considerably in length (139−1,014) 

(Vanmechelen, Bletsa, Laenen, Lopes, Vergote, Beller, Deboutte, Korva, Avšič Županc, et al. 2018) 

(Fig 5.2iiA). In addition to the high levels of sequence variation, the C-terminal extension is enriched 

with P/T/S residues (Fig 5.2iiA), a feature associated with extensive O-linked glycosylation 

(Carraway and Hull 1991) (Fig 5.2iiC). This feature has not been observed in paramyxoviruses 

beyond the Jeilongvirus genus, but is characteristic of the mucin-like domains of the attachment 

glycoprotein (G) from the related pneumoviruses, such as respiratory syncytial virus (RSV) and 

human metapneumovirus (hMPV) (Melero, Mas, and McLellan 2017; Leyrat et al. 2014; Wertz et 

al. 1985). These polypeptide chains with heavy O-linked glycosylation are structurally elongated, 

resulting in intrinsic disorder (Jentoft 1990; Leyrat et al. 2014) (Fig 5.2iiD). In combination with the 

Figure 5.2ii: Sequence analysis of the C-terminal extension found on Jeilongvirus RBPs (a) 
A table outlining the differences in length, proline/threonine/serine (P/T/S) content, and predicted 
O-linked glycosylation of the C-terminal extensions of jeilongviral RBPs. The final column 
details conservation between residues BeiV(HMC)-RBP K575−Μ700, and the analogous region 
in other jeilongviral RBPs. (b) Amino acid sequence alignment of the initial region of the 
jeilongviral RBP C-terminal extensions, revealing a conserved disulphide (green star). MMPLPV-
1 is an exception, showing much more limited conservation across this region. (c) Gene diagram 
of BeiV(rat)-RBP with IV, TM, stalk and the six-bladed β-propeller (rainbow N- to C- terminus) 
annotated. In addition, the predicted O-linked and N-linked sequons are marked with purple 
diamonds and black circle pins, respectively. The initial region of the extended C-terminus aligned 
in the above panel B is annotated. (d) The BeiV(rat)-RBP disorder score for each amino acid 
position calculated using the ‘Prediction of Intrinsically Unstructured Proteins 2A’ (IUPred2A) 
server (Dosztányi 2018), shows an increase in disorder within the latter part of the C-terminal 
extension). The amino acids corresponding to the 6-bladed b-propeller are indicated with a box 
coloured as in panel C. The jeilongviral C-terminal region that displays amino acid conservation 
(K575-M700), and P/T/S rich region are indicated with arrows.  
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high level of sequence variability and heavy glycosylation, the steric hindrance caused by the 

elongated G protein presented by pneumoviruses, has been hypothesised to shield the pneumoviral 

F protein from the antibody-mediated immune response (Leyrat et al. 2014). Similarly, the Ebola 

virus glycoprotein (GP), utilises a mucin-like domain as a mechanism to mask epitopes (Francica et 

al. 2010; Reynard et al. 2009). Structural characterisation of these domains is inherently complicated, 

and similarly, these P/T/S enriched domains at the C-terminus of the jeilongviral RBPs are likely 

disordered (Leyrat et al. 2014). However, all the jeilongviral RBPs have a region prior to the P/T/S 

region, which whilst not as highly conserved as the propeller domain, demonstrates a conserved 

disulphide binding pattern (with the exception of MMLPV-1) (Fig 5.2iiB). Furthermore, this 

apparent P/T/S enrichment, and the associated predicted O-linked glycosylation, does not extend 

into this region (Fig 5.2iiC).  Unlike other members of the jeilongvirus family, JPV-RBP and 

BeiV(HMC)-RBP altogether lack the variable P/T/S-rich region and only retain this initial conserved 

C-terminus with unknown functionality (Vanmechelen, Bletsa, Laenen, Lopes, Vergote, Beller, 

Deboutte, Korva, Avšič Županc, et al. 2018). 

Considering the unique sequence of the jeilongviral RBPs, and the unknown role(s) of the C-

terminal extension, I sought to understand the RBP structures of two archetypal, yet genetically 

disparate, jeilongviruses, JPV and BeiV. This investigation revealed that the six-bladed β-propellers 

of the RBPs are most closely related to the HN-type RBP propellers. Interestingly, the C-terminal 

extension of BeiV(HMC)-RBP was found to occupy the putative sialic acid binding site. Similarly, 

despite an inability to structurally characterise the C-terminal extension of JPV-RBP, density 

consistent with a Cα chain was observable in the potential sialic acid interaction site. Additionally, 

functional analysis confirmed that JPV-RBP and BeiV(HMC and rat)-RBP bearing the C-terminal 

extension, did not exhibit neuraminidase or hemadsorption activity. Despite soluble expression of 

truncated JPV and BeiV RBPs, subsequent efforts to determine the potential role of the C-terminal 

extension were hindered by timing issues. However, despite incomplete functional analysis, these 

structural findings may rationalise the apparent lack of sialic acid associated activity demonstrated  
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Figure 5.3.1i: Construct design and small-scale expression test of JPV-RBP and 
BeiV(HMC)-RBP. (a) Gene diagram displaying features of the JPV-RBP, including the IV 
region, TM domain, stalk, six-bladed β-propeller receptor binding head (rainbow), and C-
terminal extension. Predicted N-linked glycosylation sites (NXT/S, where X≠P) are marked with 
pins and relevant asparagine residue numbered. The designed constructs are illustrated below the 
schematic. (b) Western blot of small scale expression test of constructs, where an SDS-PAGE 
gel of HEK293T cell supernatants was performed under reducing conditions. Western blot 
analysis was performed alongside the Benchmark™ Protein Ladder (Thermo, left). (c) Gene 
diagram displaying features of the BeiV(HMC)-RBP, including the IV region, TM domain, stalk, 
six-bladed β-propeller receptor binding head (rainbow), and C-terminal extension. Predicted N-
linked glycosylation sites (NXT/S, where X≠P) are marked with pins and relevant asparagine 
residue numbered. The designed constructs are illustrated below the schematic. (d) Western blot 
of small scale expression test of construct Asn145−Glu734, where an SDS-PAGE gel of 
HEK293T cell supernatants was performed under reducing conditions. Western blot analysis was 
performed alongside the Benchmark™ Protein Ladder (Thermo, left). 
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by JPV-RBP and BeiV-RBP, where the initial segment of the jeilongviral RBP C-terminal extension 

performs a putative auto-inhibitory role. 

5.3 PROTEIN PRODUCTION AND STRUCTURE DETERMINATION OF BEIV-
RBP AND JPV-RBP 

5.3.1 Construct design and small-scale expression testing 

For production of soluble JPV-RBP and BeiV(HMC)-RBP for crystallisation, constructs were 

generated from full-length human codon-optimised RBP genes (Genbank NC_007454.1 and 

NC_007803.1, respectively). Similar to constructs generated for SosV-RBP, MosV-RBP and NarV-

RBP, constructs containing minimal stalk region were preferred as they were likely more amenable 

to crystallisation (Savitsky et al. 2010), however the potentially flexible C-terminus was included as 

the structure of this was of significant interest. Appropriate construct boundaries were determined 

through amino acid sequence alignment to NDV-RBP (Crennell et al. 2000). The constructs were 

generated utilising primers specific to the selected N-terminal start site and the fixed C-terminal end 

site, and subsequently ligated into the pHLsec mammalian expression vector (Aricescu, Lu, and 

Jones 2006). For JPV-RBP, constructs Gln123−Asn709, Glu149−Asn709, Glu153−Asn709 and 

Lys165−Asn709 were generated (Fig 5.3.1iA), with only Gln123−Asn709 and Glu149−Asn709 

exhibiting soluble expression upon small-scale expression screening in human embryonic kidney 

(HEK)293T cells (Fig 5.3.1iB). The BeiV(HMC)-RBP constructs Gln128−Glu734, 

Asn145−Glu734, Arg150−Glu734 and Asp158−Glu734 were generated (Fig 5.3.1iC), however, 

only soluble expression of Asn145−Glu734 was detected upon small-scale expression screening (Fig 

5.3.1iD).  

 Following the discovery of a longer BeiV-RBP reading frame, encoded by BeiV found in 

rat populations in China (Woo et al. 2016b), a number of constructs were generated in order to 

attempt subsequent structural characterisation. Utilising a full-length human codon-optimised RBP 

gene (Genbank AOV81769.1) with 99.3% identity to BeiV(HMC)-RBP across amino acids 

Met1−Glu734, constructs Lys74−Pro1046, Arg85−Pro1046, Lys98−Pro1046, Gln113−Pro1046,  
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Gln128−Pro1046, Asn145−Pro1046, Glu154−Pro1046 were generated using PCR and cloned into 

the pHLsec vector (Aricescu, Lu, and Jones 2006) (Fig 5.3.1iiA). However, soluble expression of 

the constructs was not observed upon small-scale expression screening in HEK293T cells. Therefore, 

to aid in solubility constructs were sub-cloned into a pHLsec vector encoding an N-terminal octa-

histidine tag and small ubiquitin-like modifier (SUMO) tag (Chang et al. 2015). Expression of 

BeiV(rat)-RBP constructs conjugated to a SUMO tag was observable upon western blot analysis 

(Fig 5.3.1iiB). Given the success of the initial work with BeiV(HMC)-RBP construct 

Asn145−Glu734, construct BeiV(rat)-RBP Asn145−Pro1046 was selected for further structural 

work. 

5.3.2 Large-scale expression and purification 

The JPV and BeiV-RBP constructs were transiently expressed in HEK29T cells, in the presence of 

the α-mannosidase type I inhibitor, kifunensine (Chang et al. 2007). Samples were centrifuged and 

the supernatant filtered and buffer exchanged into 10 mM Tris pH 8, 150 mM NaCl buffer (TBS). 

Utilising nickel-affinity chromatography, RBP was purified from the supernatant using a HisTrap™ 

FF column (GE healthcare). For both JPV-RBP (Glu149−Asn709) and BeiV(HMC)-RBP  

Figure 5.3.1ii: Construct design and small-scale expression test of BeiV(rat)-RBP. (a) Gene 
diagram displaying features of the BeiV(rat)-RBP, including the IV region, TM domain, stalk and 
six-bladed β-propeller receptor binding head (rainbow). Predicted N-linked glycosylation sites 
(NXT/S, where X≠P) are marked with pins and relevant asparagine residue numbered. The 
designed constructs are illustrated below the schematic. (b) Western blot of small scale expression 
test of constructs with an N-terminal SUMO tag, where an SDS-PAGE gel of HEK293T cell 
supernatants was performed under reducing conditions. Western blot analysis was performed 
alongside the Benchmark™ Protein Ladder (Thermo, left).  
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Figure 5.3.2i: Purification of JPV-RBP and BeiV(HMC)-RBP. (a) SEC of JPV-
RBP(Glu149−Asn709) expressed transiently in the presence of kifunensine, pre- (blue) and post-
deglycosylation (grey) with EndoF1, aligned against gel filtration standards (BioRad, orange). (b) 
The SDS-PAGE analysis of JPV-RBP purification pre- and post-deglycosylation does not indicate a 
shift following treatment with EndoF1. (c) SEC of BeiV(HMC)-RBP(Asn145−Glu734) expressed 
stably in the presence of kifunensine, pre- (blue) and post-deglycosylation (grey) with EndoF1, 
aligned against gel filtration standards (BioRad, orange). (d) SDS-PAGE analysis of BeiV-RBP pre- 
and post-deglycosylation reveals no shift following treatment with EndoF1. In both panel B and D, 
samples were run under reducing conditions, alongside Benchmark™ Protein Ladder (Thermo, left). 
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(Asn145−Glu734), nickel-purified protein was further purified using size exclusion chromatography 

(SEC) with a Superdex™ 200 Increase 10/300 GL column (GE Healthcare) (Fig 5.3.2i), prior to 

partial deglycosylation with the enzyme endoglycosidase F1 (EndoF1), yielding protein bearing 

single N-acetylglucosamine (GlcNAc) residues. EndoF1 was removed from JPV-

RBP(Glu149−Asn709) and BeiV(HMC)-RBP(Asn145-Glu-734) samples through a second gel 

filtration step. 

 In both cases, SEC and SDS-PAGE analysis showed that the samples were largely 

monodisperse following the initial nickel-affinity chromatography and gel filtration steps (Fig 

5.3.2i). The bands observed upon SDS-PAGE analysis correspond to the approximate size of 

monomeric the JPV-RBP and BeiV(HMC)-RBP constructs, which are predicted to be 63 kilodalton 

(kDa) and 67 kDa, respectively. In addition, the observed peaks on the SEC traces are consistent 

with a dimeric organisation of both JPV-RBP and BeiV(HMC)-RBP. The expressed JPV-RBP and 

BeiV(HMC)-RBP constructs are predicted to encode three N-linked glycosylation sites (Fig 5.3.1iA 

and C). However, following treatment of JPV-RBP and BeiV(HMC)-RBP with EndoF1, SDS-PAGE 

analysis revealed no reduction in size was observed (Fig 5.3.2iB and D), suggestive that either 

deglycosylation was not successful or that the protein was not glycosylated during post-translational 

modification in the HEK293T cells (Jones, Krag, and Betenbaugh 2005). 

 The BeiV(rat)-RBP(Asn145−Pro1046) containing supernatant underwent purification 

through nickel-affinity chromatography as described above, however, as protein yields were low, a 

SEC was not performed preceding deglycosylation with EndoF1. In addition, due to the large size of 

the protein, gel filtration following overnight deglycosylation was performed on a Superose 6 

Increase 10/300 column (GE healthcare), which has a broad fractionation range of 5 kDa to 5,000 

kDa. The size exclusion trace revealed the elution of a large heterogenous sample between ~17 kDa 

and the upper limit of the column, indicating the presence of multiple species, aggregating protein 

and potential expression system-derived protein contamination (Molodenskiy et al. 2017; Johnson 

et al. 2018) (Fig 5.3.2iiA). These findings were similarly reflected upon SDS-PAGE and western 

blot analysis, which indicated that BeiV(wt)-RBP formed multiple oligomeric species or N-linked  



Chapter 5: J paramyxovirus and Beilong virus receptor binding protein 
 

 

145 
 

 

 

 

Figure 5.3.2ii: Purification of BeiV(rat)-RBP. (a) Size exclusion chromatogram of BeiV(rat)-
RBP(Asn145−Pro1046) expressed transiently in the presence of kifunensine (blue), aligned against 
gel filtration standards (BioRad, orange). (b) The reducing SDS-PAGE analysis of BeiV(rat)-RBP 
purification reveals the purification of a heterogeneous sample, with unclear separation of species. 
(c) Anti-histidine tag western blotting detects the sample throughout multiple heterogeneous peaks, 
indicating that BeiV(rat)-RBP is likely presented as multiple different oligomeric species. In both 
panel B and C, samples were run under reducing conditions, alongside Benchmark™ Protein Ladder 
(Thermo, left). 
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and O-linked glycoforms (Fig 5.3.2iiB and C). Optimisation of the protein expression and 

purification protocol for this construct or screening of different constructs would likely be extensive, 

and given the probable issues structurally characterising the P/T/S rich BeiV(rat)-RBP (Chang et al. 

2007), this work was deprioritised. Therefore, in the proceeding sections work involving BeiV-RBP 

will largely concern the BeiV-RBP isolated from the HMC line, unless otherwise stated. 

5.3.3 Crystallisation and X-ray diffraction data collection 

Utilising a pre-crystallisation test (PCT™, Hampton), the appropriate concentrations for 

crystallisation of JPV-RBP and BeiV-RBP were determined to be 3.5 mg/mL and 3.2 mg/mL, 

respectively. JPV-RBP crystals grew with a large needle morphology after 1 d in the following 

precipitant mix: 0.1 M carboxylic acid, 0.1 M tris/bicine pH 8.5, 6% sucrose, 0.2 M ammonium 

sulphate, 37.5% Morpheus® (Molecular dimensions) precipitant mix 4, consisting of 25% v/v 2-

methyl-2,4-pentanediol (MPD), 25% w/v PEG 1000 (P1k) and 25% w/v polyethylene glycol 3350 

(PEG3350). The crystal was immersed in a solution consisting of reservoir solution with an 

additional 10% MPD, prior to cryo-cooling. X-ray data collection was performed at a wavelength of 

0.9282 Å on beamline I04-1, Diamond Light Source (DLS), Didcot UK. Reflections were indexed, 

integrated and scaled using the xia2 package (Winter 2010), with the data processing statistics 

presented in Table 5.3.4i.   

 BeiV-RBP crystals formed after 2 d in the following precipitant mix: 0.2 M potassium 

thiocynate, 0.1 M sodium cacodylate pH 6.5, 8% w/v poly-γ-glutamic acid polymer (PGA), 6% 1,5-

diaminopentance di-HCl. Crystals were harvested and cryo-cooled in a 20% glycerol and precipitant 

mix, before data were collected at a wavelength of 0.9686 Å on beamline I24, DLS. Subsequently, 

reflections from three different crystals were indexed, integrated and scaled using the xia2 package 

(Winter 2010), with data processing statistics present in Table 5.3.4ii.  
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Table 5.3.4i: Data collection and refinement statistics for JPV-RBP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
aNumbers in parentheses refer to the outer resolution shell. 
bRfree is calculated as for Rwork, but using only 5% of the data which were separated prior to 
refinement. 
cr.m.s deviations: root mean square deviation from ideal geometry. 
dDetermined using the Molprobity server (Chen et al. 2010). 
 

 

 
JPV-RBP 

Data collection statistics 
 

Beamline DLS  I04-1 
Spacegroup P 61  
Cell dimensions 

 

a, b, c (Å) 164.2, 164.2, 112.5 
α, β, γ (°) 90.0, 90.0, 120.0 
Resolution range (Å) 60.11–2.20 

(2.24−2.20)a 
Wavelength (Å) 0.9282  
Rmerge 0.18 (2.34) 
Rmeas 0.19 (2.46) 
Rpim 0.06 (0.76) 
I/σ I 9.6 (1.3) 
CC1/2 0.99 (0.48) 
Completeness (%) 100 (100) 
Multiplicity 10.2 (10.4) 
  
Refinement statistics  
Resolution (Å) 46.40−2.20 

(2.28−2.20) 
No. reflections 86,384 
Rwork / Rfree

b (%) 16.3/19.7 
No. atoms  

Protein 6,915 
Ligand/ion 0 
Water 293 

B-factors  
Protein 55.1 
Ligand/ion N/A 
Water 53.4 

R.m.s deviationsc  
Bond lengths (Å) 0.014 
Bond angles (°) 1.28 

Ramachandran analysisd  
Favoured region (%) 95.3 
Allowed region (%) 4.3 
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Table 5.3.4ii: Data collection and refinement statistics for BeiV-RBP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
aNumbers in parentheses refer to the outer resolution shell. 
bRfree is calculated as for Rwork, but using only 5% of the data which were separated prior to 
refinement. 
cr.m.s deviations: root mean square deviation from ideal geometry. 
dDetermined using the Molprobity server (Chen et al. 2010). 
 

 
BeiV-RBP 

Data collection statistics 
 

Beamline DLS  I24 
Spacegroup C 2 2 21 
Cell dimensions 

 

a, b, c (Å) 88.0, 162.4, 226.1 
α, β, γ (°) 90.0, 90.0, 90.0 
Resolution range (Å) 73.18–3.50 

(3.56−3.50)a 
Wavelength (Å) 0.9686 
Rmerge 0.14 (0.95) 
Rmeas 0.15 (1.00) 
Rpim 0.04 (0.29) 
I/σ I 13.8 (2.5) 
CC1/2 1.00 (0.87) 
Completeness (%) 99.8 (99.2) 
Multiplicity 12.9 (11.5) 
  
Refinement statistics  
Resolution (Å) 53.98−3.50 

(3.63−3.50) 
No. reflections 20,764 
Rwork / Rfree

b (%) 24.7/27.5 
No. atoms  

Protein 8,507 
Ligand/ion 0 
Water 1 

B-factors  
Protein 118.4 
Ligand/ion N/A 
Water 82.9 

R.m.s deviationsc  
Bond lengths (Å) 0.003 
Bond angles (°) 0.67 

Ramachandran analysisd  
Favoured region (%) 96.0 
Allowed region (%) 3.7 
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5.3.4 Structure determination 

The JPV-RBP structure was solved by molecular replacement using the structure of human 

parainfluenza virus 3 RBP (PDB: 1V2I) (Lawrence et al. 2004) as a search model. The structure was 

subsequently built and refined using COOT (Emsley and Cowtan 2004) and PHENIX (Adams et al. 

2010) software packages. The refinement statistics are presented in Table 5.4.3i. 

 The BeiV-RBP structure was initially solved in PHASER (McCoy et al. 2007) by molecular 

replacement with JPV-RBP. However, following building and refinement in COOT (Emsley and 

Cowtan 2004) and PHENIX (Adams et al. 2010), the C-terminus could not be resolved. Following, 

discussions with Dr Kamel El-Omari, density modification was implemented to improve the initial 

phase estimates. Utilising the core β-propeller of BeiV-RBP as a search model so as to not introduce 

bias from the partially built C-terminal extension, molecular replacement was performed once again. 

This enabled application of the output density into the density modification programme, Parrot 

(Cowtan 2010) and ‘Phase and Build’ (Terwilliger et al. 2009; Adams et al. 2010), which also 

included automatic building of the structure. Care was taken throughout to maintain a consistent set 

of Rfree flags. Through iterative building and refinement in COOT (Emsley and Cowtan 2004) and 

PHENIX (Adams et al. 2010), the model of BeiV-RBP was built, including a considerable portion 

of the extended C-terminus (residue Lys575−Asn687). Data refinement statistics are presented in 

Table 5.3.4ii. 

5.4 STRUCTURE ANALYSIS 

5.4.1 Structure overview of the BeiV and JPV RBPs 

Structure determination of JPV and BeiV RBPs confirmed that both proteins exhibited the typical 

six-bladed β-propeller fold characteristic of paramyxoviral RBP proteins (Fig 5.4.1), with each blade 

(β1 to β6) formed from four antiparallel β-strands. In both cases, two near-identical β-propeller head 

domains were organised as a putative dimer in the asymmetric unit. The interface between JPV-RBP 

monomers (root-mean-square deviation [RMSD] of 0.21 Å over 435 Cα atoms) is mediated through  
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Figure 5.4.1: JPV-RBP and BeiV-RBP β-propeller monomers. (a) The six-bladed β-propeller 
monomer of JPV-RBP is shown in cartoon representation with blades labelled (coloured blue to red, 
from N- to C-terminus), viewing from both top down and the side. (b) The six-bladed β-propeller 
monomer of BeiV-RBP, with the C-terminal extension, is viewed from both top down and the side, 
and shown in cartoon representation with blades labelled (coloured blue to red, from N- to C-
terminus). 
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an interaction between the first (β1) and sixth (β6) blades of the propeller. The JPV-RBP structure 

contained a short portion of the stalk region (Glu149−Met160), the β-propeller (Cys161−Cys573), 

and only a short section of the C-terminal extension (Gln574−Gly587), with the remaining terminus 

(Gly588−Asn709) disordered and directed towards the solvent channels in the crystal. The BeiV-

RBP structure consisted of a short portion of the N-terminal stalk region (Pro146−Gln162), the β-

propeller (Cys163−Cys575), and a large section of the C-terminal extension (Lys576−Asn687) 

which extends across the dimerically organised β-propeller domains, with the remaining C-terminus 

(Ile688−Glu734) disordered and directed towards the solvent channels of the crystal. Similarly, the 

dimeric interface between BeiV-RBP monomers (RMSD of 0.78 Å over 542 Cα atoms), is mediated 

through an interaction driven by blades β1 and β6. However, the BeiV-RBP C-terminal extension 

also significantly contributes to the buried surface area, as discussed further in section 5.4.2.1. 

 Concerning the β-propeller only, JPV-RBP and BeiV-RBP display a pattern of disulphide 

bonding consistent with the closest structurally characterised relative, the PIV3-RBP structure 

(1V2I) (Lawrence et al. 2004), a hemagglutinin-neuraminidase (HN)-type paramyxoviral RBP. 

However, unlike other paramyxoviral RBPs, which typically demonstrate extensive N-linked 

glycosylation across the β-propeller (Bowden, Crispin, et al. 2008; Sawatsky and von Messling 

2010; Hu et al. 1994; Segawa et al. 2003; Ng, Hiebert, and Lamb 1990; McGinnes and Morrison 

1995; Panda et al. 2004; Chu et al. 2013), both JPV-RBP and BeiV-RBP display few predicted N-

linked glycosylation sequons (NXS/T, where X≠P) across the propeller (Fig 5.3.1). Within the 

construct boundaries, JPV-RBP and BeiV-RBP are predicted to have three N-linked glycosylation 

sites, all contained within the C-terminal extensions (Asn619JPV-RBP, Asn636JPV-RBP, Asn677JPV-RBP, 

Asn579BeiV-RBP, Asn691BeiV-RBP) with the exception of Asn515BeiV-RBP, which is within the β-

propeller. No electron density corresponding to N-linked glycosylation at sites Asn619JPV-RBP, 

Asn636JPV-RBP, Asn677JPV-RBP, Asn691BeiV-RBP, across the C-terminal extension was observed. 

Additionally, density consistent with N-linked glycosylation at the surface presented, Asn579BeiV-RBP 
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Figure 5.4.2.1i: The structural relationship of JPV and BeiV RBP β-propellers with other 
paramyxovirus RBPs. (a) Structure overlays of JPV-RBP (grey) and BeiV-RBP (white) with other 
paramyxoviral RBP structures: from left to right, NDV (blue, 1E8V) (Crennell et al. 2000), NiV, 
Nipah virus (pink, 2VWD) (Bowden, Crispin, et al. 2008), MojV, Mojiang virus (green, 5NOP) 
(Rissanen et al. 2017), MeV, measles virus (purple, 2ZB5) (Hashiguchi et al. 2007). Cα trace 
rendered and root-mean-square deviation (RMSD) annotated. (b) Structure-based phylogenetic 
analysis of paramyxoviral RBP monomers: JPV; BeiV; PIV3, parainfluenzavirus 3 (1V2I) 
(Lawrence et al. 2004); NDV (1E8V); PIV5, parainfluenza virus 5 (4JF7) (Welch et al. 2013); MuV 
(5B2C) (Kubota et al. 2016); MojV (5NOP); GhV, Ghana virus (4UF7) (Lee et al. 2015); NiV 
(2VWD); HeV, Hendra virus (2X9M) (Bowden et al. 2010); CedV, Cedar virus (PDB pending) 
(Pryce et al. 2019); MeV (2ZB5). The structural Homology Program (SHP (Stuart et al. 1979)) was 
utilised to calculate evolutionary distance matrices by pairwise superposition of RBP structures. 
The resultant matrices were used to plot an unrooted tree in PHYLIP (Felsenstein 1989). RBP 
surfaces are represented with cognate receptor binding sites coloured (red), and receptors presented 
either as yellow ribbon (protein) or spheres (carbohydrate). Calculated evolutionary distances are 
indicated beside the branches. 
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and Asn515BeiV-RBP sites was not observed (Fig 5.4.1). The lack of observable occupancy at N-linked 

glycosylaton sequond could be due to intrinsic flexibility of the protein, especially across C-terminal 

extension. However, consistent with SDS-PAGE analysis (Fig 5.3.2iB and D), the lack of observed 

N-linked glycosylation could be due to low or absent occupancy at these predicted sequons (Jones, 

Krag, and Betenbaugh 2005). 

5.4.2 Comparison of BeiV-RBP and JPV-RBP to different paramyxoviral RBPs 

5.4.2.1 Macro-comparisons 

When comparing the six-bladed β-propeller head domains of the various paramyxoviral RBPs, 

pairwise superposition reveals that JPV-RBP and BeiV-RBP align very closely, with a calculated 

RMSD of 1.04 Å over 410 Cα atoms. Beyond the genus Jeilongvirus, JPV-RBP and BeiV-RBP most 

closely align with the HN-type RBPs (1.39−1.90 Å and 1.51−1.91 Å RMSD, respectively) (Fig 

5.4.2.1iA). This is consistent with the observation that the JPV-RBP and BeiV-RBP β-propellers 

display a pattern of disulphide bonding comparable to the HN-type RBPs and is supported by 

structure-based phylogenetic analysis (Stuart et al. 1979), which reveals the structural relatedness of 

the jeilongviral β-propellers (Fig 5.4.2.1iB). JPV-RBP and BeiV-RBP display a more distant 

relationship to the henipaviral RBPs (1.92−2.16 Å and 1.94−2.28 Å RMSD, respectively) and the 

measles virus (MeV) RBP (3.14 Å and 2.97 Å RMSD, respectively) (Fig 5.4.2.1iA).  

The angle of association between the six-bladed β-propellers of the dimeric JPV-RBP and 

BeiV-RBP, is calculated to be 64.7° and 72.0°, respectively (Fig 5.4.2.1ii). This is reminiscent of 

the oligomeric arrangement of the HN-type RBPs, where the angle of association ranges from 

52.6−63.5° (Crennell et al. 2000; Lawrence et al. 2004; Kubota et al. 2016; Yuan et al. 2008; Yuan 

et al. 2005). However, whilst the oligomeric arrangement of the JPV-RBP and BeiV-RBPs relies on 

the association of the β1 and β6 blades, the interface area is much smaller, at 1,225 Å2 and 1,311 Å2 

(calculated by Proteins, Interfaces, Surfaces and Assemblies (PISA) server), respectively, as opposed 

to the average interface area exhibited by HN-type RBP dimers of 1,790 Å. This may be partly due 

to the contribution from the extended C-terminus. Indeed, in the BeiV-RBP structure, which includes  
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the short portion of N-terminal stalk (Pro146−Gln162), the six-bladed β-propeller 

(Cys163−Cys575), and the extended C-terminus (Lys576−Asn687), the total overall dimer interface 

area is 4,248 Å2. This extensive homodimerisation interface is, in part, due to the extension of the 

structurally observed BeiV-RBP C-terminus from the underside to the top of the β-propeller to form 

a ‘hat-like’ domain on the adjacent protomer of the putative dimer, which is stabilised by 10 

hydrogen bonds, and 4 salt bridges. The C-terminal extension is reminiscent of the dimeric 

organisation of the NDV-RBP from the Ulster strain (Yuan et al. 2012), where the C-terminus is 

stabilised by an interchain disulphide (Fig 5.2iC). Both the NDV Ulster strain RBP and BeiV-RBP  

Figure 5.4.2.1ii: Dimeric assembly of MosV-RBP and NarV-RBP. The crystallographic MosV-
RBP and NarV-RBP dimer shown in cartoon representation with monomers coloured rainbow from 
the N-terminus to C-terminus (blue to red, respectively). Calculated angle of association, interface 
area and number of hydrogen bonds is displayed to the right-hand side of the relevant dimer.  
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Figure 5.4.2.2i: Mapping of JPV-RBP and BeiV-RBP sequence conservation onto henipaviral 
and morbilliviral RBPs. (a) NiV-RBP (PDB ID 2VSM) (Bowden, Aricescu, et al. 2008; Zaitsev 
et al. 2004) is shown as a surface with ephrinB2 shown as a yellow ribbon and the cognate receptor-
binding footprint coloured blue (far left). Sequence conservation of GhV-RBP (second left), JPV-
RBP (second right), and BeiV-RBP (far right), with NiV-RBP mapped onto the surface of NiV-
RBP. Consistent with the known shared usage of ephrinB2, GhV-RBP and NiV-RBP share an 
elevated level of sequence conservation at the receptor binding site. This feature of elevated 
sequence conservation was not observed using the same approach with NiV-RBP and the narmoviral 
RBPs, suggestive that JPV-RBP and BeiV-RBP do not utilise ephrin receptors. Residues coloured 
red are identical, those that are pink are equivalent residues. (b) MeV-RBP (PDB ID 3ALZ) 
(Hashiguchi et al. 2011; Woo et al. 2016b) is shown in surface representation with SLAM-F1 (green) 
and nectin-4 (cyan) shown in ribbon representation and the cognate joint receptor-binding footprint 
coloured blue (far left). Sequence conservation of CDV-RBP (second left), JPV-RBP (second right), 
and BeiV-RBP (far right), with MeV-RBP is mapped onto the surface of MeV-RBP. Residues 
coloured red are identical, those coloured pink are equivalent. Consistent with the shared usage of 
SLAMF1/nectin-4, MeV-RBP and CDV-RBP share an elevated level of sequence conservation at 
the receptor binding sites. This feature of elevated sequence conservation was not observed using 
the same approach with MeV-RBP and the jeilongviral RBPs, suggestive that JPV-RBP and BeiV-
RBP do not utilise SLAMF1/nectin-4 receptors. 
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serve as examples of the different means by which an extended C-terminus may contribute to an 

unusually large and possibly more stable RBP homodimer interface. 

5.4.2.1 Comparisons to characterised receptor binding sites 

Mapping of jeilongviral RBP sequence conservation with NiV-RBP (2VSM) (Bowden, Aricescu, et 

al. 2008) and MeV-RBP (3ALZ) (Hashiguchi et al. 2011) onto their respective structures, reveals 

that JPV-RBP and BeiV-RBP do not exhibit a particularly elevated level of identity across the 

regions associated with henipaviral (Bowden, Aricescu, et al. 2008; Xu et al. 2008) and morbilliviral 

receptor binding (Zhang et al. 2013; Hashiguchi et al. 2011) (Fig 5.4.2.2i). Indeed, JPV-RBP and 

BeiV-RBP only demonstrated an overall identity with NiV-RBP of 25% and 23%, respectively, a 

value raised to only 33% and 31% across the potential receptor binding region (Fig 5.4.2.2iA). 

Furthermore, evaluation of the region corresponding to the henipaviral receptor binding site through 

superposition of ephrinB2 (2VSM) (Bowden, Aricescu, et al. 2008) and ephrinB3 (3D12) (Xu et al. 

2008), reveals that the jeilongviral RBPs lack a pocket required to accommodate 

F120ephrinB2/Y120ephrinB3. The putative SLAM-F1 and nectin-4 binding sites are similarly not 

conserved, with JPV-RBP only demonstrating 18% and 27% identity across the receptor binding 

sites, respectively, and BeiV-RBP only demonstrating 15% and 24% identity, respectively (Fig Fig 

5.4.2.2iB). Consistent with this, with the jeilongviral RBPs lack the β4-β5 groove, required by 

morbilliviruses to facilitate receptor interactions (Zhang et al. 2013; Hashiguchi et al. 2011; Santiago 

et al. 2010).  

 Importantly, the jeilongviral RBPs display many of the features required to interact with 

sialic acid, including the six of the seven sialidase residues, Arg1, Glu4, Arg4, Arg5, Tyr6 and Glu6 

(Fig 5.4.2.2iiA). However, both JPV-RBP and BeiV-RBP lack Asp1, with this residue being 

substituted with Ser and Glu, respectively. In addition, JPV-RBP and BeiV-RBP exhibit a somewhat 

different hexapeptide motif, presenting an Arg at the 3rd position as opposed to a Lys (Fig 5.4.2.2iiA). 

However, with the exception of the Asp to Ser substitution in JPV-RBP, it seems unlikely that these 

relatively conserved substitutions will impact the overall structure and chemical composition of the 

putative sialic acid binding pocket. Similarly, both JPV-RBP and BeiV-RBP present a putative  
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Figure 5.4.2.2ii: JPV-RBP and BeiV-RBP present putative primary and secondary binding 
sites that are conserved with known modes of sialic acid recognition (a) A close-up of the NDV-
RBP β-propeller (Crennell et al. 2000) (left) with the primary sialic acid binding site with N-acetyl-
2,3-dehydro-2-deoxyneuraminic acid (DANA) shown as yellow sticks (1E8V). The equivalent 
position of JPV-RBP (orange) and BeiV-RBP (pink) is shown on the right hand side with the 
hypothetical position of DANA. β-propellers are rendered in cartoon representation, and important 
residues are annotated and shown using stick representation. (b) The second sialic acid binding site 
of the NDV-RBP (left) with N-acetylneuraminic acid (Neu5Ac) (Zaitsev et al. 2004). The analogous 
site on JPV-RBP and BeiV-RBP is shown on the right hand side with the hypothetical position of 
DANA. The blades are shown using cartoon representation, Neu5Ac as yellow sticks, and important 
residues annotated and shown as sticks.  
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second sialic acid binding pocket lined with residues either identical or equivalent those identified 

in NDV-RBP structures (Zaitsev et al. 2004; Yuan et al. 2012; Yuan et al. 2011) (Fig 5.4.2.2iiB). 

Such findings are suggestive that both JPV-RBP and BeiV-RBP may also have the capability to bind 

sialic acid via this secondary site. Given this, sialic acid interactions would be expected, however 

previous studies indicate that JPV-RBP lacks hemagglutinin and hemadsorption abilities (Jun, 

Karabatsos, and Johnson 1977). By analogy to the extended C-terminus of the RBP from the NDV 

Ulster strain (Yuan et al. 2012), it may be that the jeilongviral RBP may encode C-terminal segment 

with auto-inhibitory potential. 

5.4.3 The extended C-terminus 

Unlike the C-terminal extension of the NDV Ulster strain RBP, which wraps round the side of each 

monomer (Yuan et al. 2012), the structurally observed BeiV-RBP C-terminus extends from the 

underside of the six-bladed β-propeller head domain to form a ‘hat-like’ domain on the adjacent 

protomer of the putative dimer (Fig 5.4.3A and B). Firstly, residues Leu573−Gly577 of C-terminus 

form a β-ribbon with residues Met168−Leu172 of the N-terminus (Fig 5.4.3C), stabilised by a 

disulphide (Cys163−Cys575), before a long flexible linker composed of residues Lys578−Glu604 

traverses across the dimer interface (Fig 5.4.3D). This flexible linker is stabilised by extensive polar 

interactions with the residues at the pinnacles of loops β6L12 and β1L34 and the N-terminus, which 

is likewise directed beneath the β-propeller, in a mode similar to that observed in tetrameric HN-

type RBP structures (Yuan et al. 2005; Yuan et al. 2008; Welch et al. 2013; Yuan et al. 2011). The 

long linker is directed across the dimer, where a disulphide conserved throughout the majority of the 

jeilongviral RBPs, Cys605−Cys648, stabilises the ‘hat-like’ domain on the proximal monomer (Fig 

5.4.3B). The ‘hat-like’ domain is composed of an α-helix, a β-sheet, consisting of four antiparallel 

β-strands, and a long anchoring arm which buries into the putative sialic acid binding cavity (Fig 

5.4.3E), before the chain becomes disordered. Using the DALI server (Holm 2019), a number of 

proteins found in prokaryotes and eukaryotes were found to have a similar fold (Z-score >2) (Holm 

et al. 2008) to the BeiV-RBP ‘hat-like’ domain, including chaperones, RNA binding proteins,  
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serine/threonine protein kinases, calcium/calmodulin-dependent protein kinases (Weber et al. 2018; 

Zhao et al. 2008; Ye et al. 2018; Tanwar et al. 2013; Chao et al. 2011). However, the ‘hat-like’ 

domain only matches small regions of larger proteins and complexes, and beyond the context of a 

greater assembly is unlikely to perform the functions known for proteins that present a similar 

structure. Nonetheless, it might be interesting to explore the potential of the BeiV-RBP ‘hat-like’ 

domain utilising these functionalities. 

The ‘hat-like’ domain of BeiV-RBP, displaces loop β2L23 of the propeller, which in turn 

envelopes the domain, likely through polar interactions between Lys609 of the ‘hat-like’ domain and 

the side chains and main chain carbonyls of residues Ser286 and Thr289. The pushing of the ‘hat-

like’ domain against the strands and loops of blade β2 is further cemented by the formation of a 

positively charged pocket by the side chain and main chain amide of residue Asn256, of the variant 

hexapeptide motif, and the main chain amide of Thr277, enabling the anchoring of Glu608 (Fig 

5.4.3E). This displacement of loop β2L23 widens the putative sialic acid interacting pocket on the 

surface of BeiV-RBP, enabling projection of the C-terminal hook of the ‘hat-like’ domain into this 

cavity. Interactions between the main chain carbonyl groups and the positively charged surfaces 

Figure 5.4.3: The structural organisation of the BeiV-RBP C-terminal extension. (a) The BeiV-
RBP dimer shown in cartoon representation with the head-domain coloured pink and the ‘hat-like’ 
domain coloured grey. (b) The ‘hat-like’ domain in isolation, rendered as a cartoon, with the β-
sheet, α-helix and disulphide bond annotated. (c) The β-ribbon that forms between the N-terminus 
of BeiV-RBP and the beginning of the C-terminal extension, shown in cartoon representation and 
coloured rainbow (blue to red, N- to C- terminus, respectively). (d) The dimeric head-domain of 
BeiV-RBP rendered as a surface, with the electrostatic charges calculated using the Adaptive 
Poisson-Boltzmann Solver (Jurrus et al. 2018), represented using surface by colouring residues from 
red to blue (-5 kT e-1 to +5 kT e-1). The C-terminal extension across the dimeric interface is 
represented using cartoon, with residue side chains shown, demonstrating the polar nature of the 
interaction of the BeiV-RBP head and ‘hat’ domains. (e) The BeiV-RBP head-domain rendered as 
a surface and coloured red to blue according to electrostatic charge, with the ‘hat-like’ domain 
rendered as a cartoon. The ‘hat-like’ domain displaces the loop β2L23 through the anchoring of 
residues Glu608 and Lys609, enabling the protrusion of the C-terminal ‘hook-like’ end into the 
putative sialic acid binding site. (F) Interaction of the C-terminal ‘hook-like’ extension (grey), 
rendered as a Cα main chain, with the putative sialic acid binding site (pink), rendered in cartoon 
representation. The conserved sialic acid binding residues interact extensively with the main chain 
of the projection and residues Arg685 and Asn687. 
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facilitate this insertion, assisting Arg685 to interact with residues, Glu220(1), Glu413(4), and 

Tyr534(6), a polar interaction, which may disrupt potential sialic acid associated activity. 

Furthermore, the Arg residues of the triarginyl motif, Arg196(1), Arg430(4), and Arg506(5), interact 

with the various mainchain carbonyls of the ‘hook-like’ terminus (Fig 5.4.3F). Additionally, in 

contrast to the C-terminal extension observed in the structure of the RBP from NDV Ulster strain, 

the BeiV-RBP C-terminal extension does not appear to further occlude the second sialic acid binding 

site. 

Further density corresponding to the remaining C-terminus of BeiV-RBP (Ile688−Glu734) 

is observable sandwiched between the ‘hat-like’ domain and the crystallographic symmetry mate, 

and at the pinnacle of loop β5L34. However, due to disorder and the distance from the continuous 

chain, residues could not be unambiguously built into this density. Nonetheless, this finding indicates 

that the remaining C-terminus of BeiV-RBP was not cleaved. Similarly, in the case of JPV-RBP, 

despite the C-terminal extension likely being disordered, a short portion of density consistent with a 

Cα backbone, is bound within the putative sialic acid site (Fig 5.4.3.1A). Binding appears to engage 

the residues putatively involved in mediating sialic acid interactions, Arg191(1), Glu408(4), Arg425(4), 

Arg501(5), Tyr529(6), Glu548(6), and the further positively charged residues Arg557, and Arg253 

associated with the variant hexapeptide motif. However, loop β2L23 of JPV-RBP is not displaced 

as it is in the BeiV-RBP structure, instead it forms a well-ordered α-helix proximal to the putative 

sialic acid binding site, consistent with the typical orientation observed for paramyxoviral RBP 

structures (Bowden, Aricescu, et al. 2008; Crennell et al. 2000; Lawrence et al. 2004; Kubota et al. 

2016; Yuan et al. 2005; Pryce et al. 2019; Rissanen et al. 2017; Lee et al. 2015; Hashiguchi et al. 

2007). Superposition of the ‘hat-like’ domain from BeiV-RBP onto JPV-RBP, reveals that whilst 

loop β2L23 would cause a steric obstruction to the formation of the ordered β-sheet, it would not 

obstruct entry of the ‘hook-like’ terminus. 

The observed differences between the JPV-RBP and BeiV-RBP structures, could be the 

product of many reasons. For example, it is possible that the C-terminal structure observed for BeiV-  
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RBP, and the displacement of loop β2L23, are artificially introduced during crystallisation, or that 

the C-terminal domain of JPV-RBP simply forms a different structure, which does not displace 

β2L23. Alternatively, it may be that JPV-RBP does not retain the C-terminal extension, and the 

density observed within the putative sialic acid binding pocket is an unknown ligand, potentially a 

carbohydrate product from HEK293T cell culture. 

5.4.3.1 Small-angle X-ray scattering analysis of JPV-RBP 

To further characterise the oligomeric organisation of JPV-RBP bearing the C-terminal extension 

(residues Glu149−Asn709), the solution state characteristics of JPV-RBP were assessed by tandem 

high performance liquid chromatography (HPLC) and small-angle X-ray scattering (SAXS) analysis, 

at beamline B21, DLS, Didcot, UK. Using the software package ‘ScÅtter’, the radius of gyration 

(Rg) using Guinier analysis, the volume-of-correlation (Vc) and the distance pair (P(r)) distribution 

Figure 5.4.3.1: Density within the putative sialic acid binding site and SAXS analysis support 
the retention of the C-terminal segment by JPV-RBP. (a) Unidentified electron density 
(2Fo−Fc) within the putative JPV-RBP sialic acid binding site rendered at 2.0 sigma. JPV-RBP is 
rendered in cartoon representation with side chains of important residues shown as sticks and 
annotated. (b) Experimental JPV-RBP SAXS data (blue) compared to theoretical data calculated 
from the JPV-RBP structure (orange), plotted log intensity (I(q)) against the Porod invariant (q) 
(Schneidman-Duhovny, Hammel, and Sali 2010). The χ2 value indicates the goodness of fit between 
experimental and theoretical data. The poor χ2 value is suggestive that the JPV-RBP model is not 
an appropriate representation of the protein in solution, supporting the possibility that the C-terminal 
extension is retained by JPV-RBP.  
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were determined, enabling calculation of molecular mass (Rambo and Tainer 2013b, 2013a; Putnam 

2016). The approximate mass calculated for a deglycosylated homodimer of JPV-RBP bearing the 

C-terminal extension was 120 kDa, which with consideration of a 10% error (Rambo and Tainer 

2013a), was consistent with the 126 kDa predicted. Comparison of the experimental scattering data 

to a theoretical scattering profile calculated from the dimeric JPV-RBP structure, using the ‘Fast X-

ray Scattering’ (FoXS) server (Schneidman-Duhovny, Hammel, and Sali 2010), generated a poor χ2 

value of 5.1 (Fig 5.4.3.1B). This discrepancy between experimental and theoretical solution 

scattering data could be impacted by the lack of an observable C-terminal segment in the crystal 

structure. Overall, these data suggest that similar to BeiV-RBP, purified JPV-RBP also retains the 

C-terminal segment following purification. Furthermore, whilst it is still possible for cleavage to 

have occurred during crystallogenesis, the presence of density within the putative sialic acid binding 

site analogous to that observed in the BeiV-RBP structure, is suggestive that the JPV-RBP C-

terminal extension also binds at this point. These data provide a platform for further investigation 

into the structural and functional role of the C-terminal segment. 

5.5 ASSESSMENT OF JPV-RBP AND BEIV(HMC AND RAT)-RBP SIALIC 

ACID ASSOCIATED ACTIVITY 

Previous assessments confirmed that the Jeilongvirus, JPV, does not appear to interact with sialic 

acid (Jun, Karabatsos, and Johnson 1977), however, these data contrast our structural findings, which 

indicate that the putative sialic acid binding pocket presented by JPV-RBP and BeiV-RBP resembles 

those borne by the HN-type RBPs (Crennell et al. 2000; Kubota et al. 2016; Lawrence et al. 2004; 

Yuan et al. 2005). Whilst the C-terminal extension of JPV-RBP has not been structurally 

characterised, electron density indicating the presence of a putative Cα chain in the sialic acid 

interaction site, in combination with the elucidation of the BeiV-RBP C-terminal segment, support 

a model where these viruses may utilise auto-inhibitory mechanisms to potentially mediate infection. 

 In support of this, I also observed that HEK293T cells displaying either full-length (IV-TM-

Stalk-head-hat) JPV-RBP, BeiV(HMC)-RBP, and BeiV(rat)-RBP, exhibited a lack of hemadsorptive  
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ability and neuraminidase activity, when compared to an NDV-RBP control (Fig 5.5) (Potier et al. 

1979; Morrison and McGinnes 1989). However, these data could also reflect that JPV-RBP and 

BeiV-RBP exhibit novel receptor tropism characteristics. Therefore, to assess whether an auto-

inhibitory mechanism was utilised by JPV-RBP and BeiV-RBP, truncated versions of protein were 

required.  

5.5.1 Design and small-scale screening of truncated JPV and BeiV RBP constructs 

In order to try to determine the role of the C-terminal segment, in particular its impact on sialic acid 

associated interactions, truncations lacking the extension were required. The appropriate point to 

truncate the JPV-RBP and BeiV-RBP was determined utilising structural knowledge of the region 

where the β-propeller ends and where the C-terminal segment starts (Fig 5.5.1A). Truncated JPV-

RBP and BeiV(rat)-RBP constructs were generated with primers specific to the N-terminal start site,  

Figure 5.5: JPV-RBP, BeiV(HMC)-RBP and BeiV(rat)-RBP display no hemadsorption and 
neuraminidase activity. JPV-RBP, BeiV(HMC)-RBP and BeiV(rat)-RBP neuraminidase (Potier et 
al. 1979) and hemadsorption (Morrison and McGinnes 1989) activity normalized to cell surface 
expression and a NDV-RBP control. For both hemadsorption (n = 12) and neuraminidase (n = 6) 
analysis error bars represent the standard deviation across all replicates. 
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Glu149 and Asn145, respectively, and selected C-terminal end sites, prior to ligation into a pHLsec 

vector encoding an N-terminal octa-histidine tag and SUMO tag. For JPV-RBP, construct 

Glu149−His584, and for BeiV(rat)-RBP, construct Asn145−Lys576, Asn145−Ser581and 

Asn145−Lys589 were generated, with all constructs exhibiting soluble expression upon small-scale 

expression screening in human embryonic kidney (HEK)293T cells (Fig 5.5.1B). However, the 

timing of this work meant that further screening of the neuraminidase activity of these engineered 

proteins, using the Warren method (Warren 1959), was not possible.  

  

Figure 5.5.1: Construct design and small-scale expression test of truncated JPV-RBP and 
BeiV(rat)-RBP. (a) Gene diagram displaying features of the JPV-RBP (top) and BeiV(rat)-RBP 
(bottom), including the IV region, TM domain, stalk, six-bladed β-propeller receptor binding head 
(rainbow), and C-terminal extension. Predicted N-linked glycosylation sites (NXT/S, where X≠P) 
are marked with pins. The designed truncated constructs are illustrated below the schematics. (b) 
Western blot of small scale expression test of truncated JPV-RBP (left) and BeiV(rat)-RBP (right) 
constructs, where an SDS-PAGE gel of HEK293T cell supernatants was performed under reducing 
conditions. Western blot analysis was performed alongside the Benchmark™ Protein Ladder 
(Thermo, left).  
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5.6 DISCUSSION 

The genus Jeilongvirus represents one of the newly classified groups of paramyxoviruses for which 

there is a lack of both functional and structural data (Amarasinghe et al. 2019). A number of 

jeilongviruses have been isolated from rodents, however, jeilongvirus sequences have also been 

identified in bat populations. Both rodents and bats are important reservoirs of disease, due to their 

extensive intra- and interspecies behaviours (Drexler et al. 2012). Continued viral surveillance 

strategies have begun to expand our understanding of the diversity of jeilongviral genome structures, 

(Jack et al. 2005; Woo et al. 2016b; Woo, Lau, Wong, Wu, et al. 2012; Li et al. 2006b; Vanmechelen, 

Bletsa, Laenen, Lopes, Vergote, Beller, Deboutte, Korva, Avšič Županc, et al. 2018; Woo et al. 

2011b). The unique jeilongviral genomes includes features such as the additional proteins SH and 

TM, and the ORF termed ‘X’, in addition to an RBP much larger than analogous members found 

throughout other genera of the Paramyoxviridae family. Here, sequence analysis revealed that 

jeilongviral RBPs are likely closely related to HN-type RBPs across the IV, TM, stalk and β-

propeller regions, but also encode a C-terminal extension of varying length and diverse sequence. 

Given the importance of the paramyxoviral RBP in dictating cellular and species tropism, an 

understanding of the molecular determinants of host-cell attachment are central to defining the 

propensity of a virus to undergo interspecies transmission (Thibault et al. 2017). To this end, I 

proceeded to structurally characterise JPV-RBP and BeiV-RBP, with a focus on discerning the 

organisation and potential role of the C-terminal extension.  

 Alignment of jeilongviral RBP C-terminus primary sequences reveals a relatively high level 

of  conservation within the first portion of the extension (575 BeiV-RBP−700BeiV-RBP) (Fig 5.2iiB), 

followed by a sequence enriched with P/T/S residues, a feature associated with mucin-like domains 

(Carraway and Hull 1991). The C-terminal extensions of JPV-RBP and BeiV(HMC)-RBP are shorter 

than the RBPs of other jeilongviruses, as they lack this second segment enriched with P/T/S, and 

therefore the associated extensive O-linked glycosylation (Fig 5.2iiA and C). This may rationalise 

the issues associated with expression and purification of the longer BeiV(rat)-RBP, where different 

glycoforms may result in many peaks eluting from a size exclusion column. Additionally, given the 
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likely propensity of BeiV(rat)-RBP and other jeilongviral RBP C-termini for O-linked glycosylation 

and P/T/S associated disorder, structural characterisation of these regions utilising X-ray 

crystallography and electron microscopy is likely not easily possible. 

 In line with sequence conversation, structure based phylogenetic analysis and pairwise 

structure overlay alignments of the six-bladed β-propellers of the paramyxoviral RBPs place both 

JPV and BeiV RBPs as close structural relatives of the HN-type RBPs borne by the viruses within 

the Respiro-, Orthoavula-, and Rubulavirus genera (Fig 5.4.2.1i) (Crennell et al. 2000; Kubota et al. 

2016; Lawrence et al. 2004; Yuan et al. 2005). In addition, JPV-RBP and BeiV-RBP display a dimer 

organisation similar to that of the RBPs from viruses within the Respiro-, Orthoavula-, and 

Rubulavirus genera (Fig 5.4.2.1ii) (Crennell et al. 2000; Kubota et al. 2016; Lawrence et al. 2004; 

Yuan et al. 2005; Yuan et al. 2008). Consistent with this close structural relationship, JPV-RBP and 

BeiV-RBP present the sequence and structural features associated with the primary and secondary 

sialic acid sites displayed by the respiroviruses and orthoavulaviruses (Fig 5.2i and 5.4.2.2ii) 

(Crennell et al. 2000; Langedijk, Daus, and VanOirschot 1997; Iorio et al. 2001). Additionally, the 

JPV and BeiV RBPs lack sequence and structural features required to interact with characterised 

morbilliviral and henipaviral receptors (Fig 5.4.2.2i) (Santiago et al. 2010; Zhang et al. 2013; 

Hashiguchi et al. 2011; Bowden, Aricescu, et al. 2008; Xu et al. 2008; Lee et al. 2015; Pryce et al. 

2019). However, the apparent relatedness of the JPV-RBP and BeiV-RBP structures to the RBPs 

presented by sialic acid interacting viruses is contrasted by our data, which confirms a lack of 

hemadsorption and neuraminidase activity (Fig 5.5) (Jun, Karabatsos, and Johnson 1977). However, 

the observed BeiV-RBP C-terminal segment potentially provides a structure-based rationale for the 

observed lack of sialic acid associated activity, via the means of auto-inhibition effected by the 

binding of the ‘hat-like’ domain to the putative sialic acid binding pocket (Fig 5.4.3A). The BeiV-

RBP C-terminal segment extends from the underneath of the six-bladed β-propeller to traverse the 

dimeric interface, stabilised by extensive polar interactions (Fig 5.4.3D), to form a domain that sits 

on the site analogous to the sialic acid binding site (Fig 5.4.3B). The domain, composed of a β-sheet 

consisting of four anti-parallel β-strands and single α-helix (Fig 5.4.3B), anchors into and pushes 
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against loop β2L23 of the propeller, enabling a ‘hook-like’ projection to access the putative binding 

site (Fig 5.4.3E). Here, residues Arg685 and Asn687 interact with the numerous conserved sialic 

acid binding residues (Fig 5.4.3F). The JPV-RBP structure in contrast, lacks an observable C-

terminal extension, however presence of density consistent with a Cα chain indicates that a similar 

mechanism is employed (Fig5.4.3.1A). This is supported by SAXS data, which calculates a size for 

soluble JPV-RBP consistent with a dimeric, full-length construct (Fig 5.4.1B). However, this data 

does not preclude the possibility of the JPV-RBP C-terminal segment being cleaved during 

crystallisation, and therefore the density being caused by the binding of an unidentified ligand during 

crystallisation.  

 Whilst structural data indicates that BeiV-RBP and JPV-RBP, and likely other jeilongviral 

RBPs, utilise an auto-inhibitory mechanism to mediate infectivity, this apparent lack of sialic acid 

associated activity cannot be definitively rationalised without functionally characterising the 

truncated RBPs. The production of truncated JPV-RBP and BeiV-RBP (Fig 5.5.1), will enable the 

assessment of the impact of C-terminal extension on neuraminidase functionality. If such work finds 

no association between the C-terminus and sialic acid associated activity, it might be interesting to 

explore the potential of the BeiV-RBP ‘hat-like’ domain to perform functions associated with similar 

folds, as identified with the DALI server (Holm 2019).  

  This work also doesn’t provide information about the P/T/S rich segment encoded by the 

jeilongviruses MMLPV-1, MMLPV-2, PMPV-1, TlmV and BeiV(rat) (Fig 5.2iiA), which is located 

beyond the structurally characterised ‘hat-like’ domain. Analysis of the sequence suggests this 

segment represents a mucin-like domain with extensive O-linked glycosylation, similar to those 

presented by the pneumoviruses (Leyrat et al. 2014). Whilst high resolution structural 

characterisation is unlikely to be possible, further work to describe the function of this region is 

required to understand how it impacts the activity of the RBP and the virus. Additionally, until the 

sialic acid associated activity of the jeilongviral RBPs can be fully understood, due to the large size 

of the jeilongviral RBPs and the overall structural plasticity of the paramyxoviral β-propellers 
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(Bowden, Crispin, Jones, et al. 2010), the possibility of novel receptor interactions cannot be 

excluded.  

5.7 CONCLUSION 

The structural characterisation of a completely novel paramyxoviral RBP domain unique to the 

jeilongviral RBPs, illustrates the diversity of receptor binding architectures employed by these 

viruses. Whilst the specific role(s) of this domain are yet to be understood, our structural data 

provides insight into a potential convergent auto-inhibitory mechanism analogous to that utilised by 

the NDV Ulster strain for mediation of viral infectivity (Yuan et al. 2012). To grasp the potential 

risk of jeilongviral interspecies transmission and the disease they may induce in humans or domestic 

animal species, further work to better understand sialic acid associated activity of these viruses is 

imperative, in addition to characterisation of the P/T/S rich domain. 
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6 FUTURE PERSPECTIVES AND CONCLUDING REMARKS 

6.1 FUTURE PERSPECTIVES 

6.1.1 Novel receptor identification strategies 

In this thesis, I have determined the three-dimensional structures of the receptor binding proteins 

(RBPs) from recently classified Pararubulavirus (SosV), Narmovirus (MosV and NarV), and 

Jeilongvirus (JPV and BeiV) genera of the Paramyxoviridae family. Despite the numerous insights 

into the structural relationships of these RBPs with those of well-characterised H, HN, and G 

functionality, the receptor tropism characteristics of these groups of viruses remains a mystery. 

Indeed, my structural studies of the RBPs of narmoviruses and Sosuga virus (SosV), in particular, 

reveal that these viruses likely utilise a novel receptor-mediated host-cell entry pathway, and that 

further study is required to determine whether the jeilongviruses use sialic acid independent 

mechanisms. However, a true understanding of the interspecies transmission potential of these 

viruses may only be achieved upon identification of the receptors utilised by these viruses. Alongside 

structural characterisation, I have also attempted to identify the receptors utilised by these viruses. 

Given the diversity of both carbohydrate and proteinaceous receptors recognised by 

paramyxoviruses, a number of receptor hunting techniques were explored, namely glycan array 

screening, co-immunoprecipitation and haploid genetic screening. 

6.1.1.1 Glycan array screening 

The surface of cells is coated with a glycocalyx, a complex mixture of glycolipids and glycoproteins, 

each presenting diverse glycan structures and linkages (Rambourg and Leblond 1967; Smith and 

Cummings 2014). A number of viruses present lectin-type molecules on their surface capable of 

utilising this complex mixture to bind and infect cells, with types of glycan and their linkages often 

dictating tissue and species tropisms (Smith and Cummings 2014; Van Breedam et al. 2014; Wasik, 

Barnard, and Parrish 2016; Neu, Bauer, and Stehle 2011).  
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 Sialic acids are typically presented as the terminal monosaccharides of glycoconjugates and 

are bound by a variety of viruses either as a primary receptor, or as a secondary receptor, which aids 

infection (Wasik, Barnard, and Parrish 2016; Li et al. 2017). Viruses that interact with sialic acid 

span the Baltimore classification, with members of the families Orthomyxoviridae, 

Paramyxoviridae, Picornaviridae, Coronaviridae, Reoviridae, Polyomaviridae, Adenoviridae, and 

Parvoviridae, encoding proteins with sialic acid specific lectin capabilities (Li et al. 2017; Wasik, 

Barnard, and Parrish 2016; Ströh and Stehle 2014). A number of types of sialic acid exist, and due 

to the varying expression of sialic acid modification enzymes in different species and tissues, their 

presentation varies greatly (Varki A 2009). In the context of humans, the 5-N-acetylneuraminic acid 

(Neu5Ac) form of sialic acid is most common, and ubiquitously expressed (Ströh and Stehle 2014; 

Neu, Bauer, and Stehle 2011). In contrast to other mammals, humans lack the sialic acid form, 5-N-

glycolylneuraminic acid (Neu5Gc), due to the loss of the enzyme cytidine monophosphate-N-

acetylneuraminic acid hydroxylase (CMAH) (Wasik, Barnard, and Parrish 2016), impacting 

pathogen specificity between different species (Byres et al. 2008; Martin et al. 2005). For example, 

the polyomaviruses JC, BK and Merkel Cell polyomavirus all are tropic towards Neu5Ac, whereas 

the primate polyomavirus, simian virus 40, has a more flexible specificity and recognises both 

Neu5Ac and Neu5Gc (O'Hara, Stehle, and Garcea 2014). Additionally, sialic acid linkages vary 

across human and animal tissues (Varki A 2009), impacting linkage dependent virus interactions 

(Wasik, Barnard, and Parrish 2016). This specificity dictates both tissue and species tropism, and 

therefore many of the pathobiological features of disease. A classic example is afforded by the 

presentation of α2,3-linked Neu5Ac in lower human lung tissue, precipitating severe disease during 

outbreaks of the α2,3-linked Neu5Ac tropic avian influenza viruses (de Wit et al. 2008; Kuiken et 

al. 2012). Furthermore, whilst sialic acid is not the primary receptor used by middle eastern 

respiratory syndrome coronaviruses (MERS-CoV), low affinity interacts augment infection in vitro, 

potentially contributing to the definition of MERS-CoV host range (Li et al. 2017). These examples 

demonstrate the diverse sialic acid structures bound by viruses and their different roles in dictating 

the host range and pathobiological features of disease.  
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 Besides sialic acid based interactions, other glycans may be bound by viruses, such as the 

histo-blood group antigens (HBGAs) found on red blood cells and the epithelial cells of the 

gastrointestinal and respiratory tracts (Van Breedam et al. 2014; Ströh and Stehle 2014). A variety 

of HGBAs are bound by members of the Calciviridae and Rotaviridae (Tan and Jiang 2010; Hu et 

al. 2012). In the case of the noroviruses, by targeting the array of different ABO, secretor and Lewis 

HBGAs types, these antigens act as determinants of norovirus tissue specificity (Tan and Jiang 

2010). Similarly, the sialidase-insensitive P [14] genotype of the Rotavirus genus, Reoviridae family, 

also utilises A-type HBGA, interacting via the site homologous to sialic acid binding (Hu et al. 2012). 

In addition to the HBGAs and sialic acids, many viruses bind glycosaminoglycans (GAGs), a diverse 

group of polyanionic linear glycans bound a large number of viruses, including members of the 

Flaviviridae, Togaviridae, Retroviridae, Papillomaviridae, Hepresviridae, Paramyxoviridae, and 

Pneumoviridae (Ströh and Stehle 2014). Our understanding of how viruses and GAGs interact is 

limited by the lack of high-resolution structure and their intrinsic chemical heterogeneity which 

complicates analytical techniques (Ströh and Stehle 2014; Van Breedam et al. 2014).   

 The development of carbohydrate microarrays, where synthetic and natural glycans are 

immobilised on a surface, have enable the high-throughput analysis of the lectin properties of various 

viral proteins, including influenza A viruses (Gulati et al. 2014), and rotaviruses (Hu et al. 2012; 

Smith and Cummings 2014). Given the propensity for the promiscuous paramyxoviral RBP to bind 

diverse receptors (Bowden, Crispin, Jones, et al. 2010), it is possible that the uncharacterised 

paramyxoviruses potentially interact with a variety of glycans beyond the sialic acids (Ströh and 

Stehle 2014; Van Breedam et al. 2014). With this in mind, we began to consider use of a 

commercially available glycan array screen from Raybiotech, Peachtree Corners, GA, USA. The 

microarray developed features 100 synthetic glycans immobilised on a glass microarray slide, and 

utilises biotin-based detection (Hwang et al. 2018). Purified recombinant MosV (Glu202−Thr632), 

NarV (Glu184−Pro657) and JPV (Glu149−Asn709) RBPs were non-specifically biotinylated by 

targeting primary amine groups and applied to the glass slide coated with an array of glycans, 

alongside the biotinylated positive control, a lectin from soybeans (glycine max), expected to bind 
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glycoconjugates terminating with a galactose (gal), or N-acetylgalactosamine (galNAc) residue 

(Gade et al. 1981), and NDV-RBP, expected to bind terminal Neu5Ac residues (Corfield et al. 1983). 

The panel of glycans utilised by the RayBiotech microarray represented the following types of 

glycan; monosaccharides, disaccharides, HBGAs, fucosylated oligosaccharides, sialylated 

oligosaccharides, natural oligosachharides, milk oligosaccharides, globo series, GAGs, gangliosides, 

O-glycans, N-glycans, α-galactose, aminoglycosides (https://www.raybiotech.com/glycan-array-

100/). 

Following washing, bound protein was detected using a Cy3 equivalent dye conjugated to 

streptavidin. Interestingly, whilst binding of a positive control lectin from glycine max was detected 

Figure 6.1.1.1: Glycan microarray analysis does not detect binding of NDV-RBP to its known 
receptor, sialic acid. The fluorescent signal, plotted in a bar format, measured following 
incubation of a positive control lectin from glycine max (soybean) (ID: L1395, Sigma) (blue), 
Newcastle disease virus (NDV)-RBP (red), J paramyxovirus (JPV)-RBP (Glu149−Asn709 
(green), Mossman virus (MosV)-RBP (Glu202−Thr632) (purple) and Nariva virus (NarV)-RBP 
(Glu184−Pro657) (cyan) on a microarray with 100 immobilised glycans 
(https://www.raybiotech.com/glycan-array-100/). Relative fluorescence units were calculated 
using an array analysis program (RayBioTech). A selection of glycans bound by lectin from 
glycine max have their structures represented, demonstrating binding of lectin from glycine max 
to residues presenting a terminal galactose (gal), or N-acetylgalactosamine (galNAc) residue. 

  

https://www.raybiotech.com/glycan-array-100/
https://www.raybiotech.com/glycan-array-100/
https://www.raybiotech.com/glycan-array-100/
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(ID: L1395, Sigma), my glycan array analysis did not detect binding of NDV-RBP (Ser47−Gly577) 

and the purified RBPs from MosV (Glu202−Thr632), NarV (Glu184−Pro657), JPV (Glu149−N709) 

was not detected (Fig 6.1.1.1). Lack of observable NDV-RBP binding to the glycan array was 

unexpected, as it is known that NDV-RBP is tropic towards glycoconjugates presenting a terminal 

Neu5Ac (Corfield et al. 1983), a carbohydrate represented within the panel of glycans. I hypothesise 

that this lack of observable binding could be due to several reasons. Firstly, the NDV-RBP construct 

was predicted to be a tetramer, a form of the molecule that lacks the avidity associated with the 

interaction between host-cells and the native virion, which presents multiple tetramerically 

associated RBPs. Secondly, a rationale for the lack of observed NDV-RBP binding, is potentially 

the non-specific biotinylation process that could introduce a biotin molecule to the primary amine 

group of a lysine side chain integral to carbohydrate interactions (Mattson et al. 1993), such as the 

important Lys236 of the hexapeptide motif (Fig 1.5.1). Thirdly, the dual hemagglutinin and 

neuraminidase functionality of NDV-RBP may result in cleavage of terminal sialic acid (Crennell et 

al. 2000). As the experiment could not be carried out at temperatures of 4°C, and delivery of the 

microarray to the USA for fluorescence intensity scanning took place under variable temperature 

conditions, the enzymatic activity was likely not inhibited, potentially resulting in a loss of NDV-

RBP from the array. However, a previous study exploring the sialic acid specificity of human 

parainfluenza viruses 1 and 3 (PIV1 and PIV3) using glycan array screening implemented by the 

Consortium for Functional Glycomics (CFG), indicated that the neuraminidase activity of the RBP 

was inactive at a pH greater than 7.0 (Amonsen et al. 2007). Our experiment was performed using 

phosphate buffered saline (PBS) pH 8.0, consistent with a NDV-RBP neuraminidase inactive state.  

If MosV, NarV and JPV were capable of interacting with sialic acid via the modes 

understood for other paramyxoviruses, the associated enzymatic capability could produce a false 

negative result. Additionally, the impact of non-specific biotinylation of Lys residues cannot be 

known. Therefore, as we cannot confirm the interactions of the related NDV-RBP positive control 

with the panel of glycans, we cannot definitively conclude that MosV-RBP, NarV-RBP, and JPV-

RBP do not bind carbohydrates, at least within the context of this assay. 
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 Whilst glycan array analysis is a potentially effective and high-throughput method of 

determining virus−glycan interactions, the mode of investigation using a commercial glycan array, 

where the composition of kit components is unknown, alongside non-specific biotinylation of 

tetrameric and dimeric RBPs, is not ideal. Future work involving glycan array analysis would benefit 

from specific biotinylation, usage of samples with higher avidity such as pseudotyped virus or virus-

like-particles (VLPs) (Gulati et al. 2014; Amonsen et al. 2007), and experimentation and analysis at 

4°C. 

6.1.1.2 Co-immunoprecipitation experiments 

A common method for identification of novel host-cell receptors bound by viruses is co-

immunoprecipitation in combination with mass spectrometry (Pillay and Carette 2015). 

Immunoprecipitation requires incubation of an Fc conjugated viral protein of interest, with a 

heterogeneous sample of solubilised membrane protein. The viral protein and any potential 

interacting partners are then pulled from solution by way of immunoprecipitation, taking advantage 

of the high affinity interactions between the conjugated Fc tag and protein A or G from 

Staphylococcus sp (Sjobring, Bjorck, and Kastern 1991; Sasso, Silverman, and Mannik 1991). The 

use of this ‘baiting’ method has precedence in the literature, being successful in the identification of 

ephrinB2 as the receptor for Nipah virus (NiV) (Negrete et al. 2005), transferrin (TfR1) as the 

receptor for Machupo virus (MacV) and other New World arenaviruses (Radoshitzky et al. 2007), 

angiotensin-converting enzyme 2 (ACE2) as the primary receptor of SARS-CoV (Li et al. 2003) and 

didpeptidyl peptidase 4 (DPP4) as the primary receptor of MERS-CoV (Raj et al. 2013). Given the 

success of this technique in identifying a number of receptors utilised by viruses, including 

paramyxoviruses, this method was explored for the identification of MosV-RBP binding partners.  

 To generate a solution of solubilised membrane protein for the co-immunoprecipitation, 

baby hamster kidney (BHK)21 cells were grown to confluency and harvested. As initial virus 

isolation utilised the BHK21 cell line (Miller et al. 2003), it was selected for subsequent pulldown 

analysis. Cells were lysed using the detergent 1% n-dodecyl-b-D-maltopyranoside (DDM) sol-grade 

(ID: D301S, Anatrace) and ultrasound based sonication. The solubilised and biotinylated membrane 
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protein was then exchanged into a biotinylated A8-35 amphipol (ID: BAM01, Anatrace) solution 

and detergent removed using biobeads (ID: 152-3920, Biorad) (Byrne et al. 2016). The amphipols 

substitute the detergents, stabilising the membrane protein solution, whilst in their biotinylated form 

providing a means to tag membrane protein without the disruption to protein-protein interactions 

potentially caused by non- specific biotinylation (Mattson et al. 1993). The solution was then pre-

cleared using unbound protein beads, and beads bound with IgG, to remove membrane proteins from 

the solution that interact non-specifically with the sample.  

 Protein G beads were prepared and bound with Fc-tagged MosV-RBP and NiV-RBP, which 

had been previous produced in human embryonic kidney (HEK) 293T cells and purified using 

protein G affinity chromatography. The pre-cleared membrane protein mixture was added to parallel 

solutions of bound and unbound protein G beads. Following incubation, the supernatant-containing 

unbound membrane protein was collected and beads washed several times to remove any non-

specifically bound membrane protein, and analysed using dot-blotting (Fig 6.1.1.2). The RBPs along 

with any binding partners were subsequently eluted from the beads using an acid wash, before 

immediate neutralisation. Additionally, to control for the potential background signal caused by 

contaminating protein G, which has the capability to bind the Fc region of antibodies used during 

dot-blot analysis, an experiment with unbound protein G beads was performed in parallel and 

similarly analysed. A biotinylated molecular weight marker was used as a positive control, and PBS 

as a negative to confirm successful staining. 

 Binding of novel proteins was determined utilising dot-blot analysis, with an anti-biotin 

antibody (ID: ab19221, Abcam). The supernatant, wash and elution samples obtained from unbound 

protein G beads revealed that these steps did not result in a protein G contamination that led to false 

positives. To confirm the binding interaction between the positive control NiV-RBP and its cognate 

receptor, ephrinB2, a dot-blot was performed with an antibody specific to ephrinB2 (ID: ab150411,  
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Fig 6.1.1.2: Dot-blotting indicates MosV-RBP has bound a protein following incubation with 
baby hamster kidney (BHK)21 cell membrane protein lysate. Nipah virus (NiV)-RBP bound 
beads (orange), MosV-RBP bound beads (purple) and beads alone (blue) were incubated with a 
soluble BHK21 membrane protein mixture, prior to washing and elution in acid, with samples 
collected for analysis throughout. The dot-blot is labelled with numbers indicating the sample 
applied. Samples applied includes: BHK21 lysate (1), supernatant containing protein which did not 
bind coated or uncoated beads (2), washes 1, 2 and 3 (3, 4, 5, respectively), the bead eluate 
potentially containing pulled down protein (6), a PBS only negative control (7), and a biotinylated 
molecular mass marker as a positive control (8). Both the NiV-RBP and MosV-RBP eluates indicate 
the presence of a biotinylated protein, potentially a partner pulled from the BHK21 cell lysate.  
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Abcam). Analysis revealed that the NiV-RBP sample did not appear to pulldown ephrinB2, however 

as no suitable purified ephrinB2 control was available at the time, potential issues arising from the 

staining procedure could not be discounted. This inability to detect ephrinB2 binding was contrasted 

by the signal observed upon anti-biotin staining, where a biotinylated sample was detected in the 

NiV-RBP bead eluate. Signal was observed upon dot-blot analysis of the MosV-RBP sample, 

indicating the detection of a putative binding partner. Utilising LysC and trypsin, the whole eluted 

samples were digested and analysed using tandem liquid chromatography with mass spectrometry 

(LC-MS-MS) (Grebe and Singh 2011), performed by the Advanced Proteomics Facility, University 

of Oxford, UK. Unfortunately, whilst mass spectrometry revealed likely non-specific interactions 

with a list of common background contaminants (Mellacheruvu et al. 2013), analysis failed to 

identify hits for MosV-RBP and importantly identified no presence of ephrinB2 bound by the NiV-

RBP positive control.  

 The lack of bonafide binding partners precipitated during this experiment could be due to an 

array of reasons. Despite BHK21 cells expressing the NiV-RBP receptor, ephrinB2 (Negrete et al. 

2005; Schountz et al. 2019), no evidence of the receptor was observed during following analysis of 

the NiV-RBP-Fc co-immunoprecipitation sample. Potentially, the mode of membrane protein 

isolation was not ideal for pulldown of ephrinB2, and likewise other proteins including any possible 

MosV-RBP receptors. Amphipols are likely not a ‘one size fits all’ option for production of a stable 

membrane protein solution, and optimisation of a heterogeneous sample is complex. The potential 

issues arising from non-specific cell-surface biotinylation of the membrane protein pool was avoided 

through use of the biotinylated amphipols, however. Nonetheless, the use of biotinylated amphipol 

necessitated analysis of samples using dot-blotting, in place of the more informative technique, 

western-blotting.  

 Subsequent to this work, collaborators in the lab of Prof. Benhur Lee (Icahn School of 

Medicine at Mount Sinai), analysed binding of MosV-RBP against a panel of cell lines. Their results 

contrasted previous work (Miller et al. 2003), and indicated that MosV-RBP did not bind BHK21 

cells stably expressing T7 RNA polymersase (BSR-T7). This work found that MosV-RBP instead 
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bound to Vero cells, therefore future pulldown experimentation (with both non-specific biotinylation 

and biotinylated amphipols) should be performed in this cell line.   

6.1.1.3 Haploid screening  

Knockout genetic screening approaches can be used to assess proteins and pathways vital to a virus 

lifecycle, including those involved in attachment and entry. However, the efficient generation of true 

knockouts is only practical in a haploid system (Pillay and Carette 2015). The haploid genetic 

screening technique was initially developed in yeast models with the capacity to exist in a haploid 

form. Studies performed in these yeast models have been useful in understanding questions relating 

to eukaryotic biology and identifying genes integral to host−pathogen interactions, such as those that 

support the lifecycle of the alpha-virus-like plant virus, brome mosaic virus (Janda and Ahlquist 

1993). However, the majority of viruses that infect mammals are unable to replicate in a yeast model 

(Pillay and Carette 2015).  

 Development of the HAP1 cell line expanded capability of haploid genetic screens to explore 

factors integral to mammalian viruses. The near haploid, HAP1 cell line was adapted from the KBM-

7 cell line that was isolated from the bone marrow of a patient suffering with chronic myeloid 

leukaemia (Andersson et al. 1995; Kotecki, Reddy, and Cochran 1999). The genome-scale cell 

libraries which contain knockouts in all non-essential genes can be generated through transduction 

of a retroviral gene-trap vector into the haploid cells, in a process called random insertional 

mutagenesis (Carette et al. 2009). Phenotypic selection of HAP1 cells with relevant genetic 

knockouts can be achieved using reporter-based strategies, where resistant cells no longer expressing 

factors key to virus binding or entry are selected (Pillay and Carette 2015). For example, a 

pseudotyped vesicular stomatitis virus (VSV) bearing the Ebola virus (EboV) glycoprotein (GP) and 

engineered green fluorescent protein (eGFP) was utilised in a haploid genetic screen which led to 

the identification of Niemann-Pick C1 (NPC1) as the receptor for EboV (Carette et al. 2011). Here, 

HAP1 cells bearing 39 independent mutations in NPC1 were found to not interact with the 

fluorescently tagged pseudovirus, and therefore were resistant to attachment by EboV-GP. This 

haploid genetic screening approach was also useful in the identification of the Lassa virus (LASV) 
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lysosomal receptor, the lysosomal-associated membrane protein-1 (LAMP-1) (Jae et al. 2014). This 

finding explained the incapability of LASV to infect chicken cells, despite the presentation of the 

cell surface α-dystroglycan (Lukashevich, Maryankova, and Fidarov 1983; Pillay and Carette 2015). 

 Given the success of this recently discovered technique, we proceeded to characterise 

binding of SosV-RBP to HAP1 cells using flowcytometry. For use in flow cytometry and potential 

haploid screening, the 8xHis-SUMO-SosV-RBP (Asn125−Lys582) was sub-cloned into a pHLsec 

vector with a C-terminal AviTag™. SosV-RBP was subsequently co-transfected into HEK293T 

cells, with a pDisplay™ (Thermo) vector encoding the E. coli biotin ligase, BirA. The cell culture 

media was supplemented with biotin, enabling site specific biotinylation of the Avitag™ conjugated 

to SosV-RBP. SosV-RBP was purified using nickel-affinity and size exclusion chromatography 

(SEC), and the success of biotinylation determined with western-blot analysis (Fig 6.1.1.3A). 

 Prior to staining with biotinylated SosV-RBP and control antibodies, HAP1 cells were 

treated with an Fc blocking solution consisting of Human TruStain FcX™ (ID: 422301, Biolegend), 

mouse IgG (ID:12-371, MerckMillipore), and human IgG (ID: I4506, Sigma), formulated to block 

the Fc receptor and therefore prevent non-specific binding of staining antibodies. Following 

washing, cells were treated with different staining mixtures outlined in Fig 6.1.1.3B. The protein 

CD59 was selected as a cell marker for HAP1 cells to ensure correct compensation, to account for 

spectral overlap of the two fluorochromes, phycoerythrin (PE) and Alexafluor®-647.  

 Effective staining was observed upon treatment of HAP1 cells with anti-CD59 antibodies 

conjugated to Alexafluor®-647 (ID: ab187769, Abcam) and PE (ID: 304707, Biolegend), 

contrasting the lack of signal detected when HAP1 cells were stained with varying dilutions of SosV-

RBP (0.5−5 µg) and streptavidin conjugated to PE (ID: 1475, Biolegend) (Fig 6.1.1.3C). To account 

for potential issues arising from the streptavidin-PE detection, a subset of HAP1 cells were treated 

initially with a biotinylated anti-CD59 antibody (ID: 555762, BD Biosciences), before the method 

of staining with a 1:3,000 dilution of streptavidin-PE was confirmed to be appropriate. In parallel, a 

subset of HAP1 cells were stained with streptavidin-PE only, which demonstrated some non-specific  
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Figure 6.1.1.3: Flow cytometry and enzyme-linked immunosorbent assay (ELISA) data 
indicate that Sosuga virus (SosV)-RBP is unable to bind HAP1 cells. (a) Following size 
exclusion chromatography (SEC) of in vivo biotinylated SosV-RBP, fractions were analysed using 
SDS-PAGE and western blotting. The anti-biotin western blot indicated that the sample had been 
biotinylated, confirming the sample was suitable for subsequent flow cytometry analysis. (b) The 
mixtures incubated with HAP1 cells, and subsequently analysed using flow cytometry. Mixtures 
variously contain biotinylated SosV-RBP, antibodies specific to CD59, which are either conjugated 
to phycoerythrin (PE) (Biolegend), Alexafluor®-647 (Abcam) or biotin (BD Biosciences). If 
required for detection of biotinylated SosV-RBP or antibody, a secondary incubation was performed 
with streptavidin-PE. Cyan denotes Alexafluor®-647 staining, and orange staining using PE. (c) 
HAP1 cells were incubated with specifically biotinylated SosV-RBP detected using streptavidin-
PE (*), and the anti-CD59-Alexafluor®-647 (*) antibody. Subsequent, flow cytometry analysis 
indicated that SosV-RBP does not bind HAP1 cells, following gating no PE signal was detected in 
the case of SosV-RBP bound cells. This is contrasted against the biotinylated anti-CD59 antibody, 
which following incubation with streptavidin-PE, demonstrates binding. (d) An ELISA was 
performed to confirm flow cytometry data. Wells were coated with either HAP1 cells, or directly 
with SosV-RBP and were variously incubated with SosV-RBP and biotinylated anti-CD59 
antibody. Detection was performed with anti-histidine antibody (Abcam) and anti-rabbit antibody 
conjugated to horseradish peroxidase (HRP) (Vector laboratories), or using an anti-biotin antibody 
conjugated to HRP. Error bars represent the standard deviation (n=3).  
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signal when analysed using flow cytometry at wavelength consistent with both PE and Alexafluor®-

647.  

A basic enzyme-linked immunosorbent assay (ELISA) was setup to confirm the results 

obtained during flowcytometry. The assay was performed with two different detection methods in 

parallel, anti-histidine (ID: ab9108; Abcam) and anti-biotin, as no biotinylated SosV-RBP was 

available, and additionally we did not have a histidine tagged positive control capable of binding 

HAP1 cells. Following incubation of SosV-RBP on immobilised HAP1 cells, minimal signal was 

observed, when compared to a HAP1 only negative control and HAP1 cells coated with the anti-

CD59 positive control (Fig 6.1.1.3E). This signal observed indicates that there may be a limited 

amount of SosV-RBP binding to the cells, however, the interaction may be non-specific. 

Alternatively, low signal could be due to poor expression of the receptor or low affinity binding 

between SosV-RBP and its cognate receptor. Whether or not the signal is genuine, it is nonetheless 

not detectable in the context of a flow cytometry experiment, which is key to haploid screening, 

which utilises fluorescence activated cell sorting (FACS). To improve detection of low affinity 

and/or quantity interactions, flow cytometry may benefit from the use of a VLP or pseudotyped virus, 

where both the avidity of the RBP-receptor interactions and RBP-detection interactions are 

increased. Production of SosV pseudotypes has precedence in the literature (Welch et al. 2018), and 

is a project currently being pursued by collaborators, in the group of Prof. Benhur Lee.  

6.1.2 Characterisation of the determinants of receptor interactions 

Paramyxovirus RBPs interact with a number of diverse carbohydrate and proteinaceous host-cell 

presented receptors (Bowden, Aricescu, et al. 2008; Xu et al. 2008; Hashiguchi et al. 2011; Santiago 

et al. 2010; Zhang et al. 2013; Yuan et al. 2005; Lawrence et al. 2004; Crennell et al. 2000; Kubota 

et al. 2016; Bowden, Crispin, Jones, et al. 2010). Viruses of Orthoavula-, Metavula-, Paraavula-, 

Respiro-, and Rubulaviruses genera all utilise a mechanism highly conserved across six-bladed β-

propeller structures to bind and hydrolyse sialic acid (Crennell et al. 2000; Lawrence et al. 2004; 

Yuan et al. 2005; Kubota et al. 2016; Langedijk, Daus, and VanOirschot 1997). The viruses of the 

genus, Morbillivirus, interact with the immunoglobulin-like molecules signalling lymphocyte 



Chapter 6: Future perspectives and concluding remarks 
 

 

184 
 

activation molecule F1 (SLAMF1) and nectin-4. The viruses of the genus Henipavirus utilise the 

highly conserved B-class ephrins, ephrinB1, ephrinB2 and ephrinB3 as host-cell receptors (Negrete 

et al. 2005; Pryce et al. 2019; Negrete et al. 2006b). The determinants of these receptor interactions 

have been studied extensively utilising both structural and functional techniques. This information 

has been used to predict the specificity of novel viruses to characterised receptors (Zeltina, Bowden, 

and Lee 2016), or alternatively a lack of specificity, such as was the case for the paramyxoviruses, 

Mojiang and Sosuga (MojV and SosV, respectively) (Rissanen et al. 2017; Stelfox and Bowden 

2019) . Additionally, despite the receptor tropism of the narmoviral, jeilongviral and pararubulaviral 

RBPs remaining unknown, knowledge of potentially important motifs and structural features 

provides a means to explore the functional impact of alterations, enabling us to discern the key 

determinants of specificity.  

6.1.2.1 Characterisation of Jeilongvirus sialic acid interactions 

The JPV and beilong virus (BeiV) RBP structures maintain the dual functionality sialic acid binding 

and neuraminidase site at the top of the β-propeller (Kubota et al. 2016; Crennell et al. 2000; Yuan 

et al. 2005; Lawrence et al. 2004), in addition to a pocket consistent with the second sialic acid 

binding site (Porotto et al. 2012a; Zaitsev et al. 2004). With this understanding of the motifs central 

to dictating the hemagglutinin-neuraminidase (HN) activity of paramyxoviral RBPs, we would 

predict that both JPV and BeiV would demonstrate this archetypal paramyxoviral receptor 

interaction. However, our work in combination with initial studies of JPV from the 1970s (Jun, 

Karabatsos, and Johnson 1977) support a putative sialic acid independent mode of entry for the JPV, 

BeiV, and likely other jeilongviruses. Analogous to the C-terminal extension of NDV-RBP from the 

Ulster strain which has auto-inhibitory capabilities (Yuan et al. 2012), the C-terminal segment of 

BeiV-RBP forms a domain that occludes the putative sialic acid binding site. Given this finding, we 

sought to test whether truncation of this C-terminal region would result in a convalescence of sialic 

acid associated activity. However, despite successful soluble production of truncated JPV-RBP and 

BeiV-RBP (Fig 5.5.1), the timing of this thesis has not allowed for subsequent neuraminidase 

activity analysis using the Warren method (Warren 1959). If enzymatic activity is observed, such 
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engineered constructs may be readily transplanted to pseudotype of VLP systems, which would 

enable screening against cells with and without neuraminidase treatment, to assess infection 

capability beyond attachment. Alternatively, if no such sialic acid interactions are observed, 

truncated mutants may provide a means to test whether the C-terminal domain is integral to 

interacting with an array of cell lines.  

6.1.2.2 Validation of the determinants of narmoviral receptor specificity 

Comparisons to other RBPs, reveals that the narmoviral RBPs lack all known paramyxoviral receptor 

binding motifs (Bowden, Aricescu, et al. 2008; Xu et al. 2008; Hashiguchi et al. 2011; Santiago et 

al. 2010; Zhang et al. 2013; Yuan et al. 2005; Lawrence et al. 2004; Crennell et al. 2000; Kubota et 

al. 2016). Yet, comparative methods exploiting the observed trend for the maintenance of receptor 

binding sites within individual paramyxoviral genera despite high sequence variation, may also be 

useful for the identification of novel receptor binding sites on the RBPs of these more divergent 

viruses (Zeltina, Bowden, and Lee 2016). Pairwise sequence conservation mapping between MosV-

RBP and NarV-RBP has enabled the identification of a region of elevated identity, which may 

constitute a receptor binding site. Flow cytometry analysis performed by collaborators in the lab of 

Prof Benhur Lee (Icahn School of Medicine at Mount Sinai) confirmed the capability of MosV-RBP 

to interact with mouse lung adenoma LA-4 and African green monkey kidney epithelial Vero cell 

lines. In combination with generation of mutant MosV-RBP constructs presenting different surface 

properties across the potential receptor binding site (Fig 4.6), this information provides a means to 

aid identification of important sites on the MosV-RBP surface despite receptor tropism remaining 

unknown. These works are planned to take place in the laboratory of Prof Benhur Lee. Additionally, 

future mutants generated may benefit from consideration of the related bank vole virus (BaVV) (Fig 

4.6.2), a virus from Russia only recently characterised at the molecular level. 
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Figure 6.2: Structure based phylogenetic analysis of the six-bladed β-propeller structures of 
the sialidase superfamily (Wilson et al. 2009). (a) Homologous six-bladed β-propeller structures 
were identified by application of the NDV-RBP (PDB no. 1E8T) into the DALI server. Structure-
based phylogenetic analysis was subsequently performed with the following structures: MeV-RBP, 
measles virus RBP (2RKC); SosV-RBP (6SG8); NarV-RBP; MosV-RBP; MojV-RBP, Mòjiāng 
virus RBP (5NOP); GhV-RBP, Ghana virus RBP (4UF7); NiV-RBP (2VSM); HeV-RBP, Hendra 
virus RBP (2X9M); NDV-RBP; PIV5-RBP, parainfluenza virus 5 RBP (1Z4Y); MuV-RBP, mumps 
virus RBP (5B2C); PIV3-HN, parainfluenza virus 3 HN (1V2I); JPV-RBP; BeiV-RBP; influenza 
B virus NA molecules B/Perth (3K36), B/Lyon (4CPO), B/Brisbane (4CPL); influenza A virus NA 
molecules A/Vietnam N1 (2HTY), A/Tokyo N2 (1IVG),  A/Missouri N3 (4HZV), A/Sweden N4 
(2HTV), A/Alberta N5 (3SAL), A/England N6 (1V0Z), A/ALB N7 (4QN3), A/Ukraine N8 (2HT5), 
A/Australia N9 (7NN9), A/Guatemala NL10 (4FVK), A/Peru NL11 (4K3Y); S. typhimurium 
sialidase (3SIL); T. rangeli sialidase (1N1S); T. cruzi trans-sialidase (1MR5); V. cholerae sialidase 
(1KIT); S. pneumoniae NanA (2YA4); C. perfringens NanI (2VK5); S. pneumoniae NanC (4YZL); 
S. pneumoniae NanB (2VW0); R. gnavus intramolecular trans-sialidase (4X47); M. decora 
intramolecular trans-sialidase (1SLL); H. sapien Neu2 (1SNT); M. virifaciens sialidase (1EUT); A. 
fumigatus sialidase (2XCY); B. thetaiotaomicron sialidase (4BBW); P. aeruginosa pseudaminidase 
(2W38); and bacteriophage K1F endosialidase (1V0F). Using pairwise structural superimposition 
of the six-bladed β-propeller structures an evolutionary distance matrix was calculated by SHP 
(Stuart et al. 1979), and used to generate an unrooted tree with PHYLIP (Felsenstein 1989). Groups 
of sialidase and sialidase-like six-bladed β-propellers are designated as follows: paramyxoviral 
RBPs (orange), influenza neuraminidases (green), non-viral 6-bladed β-propellers (blue), with the 
bacteriophage φK1F distinct from these three groups. (b) A detailed view of the paramyxovirus 
RBP arm of the sialidase superfamily structure-based phylogeny.The RBP structures are rendered 
in surface representation (white) with known receptor footprints colored red. Where relevant 
receptors are coloured yellow, with carbohydrate receptors rendered as spheres and proteinaceous 
receptors shown as a ribbon. The calculated evolutionary distances are indicated beside the 
branches.   
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6.2 THE PARAMYXOVIRAL RECEPTOR BINDING PROTEINS IN CONTEXT WITH 

THE SIALIDASE SUPERFAMILY  

The six-bladed β-propeller fold is purposed for a diversity of functions, and represents the core fold 

utilised by a number of protein superfamilies according to the ‘Structural Classification of Proteins’ 

(SCOP) database (Wilson et al. 2009). Importantly, the fold includes the sialidase superfamily of 

proteins, an enzyme type encoded by both viruses and organisms across all the domains of life 

(Roggentin et al. 1989; Quistgaard and Thirup 2009). Humans encode the lysosomal NEU1, 

cytosolic NEU2 and membrane-bound NEU3 and NEU4 sialidases, which through regulation of 

sialic acid presentation, aid a diversity of essential pathways, such as cell stress response, protein 

folding, trafficking, signalling regulation, cell differentiation, cell-cell interactions, and others 

(Cirillo et al. 2016; Maurice et al. 2016; Chavas et al. 2005). The essential nature of these proteins 

is demonstrated upon their dysregulation or deficiency, which precipitates cancer or lysosomal 

storage diseases (De Potter and Schelfhout 1995; Yogalingam et al. 2008). In the case of bacteria 

such as Vibrio chlorae, Salmonella typhimurium, and Clostridium perfringens, sialidases perform 

parasitic nutritional functions which contribute to virulence (Corfield 1992). The trypanosomal 

parasites that cause sleeping sickness and Chagas produce trans-sialidases which are key to invasive 

phenotypes which lead to pathogenesis in mammalian hosts (Pereira et al. 1996), and are required 

for survival in the insect host (Nagamune et al. 2004). Additionally, as discussed throughout this 

thesis, sialidases are utilised by the members of the Paramyxoviridae and Orthomyxoviridae as a 

means of host-cell attachment and escape (Kubota et al. 2016; Crennell et al. 2000; Yuan et al. 2005; 

Lawrence et al. 2004).  

 Despite the varying specificity and different functions displayed by the sialidases, the 

residues associated with hydrolysing sialic acid are stringently conserved throughout the sialidase 

superfamily. These residues include a nucleophilic tyrosine, a triarginyl motif tasked with binding 

the carboxy group, and three aspartate and/or glutamate residues, which are often numbered 

according to their blade location within the propeller (Newstead et al. 2008; Kao, Lerner, and Warner 

1997; Manzoni et al. 2007; Kobayashi et al. 2000; Kubota et al. 2016; Crennell et al. 2000; Yuan et 
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al. 2005; Lawrence et al. 2004; Vavricka et al. 2013a; Langedijk, Daus, and VanOirschot 1997; 

Tailford et al. 2015; Roggentin et al. 1989). A number of sialidase-like molecules utilise the stable 

yet pliable six-bladed β-propeller fold for adaptation to novel functionality (Stummeyer et al. 2005; 

Bowden, Crispin, Jones, et al. 2010; Wu, Wu, et al. 2014). An example of smaller variation is 

afforded the endosialidase from bacteriophage φΚ1F, where residues critical to the canonical 

exosialidase activity, such as D1 and Y6, are not presented (Stummeyer et al. 2005). To a greater 

degree, the protein binding RBPs of the Paramyxoviridae have diversified from sialidase 

functionality, and present an array of structures capable of interacting with numerous receptors. This 

pliability has enabled the morbilliviruses to interact with nectin-4 and signalling lymphocyte 

activation molecule (SLAM)-F1 (Zhang et al. 2013; Hashiguchi et al. 2011), and the henipaviruses 

to interact with the B-class ephrin receptors (Bowden, Aricescu, et al. 2008; Zhang et al. 2013; Pryce 

et al. 2019). Likewise, many RBPs from paramyxoviruses recently characterised at a molecular level 

are predicted to lack the canonical sialidase functionality or ability to enter cells via the established 

protein-dependent mechanisms. This adaptation to diverse functionality is reflected by structure-

based phylogenetic analysis, which reveals that despite the relatedness of the paramyxoviruses, their 

sialidase-like structures have a much greater structural diversity than the structurally characterised 

non-viral sialidases, encoded by both prokaryotes and eukaryotes (Fig 6.2). The isolation of the 

viruses MosV, NarV, JPV, BeiV and SosV and the subsequent structural characterisation of their 

virion exposed RBP six-bladed β-propellers, has expanded our understanding of the diversity of 

paramyxoviral RBP architectures.  

6.3 CONCLUDING REMARKS 

The role of paramyxoviruses as major aetiological agents and perpetrators of significant human and 

animal outbreaks (Fields, Knipe, and Howley 2013; Griffin, Lin, and Pan 2012; Branche and Falsey 

2016; Eaton et al. 2006), raises questions about the potential impact of the sudden expansion of our 

understanding of the paramyxovirus family (Amarasinghe et al. 2019). An understanding of 

interactions between a virus and its host(s) can provide vital insights into the pathobiological 
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characteristics of paramyxoviruses (Rosenberg 2015; Cunningham, Daszak, and Wood 2017). As a 

protein that mediates the initial stages of infection, the RBP represents a major determinant of 

paramyxoviral tissue and host specificity, and therefore is a component that defines the potential for 

interspecies transmission (Thibault et al. 2017). Using X-ray crystallography, I structurally defined 

RBPs from Narmovirus, Jeilongvirus and Pararubulavirus genera, and sought to use this 

information to explore the proteins functionally. In parallel, whilst still in a nascent stage, receptor 

identification strategies have been pursued, laying the foundations for future study. However, despite 

the receptors utilised by the narmoviruses, jeilongviruses and pararubulaviruses remaining unknown, 

we have begun to reveal the distinct features unique to these RBPs. Through application of structural 

methods, I have rationalised why SosV-RBP demonstrates a lack of sialic acid dependent 

interactions, found that the narmoviral RBPs present a unique surface incompatible to established 

modes of receptor engagement, and defined the structure of the novel jeilongviral RBP domain, 

providing a means of testing its functional role in the future. Altogether, these data demonstrate the 

diversity of architectures adopted by the pliable 6-bladed β-propeller fold, and serve to illuminate 

the potential for these viruses to continually adapt to new host species. The high propensity of 

paramyxoviruses to undergo interspecies transmission (Kitchen, Shackelton, and Holmes 2011; 

Holmes 2010), coupled with an unprecedented diversity of structures inherently linked to virus 

tropism (Bowden, Crispin, Jones, et al. 2010; Zeltina, Bowden, and Lee 2016; Thibault et al. 2017), 

necessitates the continued study of this family, including characterisation of members yet to be 

associated with human disease. 
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APPENDIX C: LIST OF ABBREVIATIONS 
 

˚C Degrees Celcius  DMSO Dimethyl sulphoxide 
Å Ångströms = 10-10 metres DNA  Deoxyribonucleic Acid 
ACE2 Angiotensin-converting 

enzyme 2 
DPP4 Didpeptidyl peptidase 4  

AchPV Achimota virus DRC Democratic Republic of the Congo 
APBS Adaptive Poisson-Boltzmann 

server 
E. coli Escherichia coli 

APMV Avian paramyxovirus EboV Ebola virus 
APV Antarctic penguin virus ECL Electrochemiluminescence 
AsaPV Atlantic salmon 

paramyxovirus 
EDTA  Ethylenediaminetetraacetic acid 

AU Absorbance units EFN Ephrin 
BavV Bank vole virus  EGFR Epidermal growth factor receptor 
BeiV Beilong paramyxovirus ELISA` Enzyme-linked immunosorbent-

assay 
BHK21 Baby hamster kidney em Emission 
BirA E. coli biotin ligase EndoF1 Endoglycosidase-F1 
BMV Bat mumps virus ex Excitation 
BSA Bovine serum albumin F Fusion protein (Paramyxovirus) 
BSR-T7 BHK21 cells stably expressing 

T7 RNA polymersase 
F Fusion protein 

CaCl2 Calcium Chloride FACS Fluoresence activated cell sorting 
CDC  Center for disease control Fc Fragment crystallisable  
CDV Canine distemper virus FCS  Fetal Calf Serum 

CDXX Cluster of differentiation XX FDLV Fer-de-lance virus 
CedV Cedar paramyxovirus FeMV Feline morbillivirus 
CeMV Cetcean morbillivirus FoXS Fast X-ray scattering  
CFG Consortium for Functional 

Glycomics  
FP Fusion peptide 

CMAH Cytidine monophosphate-N-
acetylneuraminic acid 
hydroxylase 

FSA Free sialic acid 

CMV Cytomeglovirus  g  Gram 
CO2 Carbon dioxide g  Gravity 
Cryo-EM  Cryogenic electron-

microscopy 
GAG Glycosaminoglycans 

d day GhV  Ghanaian henipavirus (aka Kumasi 
virus) 

Da  Daltons GlcNAc  N-acetyl glucosamine 
DANA N-Acetyl-2,3-dehydro-2-

deoxyneuraminic acid  
GMEM Glasgow's minimum essential 

medium 
DDM n-dodecyl-b-D-

maltopyranoside 
GOF Gain-of-function 

DLS Diamond light source GOI Gene of interest 
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DMEM  Dulbecco’s Modified Eagle’s 
Medium 

GP Glycoprotein 

h Hour m  Meter 
H  Hemagglutinin receptor 

binding protein 
MALS Multi-angle light scattering 

HAP1 Near haploid cell line Man Mannose 
HBGA Histo-blood group antigen MapV Mapuera virus 
HCl Hydrochloric acid MCS Multiple cloning site 
HEK293T Human Embryonic Kidney 

293T cells 
MenV Menagle virus 

HeV Hendra virus MERS-
CoV 

Middle East respiratory syndrome 
virus 

His Histidine MeV Measles virus 
HIV Human immunodeficiency 

virus 
MgCl2 Magnesium chloride 

hMPV human metapneumovirus Min  Minutes 
HN Hemagglutinin-neuraminidase 

receptor binding protein 
MME Methyl ether 

HNV Henipavirus MMLV Mount Mabu lophuromys virus 
HPLC High preformance liquid 

chromatography 
MojV  Mójiāng virus 

HR Heptad repeat MosV Mossman paramyxovirus 
HRP Horse radish peroxidase MU Methylumbelliferyl 

HRV Human rhinovirus MuV Mumps virus 
ICTV International Committee on 

Taxonomy of Viruses 
MWCO Molecular Weight Cut-Off 

IMDM Iscove's modified dulbecco's 
medium 

N Nucleoprotein 

IV Intraviral n  Nano (10-9) 
JPV J paramyxovirus n.c.s Non-crystallographic symmetry 
k Kilo (103) NaCl Sodium Chloride 
K Kelvin NarV Nariva paramyxovirus 
K2PtCl4 Potassium tetrachloroplatinate NDV Newcastle disease virus 
Kb Kilobase NDV Newcastle disease virus 
KBM-7 Human chronic myeloid 

leukemia cell line 
NEAA Non-Essential Amino Acids 

L Litre Neu5Ac 5-N-acetylneuraminic acid  
L RNA-dependent RNA-

polymerase 
Neu5Gc 5-N-glycolylneuraminic acid 

l  Wavelength NiV Nipah virus 
LAMP-1 lysosomal-associated 

membrane protein-1 
NPC1 Neimann-Pick C1 

LASV Lassa virus ORF Open reading frame 
LB Luria Broth P Phosphoprotein 
LC/MS/M
S 

Liquid chromatography with 
tandem mass spectrometry 

P/T/S Proline, threonine, serine 

LLG Log likelihood gain PBS Phosphate buffered saline 
LPMV La Piedad Michoacán Mexico 

virus 
PCR Polymerase Chain Reaction 
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LTR Long terminal repeat SosV Sosuga paramyxovirus 
m Milli (10-3) SP Signal peptide 
M Molar concentration SUMO Small ubiquitin-like modifier 
M Matrix protein PCT Pre-crystallisation test 
PEI Polyethylenimine PDB Protein Data Bank 
PGA Poly-g-glutamic acid  SV41 Simian virus 41 
PISA Proteins, Interfaces, Structures 

and Assemblies  
TAE Tris Acetic acid EDTA 

PIV Parainfluenzavirus PDV Phocine distemper virus 
PIV Parainfluenzavirus TBS 10 mM Tris pH 8, 150 mM NaCl 
PMPV Pohorje Myodes 

paramyxovirus 
TevPV Teviot paramyxovirus 

POI Protein of interest ThkPV Tuhoko paramyxovirus 
PPRV Peste-des-petits-ruminants 

virus 
TioV Tioman virus 

PPT Polypurine tract PEG  Polyethylene glycol 
RBCs Red blood cells TlmV Tailam virus 
RBP  Receptor binding protein TLS Translation/Libration/Screw 
RMSD  Root-mean-square deviation TM Transmembrane  
RNA  Ribonucleic acid Tm  Melting temperature (of DNA 

duplexes) 
RNP Ribonucleoprotein TNF Tumour necrosis factor 
Rpm Revolutions per minute Tris  Tris(hydroxymethyl)aminomethan

e 
RRE Rev response element TupV Tupaia paramyxovirus 
RSV Respiratory syncytial virus V Volts 
RV Rinderpest virus VLP Virus-like-particle 
SAD Single-wavelength anomalous 

diffraction 
VSV Vesicular stomatitis virus  

SalV Salem virus WHO World health organisation 

SARS-CoV Severe acute respiratory 
syndrime-related coronavirus 

WHPV Wēnlǐng hoplichthys 
paramyxovirus 

SAXS Small-angle X-ray scattering WPSSP
V 

Wēnzhōu pacific spadenose shark 
paramyxovirus 

SDS-
PAGE  

Sodium Dodecyl Sulphate 
Polyacrylamide Gel 
Electrophoresis 

WTLPV Wēnlǐng triplecross lizardfish 
paramyxovirus 

Sec  Seconds WTSPV Wēnlǐng tonguesole 
paramyxovirus 

SEC  Size Exclusion 
Chromatography 

y psi 

SeV Sendai virus μ Micro (10-6) 
SH Small hydrophobic χ2  Chi-squared 
SHP Structural homology program   
SLAM signalling lymphotcyte 

activation molecule 
  

SOC Super Optimal Broth   
SOE Splice by overlap    



Appendix D 
 

215 
 

APPENDIX D: LIST OF GENBANK ACCESSION NUMBERS  
 

Virus Gene(s) used Accession code Chapter(s) Section(s) 
AchPV1 L YP_009094458.1 1 1.3 
AchPV1 RBP YP_009094457.1 1, 3 1.3, 3.2 
AchPV2 L YP_009094466.1 1 1.3 
AchPV2 RBP YP_009094465.1 1 1.3 
APMV2 L BAW94627.1 1 1.3 
APMV2 RBP AAM61887.1 1 1.3 
APMV2 Genome LC187305.1 1 1.4 
APMV2 RBP AQQ11616.1 1, 3, 4, 5 1.5, 3.2. 4.2, 5.2 
APMV3 L YP_009094217.1  1 1.3 
APMV3 RBP YP_009094216.1 1 1.3 
APMV3 Genome EU782025.1 1 1.4 
APMV3 RBP AWU68199.1 1, 3, 4, 5 1.5, 3.2. 4.2, 5.2 
APMV4 L AQZ26706.1 1 1.3 
APMV4 RBP AQZ26705.1 1 1.3 
APMV5 L BAV25267.1 1 1.3 
APMV5 RBP BAV25266.1  1 1.3 
APMV6 L BAM64955.1  1 1.3 
APMV6 RBP BAM64954.1 1 1.3 
APMV7 L YP_009094060.1 1 1.3 
APMV7 RBP YP_009094059.1 1 1.3 
APMV8 L AFX97643.1 1 1.3 
APMV8 RBP AFX97642.1 1 1.3 
APMV9 L YP_009094364.1 1 1.3 
APMV9 RBP YP_009094363.1  1 1.3 
APMV10 L AQQ11616.1 1 1.3 
APMV10 RBP AQQ11615.1 1 1.3 
APMV11 L YP_009094483.1 1 1.3 
APMV11 RBP YP_009094482.1 1 1.3 
APMV12 L YP_009094173.1 1 1.3 
APMV12 RBP YP_009094172.1 1 1.3 
APMV13 L AMR70815.1  1 1.3 
APMV13 RBP AMR70814.1 1 1.3 
APMV14 L YP_009508498.1 1 1.3 
APMV14 RBP YP_009508497.1  1 1.3 
APMV15 L YP_009380509.1  1 1.3 
APMV15 RBP YP_009380508.1 1 1.3 
APMV16 L AWU68199.1 1 1.3 
APMV16 RBP AWU68198.1 1 1.3 
APMV20 L YP_009553495.1  1 1.3 
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APMV20 RBP YP_009553494.1 1 1.3 
APV-A L YP_009508510.1 1 1.3 
APV-A RBP ARU83010.1 1 1.3 
APV-B L ARU83017.1 1 1.3 
APV-B RBP ARU83016.1 1 1.3 
AsaPV L YP_009094152.1 1 1.3 
AsaPV RBP YP_009094151.1 1 1.3 
BaVV L ATW63190.1 1 1.3 
BaVV RBP ATW63189.1 1, 4 1.3. 4.2 
BeiV L YP_512254.1 1 1.3 
BeiV(HMC) RBP YP_512253.1 1 1.3 
BeiV(HMC) Genome DQ100461.1 1 1.4 
BeiV(HMC) RBP NC_007454.1  5 5.2, 5.3 
BeiV(rat) RBP AOV81769.1 1 1.3 
BeiV(rat) Genome KX940961.1 1 1.4 
BeiV(rat) RBP NC_007803.1 5 5.2, 5.3 
BPIV3 L NP_037646.1 1 1.3 
BPIV3 RBP NP_037645.1 1 1.3 
CDV L AAK54670.1 1 1.3 
CDV RBP AAK54669.1 1 1.3 
CedV L YP_009094087.1 1 1.3 
CedV RBP YP_009094086.1  1 1.3 
CeMV L AYR16899.1 1 1.3 
CeMV RBP AYR16898.1  1 1.3 
CPIV3 L QBF53203.1 1 1.3 
CPIV3 RBP QBF53202.1  1 1.3 
FDLV L NP_899661.1  1 1.3 
FDLV RBP NP_899660.1 1 1.3 
FeMV L YP_009512964.1 1 1.3 
FeMV RBP YP_009512963.1 1 1.3 
GhV L YP_009091839.1  1 1.3 
GhV RBP YP_009091838.1  1 1.3 
HeV L NP_047113.3 1 1.3 
HeV RBP NP_047112.2 1 1.3 
HeV Genome AF017149.3 1 1.4 
HPIV1 L AAL89409.1 1 1.3 
HPIV1 RBP AAL89408.1 1 1.3 
HPIV2 L AZS52544.1 1 1.3 
HPIV2 RBP AZS52543.1  1 1.3 
HPIV3 L AZS52615.1 1 1.3 
HPIV3 RBP AZS52614.1 1 1.3 
HPIV4a L YP_008378665.1 1 1.3 
HPIV4a RBP YP_008378664.1 1 1.3 
HPIV4b L AFB82778.1 1 1.3 
HPIV4b RBP AFB82777.1 1 1.3 
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JPV L YP_338085.1  1 1.3 
JPV RBP YP_338084.1 1 1.3 
JPV RBP AOV81769.1 5 5.2, 5.3 
LPMV L YP_001331035.1  1 1.3 
LPMV RBP YP_001331034.1 1 1.3 
MapV L YP_001249278.1 1 1.3 
MapV RBP YP_001249277.1 1 1.3 
MenV L YP_009512971.1 1 1.3 
MenV RBP AAK62284.1 1 1.3 
MenV Genome AF326114.2 1 1.4 
MenV RBP AAK62284.1 3 3.2 
MeV L NP_056924.1 1 1.3 
MeV RBP NP_056923.1 1 1.3 
MeV Genome AY486083.1 1 1.4 
MMLV1 L AVM86019.1 1 1.3 
MMLV1 RBP AVM86018.1 1 1.3 
MMLV1 RBP YP_009508497.1  5 5.2 
MMLV2 L AVM86027.1 1 1.3 
MMLV2 RBP AVM86026.1 1 1.3 
MMLV2 RBP AWU68198.1 5 5.2 
MojV L YP_009094096.1 1 1.3 
MojV RBP YP_009094095.1 1 1.3 
MosV L NP_958055.1 1 1.3 
MosV RBP NP_958054.1  1, 4 1.3, 4.2 
MosV RBP AY286409.1 4 4.3 
MuV L AAL83746.1 1 1.3 
MuV RBP AAL83745.1 1 1.3 
MuV Genome/RBP MG460606.1 1, 3, 4, 5 1.4, 1.5, 3.2, 4.2, 5.2 
NarV L YP_006347589.1  1 1.3 
NarV RBP YP_006347588.1 1, 4 1.3, 4.2 
NarV Genome/RBP FJ362497.2 1, 4 1.4, 4.3 
NDV L AFV96177.1 1 1.3 
NDV RBP AFV96176.1 1 1.3 
NDV Genome AB524405.1 1 1.4 
NDV RBP YP_009512963.1 1, 3, 4, 5 1.5, 3.2, 4.3, 5.2 
NiV L NP_112028.1 1 1.3 
NiV RBP NP_112027.1 1 1.3 
PDV L YP_009177604.1 1 1.3 
PDV RBP BAA01207.1 1 1.3 
PIV5 L AWA45301.1 1 1.3 
PIV5 RBP AGJ98318.1 1 1.3 
PMPV1 L AVM86048.1 1 1.3 
PMPV1 RBP AVM86047.1 1 1.3 
PPIV1 L AVO62728.1  1 1.3 
PPIV1 RBP AVO62727.1 1 1.3 
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PPRV L CAJ01701.1 1 1.3 
PPRV RBP CAJ01700.1 1 1.3 
RPV L YP_087126.2 1 1.3 
RPV RBP YP_087125.2 1 1.3 
SalV L YP_009094339.1 1 1.3 
SalV RBP YP_009094338.1 1 1.3 
SeV L AAB06283.1 1 1.3 
SeV RBP AAB06282.1 1 1.3 
SeV Genome/RBP NC_001552.1 1, 3, 4, 5 1.4, 1.5, 3.2, 4.2, 5.2 
SosV L YP_009094034.1 1 1.3 
SosV RBP YP_009094033.1 1, 3 1.3, 3,2 
SosV RBP NC_025343 3 3.3 
SV41 L YP_138510.1  1 1.3 
SV41 RBP YP_138509.1  1 1.3 
TevPV L AZK16201.1  1 1.3 
TevPV RBP AZK16200.1 1 1.3 
ThkPV1 L ADI80715.1 1 1.3 
ThkPV1 RBP ADI80714.1  1 1.3 
ThkPV2 L ADI80722.1 1 1.3 
ThkPV2 RBP YP_009094066.1 1 1.3 
ThkPV3 L YP_009094080. 1 1.3 
ThkPV3 RBP ADI80728.1  1 1.3 
ThkPV3 RBP YP_009094079.1 3 3.2 
TioV L NP_665871.1 1 1.3 
TioV RBP NP_665870.1 1 1.3 
TlmV L YP_009094120.1 1 1.3 
TlmV RBP YP_009094119.1 1 1.3 
TlmV RBP AVM87356.1 5 5.2 
TupV L NP_054697.1  1 1.3 
TupV RBP NP_054696.1 1 1.3 
WHPV L AVM87400.1 1 1.3 
WPSSPV L AVM87362.1 1 1.3 
WPSSPV RBP AVM87356.1 1 1.3 
WTLPV L AVM87391.1 1 1.3 
WTSPV RBP AVM87377.1 1 1.3 
WTSPV L AVM87378.1 1 1.3 
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