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Abstract 

The Arenaviridae family of RNA viruses includes several important human 

pathogens, such as Lassa mammarenavirus (LASV), the causative agent of 

Lassa fever. A characteristic of arenavirus infection is the broad symptom 

range, from asymptomatic to fatal viral haemorrhagic fever. Understanding 

the mechanisms underlying this observed range in pathogenicity and 

symptoms is crucial to combatting the global health burden posed by 

human pathogenic arenaviruses. 

This thesis aimed to identify host restriction factors of Old-World arenavirus 

nucleoproteins (NP) using BioID2 proximity labelling and to investigate their 

antiviral potential. Host interactomes for Lassa mammarenavirus, Lujo 

mammarenavirus and the non-human pathogenic Mopeia 

mammarenavirus NPs were generated. These highlighted critical 

immunological networks and conserved host proteins, including TRIM25 

and Zinc antiviral protein (ZAP). Both of these host proteins were 

experimentally validated as potent restriction factors of arenavirus 

replication. Infection assays using a panel of TRIM25 mutants identified the 

SPRY domain of TRIM25 as essential for interaction with NP and effective 

viral replication inhibition. Structural studies utilising SEC-SAXS revealed 

distinct oligomerisation patterns between LASV, LUJV, and MOPV NP. 

Although challenges in protein purification hindered detailed 

characterisation of TRIM25 interactions, this research optimised 

methodologies for future investigations. These findings deepen the 

understanding of arenavirus-host interactions and identify key antiviral 

targets to inform therapeutic development. 
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1 Introduction to the Arenaviruses 

1.1 General introduction 
 

1.1.1 Discovery of Arenaviruses 

 

The rodent-borne Lymphocytic Choriomeningitis mammarenavirus (LCMV) 

was the first discovered arenavirus and was isolated from monkey-to-

monkey transfer in 1933 during a study of an epidemic of St. Louis 

encephalitis (Armstrong and Lillie, 1934). Despite not being the direct 

cause of the St. Louis encephalitis outbreak, LCMV was eventually found to 

be a cause of non-bacterial (aseptic) lymphocytic meningitis which can 

cause inflammation covering the brain and the spinal cord. Its viral nature 

was discovered by Rivers and Scott, who demonstrated that the causative 

agent of the disease could be filtered through an average pore size of 150μm 

and that no bacteria, fungal, or protozoal cells could be detected by 

histological studies of infected tissue or cultivated in bacterial growth 

media (Findlay et al., 1936, Rivers and McNair Scott, 1935). The natural 

reservoir host of LCMV was identified as the common house mouse (Mus 

musculus) when Traub (1935) recovered an infectious agent from white 

mice which then produced an illness in mice very similar to that described 

by Armstrong and Lillie. Two further similar agents were isolated from the 

cerebrospinal fluid of two men being treated for virus meningitis at the 

hospital of the Rockefeller Institute. One of the patients had worked with 

mice from the Rockefeller Institute’s laboratory mouse colony which Traub 

showed were infected with LCMV (Traub, 1936), however the other 

individual was shown to be unlikely to have had contact with these same 

mice. Once the close similarity of these isolates was established, the name 

Lymphocytic Choriomeningitis mammarenavirus was adopted (Armstrong 

and Paul, 1935) and the original isolated strain was named the Armstrong 

strain. The two other LCMV strains were named Traub, after Eric Traub who 
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isolated the strain and WE strain which was named after the person from 

which it was originally isolated (Traub, 1935). 

Tacaribe mammarenavirus (TCRV) from Trinidad and Tobago was 

discovered in 1956 when it was isolated from Jamaican fruit-eating bats 

(Downs et al., 1963) during a rabies surveillance survey being conducted in 

Trinidad from 1956 to 1958. However, the virus is not associated with severe 

human disease and the anecdotal reports suggest just a single human 

infection with mild febrile illness. Junin mammarenavirus (JUNV) from 

Argentina was discovered in 1959 and identified as the causative agent of 

Junin/Argentinian haemorrhagic fever with the reservoir host being the 

drylands laucha (Calomys musculinus) (Parodi et al., 1958, Parodi et al., 

1959).  

The “Tacaribe antigenic group” was established in 1963 when a serological 

relationship between JUNV and TCRV was shown using the complement 

fixation test (which determines the presence of antigen-specific antibodies 

by incubating patient serum with antigen and complement) and differences 

between the viruses was shown using a neutralisation assay in which they 

were easy to distinguish from each other (Mettler et al., 1963). Machupo 

mammarenavirus (MACV) was discovered in the remote areas of the Beni 

province in Bolivia in 1963 where it was isolated from a patient with 

Machupo/Bolivian haemorrhagic fever (Johnson et al., 1965). The reservoir 

host of MACV was identified as big Lauchas (Calomys callosus) (Johnson et 

al., 1966) and the virus was also shown to be antigenically similar to JUNV 

by complement fixation tests (Wiebenga et al., 1964). 

It was then proposed that the LCMV and the Tacaribe complex viruses be 

grouped into a new taxonomic group of viruses with LCMV as the prototype 

(Pedersen, 1971); this new group was initially known as “Arenoviruses” and 

then later changed to “Arenaviruses“ (Rowe et al., 1970a) and the proposal 

was based upon morphological and morphogenic similarities between 

LCMV and Tacaribe complex viruses (Murphy et al., 1969) as well as cross-
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serological reactivity between them in indirect immunofluorescence 

assays (Rowe et al., 1970b).  

In 1969 a novel arenavirus Lassa mammarenavirus (LASV) was first found 

in the small Nigerian town Lassa in Borno State, after which the virus is 

named (Frame et al., 1970). LASV was shown to be antigenically related to 

LCMV and some Tacaribe complex viruses and its morphology was similar 

to LCMV (Buckley and Casals, 1970, Speir et al., 1970). The criteria for 

grouping into arenaviruses included morphological and serological 

similarity but several viruses were also found to not only have similar limited 

geographical distributions but were also carried by specific rodent hosts 

(Except TCRV) and could infect people to induce clinically similar disease 

with similar symptoms of fever and potential haemorrhaging.  

Because of this, in 1971, the taxon Arenavirus was approved at the genus 

level by the international Committee on Taxonomy of Viruses (ICTV) 

precursor; the International committee on nomenclature of viruses (ICNV) 

and the Arenaviridae family was created to include this genus with LCMV 

and Tacaribe complex viruses recognised (Fenner, 1976). Recently the ICTV 

has changed the way in which viruses are named, changing to a binomial 

naming convention for virus species. The ICTV now employs a genus-

species format meaning a species name would be formed through 

combination of the genus name with the species-specific epithet. For 

example, Lassa mammarenavirus, whereas previously this would have 

been Lassa virus. 

This taxonomic arenavirus genus got its name from the unique grainy 

electron-dense, sand-like granular appearance due to the presence of 

ribosomes that are acquired from the host cell. Since discovery and 

isolation of the Tacaribe mammarenaarenavirus from Artibeus fruit bats in 

Trinidad in 1956, there has been an average discovery rate of one new 

arenavirus every 1-3 years (Radoshitzky et al., 2015a). More recent 

additions to the list of discovered arenaviruses that cause human disease 

include Guanarito mammarenavirus (GTOV) found in Venezuela (1989), 
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Sabia mammarenavirus (SBAV) from Brazil (1993), Chapare 

mammarenavirus (CHAPV) also found in Bolivia (2004), and Lujo 

mammarenavirus in South Africa (2008) (Table 1.2). 

With the discovery of several new arenavirus-like viruses in other natural 

reservoir hosts including reptiles and in fish, the(ICTV changed the 

previously recognised Arenavirus genus to Mammarenavirus. Thus, within 

the family of Arenaviridae, there are now four classified genera: 

Antennavirus (fish), Hartmaniviruses and Reptarenaviruses (reptiles), and 

Mammarenaviruses (rodents) (Stenglein et al., 2012b, Shi et al., 2018a, 

Maes et al., 2019a) 

 

1.1.2 Classification of the Bunyaviricetes class 

 

The ICTV decided to reorganise the virus taxonomy to come in line with how 

other biological taxonomies were organised. This resulted in the creation of 

the first viral realm, the Riboviria which comprised any and all viruses with 

RNA as the genomic material. The reorganisation also resulted in the 

creation of the order Bunyavirales into which the Arenaviridae family is 

classified. The aim of creating the Bunyavirales order was to group related 

viruses which possess a single-stranded, segmented RNA genome in either 

negative- or ambi-sense orientation (Maes et al., 2019b).  

Recently, due to the rapidly increasing size of the order, Bunyavirales has 

been promoted to class Bunyaviricetes. This is because of frequent 

discovery of new related bunyavirals such as polyploviricotine viruses. 

Currently the Bunyaviricetes class is comprised of two major orders; 

Elliovirales which includes seven families (Cruliviridae, Fimoviridae, 

Hantaviridae, Peribunyaviridae, Phasmaviridae, Tospoviridae, and 

Tulasviridae), and Hareavirales which includes eight families (Arenaviridae, 

Discoviridae, Konkoviridae, Leishbuviridae, Mypoviridae, Nairoviridae, 
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Phenuiviridae, and Wupedeviridae). These fifteen families include 

hundreds of viruses (Kuhn et al., 2024). 

1.1.1 Classification of the Arenaviridae family 

The Arenaviridae family was established in 1976. This was to accommodate 

similar viruses which are bisegmented, ambisense single-stranded RNA 

genomes of about 10.5kb forming enveloped particles with a “sandy” or 

“granular” appearance from the latin arenosus meaning sandy (Fenner, 

1976). Until recently it was a monogeneric family, meaning it included just 

a single genus, this being Arenavirus, with a constantly growing number 

species. After the discovery of several arenaviruses in snakes (Stenglein et 

al., 2012a, Bodewes et al., 2013, Hetzel et al., 2013), the Arenavirus family 

taxonomy was changed significantly with the Arenavirus genus being 

renamed to Mammarenavirus, and a second genus of Reptarenavirus being 

established in 2014 for these newly discovered snake viruses. In 2018, there 

were further changes and the Arenaviridae family was further expanded to 

include the addition of a novel genus, Hartmanivirus, for Haartman Institute 

snake virus (HISV) isolated from a captive snake in Finland. Further 

additions to the family genera include Antennavirus which infect fish, and 

innmovirus for arenaviruses which infect unknown hosts (Radoshitzky et 

al., 2023). Viruses that have been assigned to each of the five genera form 

a monophyletic clade based on phylogenetic analysis of the L protein/RdRP 

and nucleoprotein (NP) sequences and viruses from all five genera share 

one or more of the following traits: 1) enveloped spherical or pleomorphic 

virions; 2) segmented single-stranded, ambisense RNA genome that is 

lacking polyadenylated tracts at the 3’-end; 3) genomic sequence 

complementarity at both the 5’- and 3’-ends; 4) nucleotide sequences 

forming one or more hairpin configurations within non-coding intergenic 

regions (IGRS) of genomic and antigenomic segments; 5) capped but not 

polyadenylated virus mRNAs; 6) induction of persistent and often 

asymptomatic infection within reservoir hosts sometimes causing chronic 

viraemia (Radoshitzky et al., 2015a). For a novel arenavirus to earn 
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designation as a new species it must meet certain criteria set by the ICTV; 

the virus must be associated with a new natural and distinct main host or 

group of sympatric hosts and must be present in a new and distinct 

geographical region, the viral NP amino acid sequence must share less than 

88% identity with other viruses (Salvato et al., 2005). The phylogeny of the 

arenavirus species is depicted in figure 1.1. 
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Figure 1.1 Phylogenetic tree of the Bunyavirales Class. Maximum-likelihood phylogenetic tree 
inferred from MAFFT alignment (Katoh and Standley, 2013) of the complete L protein amino-acid 
sequences of 61 arenavirids assigned to the genera Antennavirus (cyan dots), Hartmanivirus (dark 
green dots), Innmovirus (yellow dot), Mammarenavirus (red dots), and Reptarenavirus (light green 
dots), along with representative viruses of other bunyaviral families (dots of other colours). The tree 
was generated by the IQ-TREE software v.1.6.12 (Trifinopoulos et al., 2016).IQ-TREE selects the best-
fitting evolutionary model and then generates a maximum-likelihood tree. Branch supports were 
calculated using the ultrafast bootstrap method (1,000 bootstraps). The tree was visualized using 
FigTree (http://tree.bio.ed.ac.uk) and is mid-point rooted. This tree was assembled by (Radoshitzky 
et al., 2023) and obtained from the ICTV website on. 

http://tree.bio.ed.ac.uk/
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The Mammarenavirus genus includes all arenaviruses from mammalian 

hosts. Mammarenaviruses possess a bi-segmented negative-sense RNA 

genome coding for just four proteins; L polymerase (L or RdRP), 

nucleocapsid protein (NP), glycoprotein complex (GPC) and the Z matrix 

protein (Z) in an ambisense orientation in which the negative-sense 

transcribes for L and NP whereas GPC and Z are transcribed in the positive-

sense replicate of the vRNA (complement RNA; cRNA). 

Species belonging to the Mammarenavirus genus are classified as either 

Old World (Lassa-lymphocytic choriomeningitis serocomplex) or New 

World (Tacaribe serocomplex). Viruses in the New World group are further 

classified into four clades; A, B, C, and D (also known as A/Recombinant as 

they are formed through recombination events occurring between 

arenaviruses). This genus organisation has existed since the 1970s based 

upon geographical distribution, serological analysis, and host association 

(Matthews, 1979) and this has only been supported by subsequent 

phylogenetic analysis of viral genes. The taxonomic organisation of the 

Arenaviridae family that is accepted and recognised by the ICTV is shown in 

table 1.1. 

As mentioned, Mammarenaviruses within clade D appear to have come 

about through recombination events. There is much evidence for this such 

as the S segment of clade D viruses having chimeric origin with an NP 

sequence closely related to clade A arenaviruses and a GPC sequence 

most closely related to clade B arenaviruses (Charrel et al., 2003, Archer 

and Rico-Hesse, 2002, Charrel et al., 2002).  

Xapuri mammarenavirus (XAPV) represents an interesting recent 

phylogenetic dilemma. XAPV is a mammarenavirus detected in Musser’s 

bristly mouse found in the Amazon and was assigned to the New World 

group, but further phylogenetic analysis could not assign this virus to a 

specific clade. It is phylogenetically related to New World clade B and C 

viruses and as such has features that are interesting for the Tacaribe virus 

serocomplex group and requires it to be placed as a divergent but sister 
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group of Clade C S segments and Clade B L segments which could be 

indicative of reassortment between these two clades. No previous 

reassortment mammarenaviruses have been isolated from nature before 

this, despite much indication of viral diversification during arenavirus 

evolution due to high mutation rates from low fidelity viral RdRP, 

recombination, and reassortment events. As such, XAPV may represent the 

first natural reassortment of the Arenaviridae family and a new 

unrecognised clade within the Tacaribe serocomplex (Fernandes et al., 

2018). 

The Reptarenavirus genus was established in 2014 due to the discovery of 

several novel arenaviruses isolated from captive snakes presenting with 

boid inclusion body disease (BIBD) which is characterised by formation of 

cytoplasmic inclusion bodies (IBs) comprising reptarenavirus NP within the 

infected cells and although not directly fatal, snakes often die from 

secondary bacterial, fungal, or protozoal infections, or neoplastic 

processes (Hetzel et al., 2013, Stenglein et al., 2012a, Bodewes et al., 2013, 

Chang and Jacobson, 2010, Schilliger et al., 2011). These novel 

reptarenaviruses possessed the characteristics defining them as 

arenaviruses including genome organisation, ambisense orientation of 

arenavirus ORFs, and characteristic gene regulatory elements but were 

distinct from mammarenaviruses when it came to sequence with low NP 

and L amino acid homology across the two genus’; 23-26% and 17-19% 

respectively (Stenglein et al., 2012b). Importantly, the reptarenaviruses 

showed high similarity to each other, with NP and L sequences sharing 55% 

and 50% respectively. This supported the necessity of a new genus and 

independent phylogeny within the Arenaviridae family. Interestingly, the 

reptarenaviruses displayed even greater divergence from 

mammarenaviruses within the Z sequence sharing only 16% homology and 

the GPCs shared no structural features usually associated with 

mammarenavirus GPC and actually shared higher homology with filovirus 
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glycoproteins such as ebola virus (Stenglein et al., 2012a, Garry and Garry, 

2019). 

The Hartmanivirus genus was created in 2018 (Maes et al., 2019b) after 

pairwise sequence comparison (PASC) analysis was performed on the 

BIBD-isolates and the results suggested that one of the novel 

reptarenaviruses, Haartman Institute snake reptarenavirus (HISV) was 

distinct enough from the other identified reptarenaviruses to require a new 

genus (Hepojoki et al., 2018). Further analysis via next generation 

sequencing and de novo sequence assembly identified three additional 

novel species as well as providing more information about HISV1, and 

extensive sequencing showed that whilst hartmaniviruses possess S and L 

segments, the L segment only codes for the L protein and does not code for 

the Z matrix protein (Hepojoki et al., 2018). A key difference between 

members of the reptarenavirus family and the hartmanivirus family is in the 

glycoproteins. Glycoproteins of hartmaniviruses actually share many of the 

structural motifs theorised to be present within those of 

mammarenaviruses and share higher sequence homology of 23% when 

compared to 16% for the Golden Gate reptarenavirus (GGV) and also for 

LCMV (Garry and Garry, 2019). Although one key point is that, as of yet, no 

hartmanivirus has been associated with any pathological effect in snakes 

perhaps due to the lack of Z matrix protein or due to differences in NP which 

may affect function when compared to reptarenaviruses (Baggio et al., 

2021).  

The Antennavirus genus was established recently (Abudurexiti et al., 2019). 

So far all viruses have been found in fish and their discovery came from a 

large-scale metatranscriptomic study aimed at understanding the 

evolutionary history of vertebrate RNA viruses by analysing reptiles, 

amphibians, lungfish, ray-finned fish, cartilaginous fish, and jawless fish 

(Shi et al., 2018a). The study identified 214 vertebrate associated viruses 

including two novel arenaviruses found in frogfish (Antennarius striatus) 

and subsequently named Wēnlǐng frogfish arenavirus 1 (WlFAV1) and 



26 
 

Wēnlǐng frogfish arenavirus 2 (WlFAV2). There have only been two other 

Antennaviruses discovered since; salmon pescarenavirus 1 (SPAV1), and 

salmon pescarenavirus 2 (SPAV2) found in endangered wild salmon in the 

Northeast Pacific during metatranscriptomic sequencing and surveillance 

of dead and moribund (approaching death) cultured Chinook salmon 

(Mordecai et al., 2019). Interestingly, antennaviruses have genomes that 

consist of three genomic segments rather than two and appear not to 

encode a protein homologous with Mamm- or reptarenavirus Z protein. 

Antennaviruses have one ambisense and two negative-sense RNA 

segments in which the termini of the RNAs contain inverted complementary 

strands most likely coding for transcription and replication initiation signals 

(Shi et al., 2018b). Information from sequence data suggests that 

antennaviruses express four structural proteins: NP, GPC, L, and a fourth 

protein of currently unknown function. The Small (S) RNA of antennaviruses 

codes for NP, the medium (M) RNA codes for the GPC and the unknown 

protein and the L RNA codes for the L protein containing the RNA-directed 

RNA polymerase (RdRP). It was determined that antennaviruses belong to 

the Arenaviridae family due to sequence homology between the 

antennavirus and hartmanivirus NP and L sequences (Pontremoli et al., 

2019). 

The innmovirus genus is the most recent addition to the Arenaviridae family 

(Chen et al., 2021) with only one currently known innmovirus; Hailar virus 

(HLRV) detected from high throughput sequences of river sediment 

samples collected in China and with an unknown host(s) and no reported 

isolates. The innmovirus genome consists of three genomic segments and 

appears not to code for any homologue of the mammarenavirus and 

reptarenavirus Z protein. Based only on sequence data it seems likely that 

innmoviruses express three structural proteins; NP, GPC, and L, with the 

small (S) RNA coding for the NP, the medium (M) RNA coding for GPC and L 

RNA encoding for the L protein containing RdRP (Chen et al., 2021) 
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Genus  Species Virus name Abbrev. 

Antennavirus 

  

  

Antennavirus 

hirsutum 

Wēnlǐng frogfish 

arenavirus 2 
WlFAV2 

Antennavirus 

salmonis 

salmon 

pescarenavirus 1 
SPAV1 

Antennavirus 

salmonis 

salmon 

pescarenavirus 2 
SPAV2 

 
Antennavirus 

striale 

Wēnlǐng frogfish 

arenavirus 1 
WlFAV1 

 Hartmanivirus 
Hartmanivirus 

brazilense 
SetPatVet virus 1 SPVV1 

  
Hartmanivirus 

haartmani 

Haartman Institute 

snake virus 1 
HISV1 

  
Hartmanivirus 

haartmani 

Haartman Institute 

snake virus 2 
HISV2 

  
Hartmanivirus 

helvetiae 

Dante Muikkunen 

virus 1 
DaMV1 

  
Hartmanivirus 

patriae 

andere Heimat virus 

1 
aHeV1 

  
Hartmanivirus 

quadrati 

big electron-dense 

squares virus 1 
BESV1 
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Hartmanivirus 

scholae 

old schoolhouse 

virus 1 
OScV1 

  
Hartmanivirus 

scholae 

old schoolhouse 

virus 2 
OScV2 

  
Hartmanivirus 

turici 

veterinary 

pathology Zurich 

virus 1 

VPZV1 

  
Hartmanivirus 

turici 

veterinary 

pathology Zurich 

virus 2 

VPZV2 

 
Hartmanivirus 

unni 

Universidad 

Nacional virus 1 
UnNV1 

 Innmovirus 
Innmovirus 

hailarense 
Hailar virus HLRV 

 Mammarenavirus 
Mammarenavirus 

abaense 
Abà-Miányáng virus AMYV 

  
Mammarenavirus 

alashanense 
Alxa virus ALXV 

  
Mammarenavirus 

allpahuayoense 
Allpahuayo virus ALLV 

  
Mammarenavirus 

amapariense 
Amaparí virus AMAV 

  
Mammarenavirus 

aporeense 
Aporé virus APOV 

  
Mammarenavirus 

batangense 
Batáng virus BTTV 
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Mammarenavirus 

bearense 
Bear Canyon virus BCNV 

  
Mammarenavirus 

beregaense 
Berega virus BEGV 

  
Mammarenavirus 

bituense 
Bitu virus BITV 

  
Mammarenavirus 

brazilense 
Sabiá virus SBAV 

  
Mammarenavirus 

caliense 
Pichindé virus PICHV 

  
Mammarenavirus 

cameroonense 
souris virus SOUV 

  
Mammarenavirus 

chapareense 
Chapare virus CHAPV 

  
Mammarenavirus 

choriomeningitidis 

lymphocytic 

choriomeningitis 

virus 

LCMV 

  
Mammarenavirus 

choriomeningitidis 
Dandenong virus DANV 

  
Mammarenavirus 

cupixiense 
Cupixi virus CUPXV 

  
Mammarenavirus 

dhati-welelense 
Dhati Welel virus DHWV 

  
Mammarenavirus 

flexalense 
Flexal virus FLEV 
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Mammarenavirus 

gairoense 
Gairo virus GAIV 

  
Mammarenavirus 

ganziense 
Ganzi virus GNZV 

  
Mammarenavirus 

guanaritoense 
Guanarito virus GTOV 

  
Mammarenavirus 

ippyense 
Ippy virus IPPYV 

  
Mammarenavirus 

juninense 
Junín virus JUNV 

  
Mammarenavirus 

kitaleense 
Kitale virus KTLV 

  
Mammarenavirus 

kwanzaense 
Kwanza virus KWAV 

  
Mammarenavirus 

lassaense 

Lassa 

mammarenavirus 
LASV 

  
Mammarenavirus 

latinum 
Latino virus LATV 

  
Mammarenavirus 

lijiangense 
Lìjiāng virus LIJV 

  
Mammarenavirus 

loeiense 
Loei River virus LORV 

  
Mammarenavirus 

lujoense 

Lujo 

mammarenavirus 
LUJV 

  
Mammarenavirus 

lunaense 
Luna virus LUAV 
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Mammarenavirus 

lunaense 
Luli virus LULV 

  
Mammarenavirus 

lunkense 
Lunk virus LNKV 

  
Mammarenavirus 

machupoense 
Machupo virus MACV 

  
Mammarenavirus 

mafigaense 
Mafiga virus MAFV 

  
Mammarenavirus 

marientalense 
Mariental virus MRLV 

  
Mammarenavirus 

mecsekense 

Mecsek Mountains 

virus 
MEMV 

  
Mammarenavirus 

merinoense 
Merino Walk virus MRWV 

  
Mammarenavirus 

mopeiaense 

Mopeia 

mammarenavirus 
MOPV 

  
Mammarenavirus 

mopeiaense 
Morogoro virus MORV 

  
Mammarenavirus 

ngerengerense 
Ngerengere virus NGEV 

  
Mammarenavirus 

okahandjaense 
Okahandja virus OKAV 

  
Mammarenavirus 

oliverosense 
Oliveros virus OLVV 

  
Mammarenavirus 

paranaense 
Paraná virus PRAV 
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Mammarenavirus 

piritalense 
Pirital virus PIRV 

  
Mammarenavirus 

praomyidis 
mobala virus MOBV 

  
Mammarenavirus 

ryukyuense 
Ryukyu virus RYKV 

  
Mammarenavirus 

solweziense 
Solwezi virus SOLV 

  
Mammarenavirus 

songeaense 
Songea virus SOGV 

  
Mammarenavirus 

tacaribeense 
Tacaribe virus TCRV 

  
Mammarenavirus 

tamiamiense 
Tamiami virus TMMV 

  
Mammarenavirus 

tietense 
Tietê virus TIEV 

  
Mammarenavirus 

wenzhouense 
Wēnzhōu virus WENV 

  
Mammarenavirus 

whitewaterense 

Whitewater Arroyo 

virus 
WWAV 

  
Mammarenavirus 

whitewaterense 

Big Brushy Tank 

virus 
BBRTV 

  
Mammarenavirus 

whitewaterense 
Catarina virus CTNV 

  
Mammarenavirus 

whitewaterense 
Skinner Tank virus SKTV 
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Mammarenavirus 

whitewaterense 
Tonto Creek virus TTCV 

  
Mammarenavirus 

xapuriense 
Xapuri virus XAPV 

 Reptarenavirus 
Reptarenavirus 

aurei 
Golden Gate virus GOGV 

  
Reptarenavirus 

californiae 
CAS virus CASV 

  
Reptarenavirus 

commune 

tavallinen 

suomalainen mies 

virus 2 

TSMV2 

  
Reptarenavirus 

giessenae 

University of 

Giessen virus 1 
UGV1 

  
Reptarenavirus 

giessenae 

University of 

Giessen virus 2 
UGV2 

  
Reptarenavirus 

giessenae 

University of 

Giessen virus 3 
UGV3 

  
Reptarenavirus 

rotterdamense 
ROUT virus ROUTV 

  
Reptarenavirus 

rotterdamense 

University of 

Helsinki virus 1 
UHV1 

     

 

 
   

Table 1.1 ICTV Taxonomic Organisation of the Arenaviridae Family (Radoshitzky et al., 2023, 

Radoshitzky et al., 2015b, Pontremoli et al., 2018, Pontremoli et al., 2019) 
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1.1.3 Hosts and Transmission 

Reservoir hosts of a virus are defined as populations, specific species, or 

whole ecological communities that drive disease dynamics by their ability 

to become infected by and sustain an infectious agent without experiencing 

detrimental disease symptoms (Haydon et al., 2002, Salkeld et al., 2023). A 

key characteristic of each mammarenavirus is the association with a single 

or small number of specific rodent reservoir hosts with the exception of 

Tacaribe (TCRV) isolated from Jamaican fruit bats and great fruit eating bats 

in the Caribbean (Downs et al., 1963) and also lone star ticks in Florida 

(Sayler et al., 2014). Table 1.2 gives information on the geographic 

distribution of the current mammarenavirus genus, including rodent 

reservoir hosts and the year in which the virus was isolated.  Despite much 

effort, the rodent host for TCRV has not yet been identified and although 

bats were proposed to be the reservoir host, no evidence has been found 

that chronic persistent infection is caused and TCRV can actually be fatal 

in bats (Cogswell-Hawkinson et al., 2012, Malmlov et al., 2017). The 

reservoir hosts for almost all mammarenaviruses are rodents of the 

superfamily Muroidea (Bowen et al., 1997, Hugot et al., 2001). It is thought 

that this close association of mammarenaviruses with a specific rodent 

host determines the limited geographic distribution of the arenaviruses. 

LCMV has global distribution as it is found in the house mouse whereas Old 

World mammarenaviruses found in Africa are mainly found in rodents 

belonging to the Mastomys and Praomys genera of the Muridae family and 

Murinae subfamily. New World mammarenaviruses found in North and 

South America are mostly found in rodents of the subfamily Cricetidae with 

the aforementioned exception of TCRV. There have been unclassified 

mammarenaviruses that have been discovered in a number of mammals 

including bats (Bentim Góes et al., 2022), hedgehogs (Reuter et al., 2023), 

dipodoid rodents (three toed Mongolian jerboas) (Wu et al., 2018), and 
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pikas (small mountain dwelling mammals resembling rabbits) (Cui et al., 

2023, Luo et al., 2023). 

Some mammarenaviruses share a host such as LASV and east African 

Mopeia mammarenavirus (MOPV). Although MOPV is non-human 

pathogenic, infections can still occur in humans which can be beneficial to 

humans in regions endemic for MOPV and subsequently LASV as MOPV 

infection can provide cross-protection for LASV due to their genetic 

similarity (Zapata and Salvato, 2013). The genetic similarity of LASV and 

MOPV also comes in useful during research as infectious MOPV is classed 

as a category 2 biological agent whereas LASV is category 4, this means 

infectious MOPV can be used in CAT-2 facilities for infection studies. 

Mammarenaviruses typically establish chronic persistent and usually 

asymptomatic infections within their rodent reservoir hosts characterised 

by chronic viraemia (presence of virus in blood) and viruria (presence of 

virus in urine) (Bowen et al., 1997, Hugot et al., 2001). The chronic carrier 

state in rodents results from vertical transmission (exposure to infectious 

virus early in ontogeny (development)) (Webb et al., 1975, Mills et al., 1992) 

and these chronic infections persist due to suppressed host immunity 

resulting from inability to mount an effective immune response due to 

recognition of viral antigens as self (King et al., 2018, Mariën et al., 2017). 

Due to close physical contact, inhalation of infected material and events 

such as bites between rodent host populations, horizontal transmission of 

the virus occurs and is maintained (Tagliapietra et al., 2009). 

It has been suggested that arenaviruses persist in chronically infected 

rodent populations even during periods of low population density (Mariën 

et al., 2020, Milazzo et al., 2011). For persistence to occur, it is important 

that the virus does not replicate uncontrollably and over-run the host, 

leading to immune detection and mounting of a proper immune response 

to clear the virus. LCMV cycles through a period of acute productive 

infection and persistent non-productive infection to achieve persistence, 

this was shown using fluorescent detection of single RNA molecules in 
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LCMV infected cells. The infected cells would cycle through periods of 

active viral replication and transcription and then to periods in which no 

viral RNA could be detected (King et al., 2018). This has also been shown in 

vivo (Francis and Southern, 1988), and whilst the mechanisms by which 

arenaviruses are able to regulate this cyclical system are currently 

unknown, models involving defective interfering particles or semi-

competent systems of replication competent/transcription incompetent 

genomes have been suggested (King et al., 2018). 

Although most mammarenaviruses do not usually infect mammals other 

than their primary reservoir host they are still able to cross species barriers. 

Humans can become infected through direct contact with infected rodents 

or their excreta (droppings and urine), ingestion of contaminated food or 

inhalation of aerosolised droplets from contaminated rodent excreta, 

secreta, or body parts (if rodent has been caught in machinery such as a 

harvester during farming) (Charrel and de Lamballerie, 2003). Individuals 

who handle or consume contaminated rodents are also at risk of infection 

(Keenlyside et al., 1983).  

The most common cause of arenavirus transmission from rodents to 

humans is habitat disturbance of reservoir host rodents leading to 

establishment of new territories and potentially increasing likelihood of 

closer contact to humans, their homes, and their food sources/supplies. It 

has also been found that, in geographic regions that experience rainy 

seasons, sudden increases in rodent populations occur also resulting in 

habitat and territory expansion and subsequent increased chances of 

human contact as well as increased horizontal arenavirus transmission 

within the rodent population (Tagliapietra et al., 2009, Sarute and Ross, 

2017).  

Nosocomial routes of infection are the most common cause of person to 

person transmission and is usually because of direct contact with bodily 

fluids or excreta from infected patients (Fisher-Hoch et al., 1995, Johnson, 

1965, Paweska et al., 2009). Though it is usually quite rare, nosocomial 
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transmission is more common with mammarenaviruses that can cause 

viral haemorrhagic fever such as LASV and thus poses higher risk to 

frontline healthcare workers at the highest risk of exposure especially in 

endemic areas where medical practices are poor, and preventative 

measures such as personal protective equipment (PPE) and isolation 

techniques are lacking  (Kernéis et al., 2009, Fisher-Hoch et al., 1995, Ogbu 

et al., 2007).  

Cases of New World South American mammarenavirus infection most 

commonly occurred in male agricultural workers during harvest season 

when rodent populations are highly active (Radoshitzky et al., 2018). Junin 

virus (JUNV) is the cause of Argentinian haemorrhagic fever, and the areas 

affected are constantly expanding. Machupo virus (MACV) causes Bolivian 

haemorrhagic fever in Bolivia although usually isolated outbreaks. 

Guanarito virus (GTOV) causes Venezuelan haemorrhagic fever in 

Venezuela. Chapare virus (CHAPV) and Sabia virus (SBAV) have been 

isolated from human cases resulting in fatality in Bolivia and Brazil 

respectively (Radoshitzky et al., 2018). 

Old World group mammarenaviruses causing human disease include 

Lassa mammarenavirus (LASV) which causes Lassa fever in West Africa 

and Lujo mammarenavirus which caused a small but very severe disease 

outbreak in Southern Africa in 2008 resulting in the deaths of four of the five 

people infected including the original first and three healthcare workers 

(Paweska et al., 2009). The fourth infected healthcare worker received 

ribavirin treatment and survived. 

Human infection with LCMV can occur in rural or urban areas that have high 

rodent populations and has even been acquired from hamsters kept as pets 

(Hirsch et al., 1974). Laboratory-acquired infections have occurred 

resulting in severe disease with a number of mammarenaviruses including 

Flexal virus(FLEV), JUNV, LASV, LCMV, MACV, and SBAV (Leifer et al., 1970, 

Vasconcelos et al., 1993, Coelho and García Díez, 2015, Gaidamovich et 

al., 2016, Rugiero et al., 1962).  
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LASV and LCMV specifically can be vertically transmitted between mother 

and foetus. LASV infection during pregnancy can result in high mortality for 

both the mother and foetus and this mortality is higher in women who 

contract infection later in pregnancy (30% mortality in 2nd and 3rd trimester 

vs 7% in 1st trimester) whereas mortality is higher for the foetus infected 

during an earlier trimester (92% in 2nd  and 3rd trimester vs 75% in 1st) with a 

100% fatality rate in neonates (Ogbu et al., 2007, Price et al., 1988). The 

reason behind these high mortality rates is high concentration of LASV 

within the Fetal and placental tissues due to a lack of major 

histocompatibility complex (MHC) presentation by the cells making up 

these tissues resulting in the inability of the mother’s immune system to 

recognise and attack infected cells (Ogbu et al., 2007). LCMV infection can 

also be passed transplacentally from mother to foetus resulting in death of 

the foetus or significant congenital deformities (Wright et al., 1997, 

Bonthius, 2012, Barton and Hyndman, 2000, Barton and Mets, 2001). There 

has even been evidence of sexual transmission of LCMV and LASV due to 

these viruses persisting in semen for months after the virus has been 

cleared and no symptoms show (Raabe and Koehler, 2017).
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Virus isolated Geographic Distribution Host Species 

Old World 
   

Alxa virus 2014 China Dipus sagitta 

Lijiang virus 2015 China Apodemus Chevrieri 

Gairo virus 2015 Tanzania Mastomys natalensis 

Ippy virus 1985 Central African Republic Arvicanthis spp. 

Lassa mammarenavirus 1969 West African countries  Mastomys natalensis 

Loei River virus 2016 Thailand 

Bandicota indica, Bandicota 

savilei, Niviventer fulvescens 

Lujo mammarenavirus 2008 

Zambia and Republic of South 

Africa Unknown 

Luna virus 2009 Zambia  Mastomys natalensis 

Lunk virus 2012 Zambia Mus minutoides 
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Lymphocytic choriomeningitis 

virus 1933 Globally spread Mus musculus 

Mariental virus 2015 Namibia Micaelamys namaquensis 

Merino Walk virus 1985 Republic of South Africa Myotomys unisulcatus 

Mobala virus 1983 Central African Republic Praomys spp. 

Mopeia mammarenavirus 1977 Mozambique and Zimbabwe Mastomys natalensis 

Okahandja virus 2015 Namibia Micaelamys namaquensis 

Ryukyu virus 2017 China Mus caroli 

Solwezi virus 2016 Zambia Grammomys sp. 

Souris virus 2014 Cameroon Praomys spp. 

Wenzhou virus 2015 China 

Rattus noervegicus, Rattus losea, 

Rattus tanezumi, Rattus rattus, 

Suncus murinus 

    

New World Clade A 
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Allpahuayo virus 2001 Peru 

Oecomys bicolor, Oecomys 

paricola 

Flexal virus  1977 Brazil Oryzomys spp. 

Parana virus 1970 Paraguay Oryzomys buccinatus 

Pichinde virus 1971 Colombia Nephelomys albigulairs 

Pirital virus 1997 Venezuela Sigmodon alstoni 

    

New World Clade B 
   

Amapari virus 1965 Brazil 

Oryzomys goeldi, Neacomys 

guianae 

Apore virus 2008 Brazil Oligoryzomys mattogrossae 

Chapare virus 2008 Bolivia Unknown 

Cupixi virus 1965 Brazil Oryzomys capito 

Guanarito virus 1989 Venezuela Zygodontomys brevicauda 
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Junin virus 1958 Argentina Callomys musculinus 

Machupo virus 1963 Bolivia Callomys callosus 

Sabia virus 1993 Brazil Unknown 

Tacaribe virus 1956 Trinidad, West Indies Unknown 

    

New World - No Defined Clade 
   

Xapuri virus 2015 Brazil Neacomys musseri 

    

New World Clade C 
   

Latino virus 1973 Bolivia and Brazil Callomys callosus 

Oliveros virus  1996 Argentina Necromys obscuri spp. 

    

New World Clade D 
   

Bear Canyon virus 1998 USA Peromyscus californicus 
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Tamiami virus 1970 USA Sigmodon hispidus 

Whitewater Arroyo virus 1997 USA Neotoma spp. 

Big Brushy Tank virus 2002 USA Neotoma albigula 

Catarina virus 2007 USA Neotoma micropus 

Skinner Tank virus 2008 USA Neotoma mexicana  

Tonto Creek virus 2001 USA Neotoma albigula 

Table 1.2 Organisation, Isolation, Distribution and Hosts of the Mammarenavirus Genus
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1.1.4 Geographical Distribution 

Due to the close association with specific rodent hosts, arenaviruses are 

usually present in distinct geographical regions matching the rodent host 

population territories infections outside these regions are rare unless a new 

territory is established. Table 1.2 shows the rodent reservoir hosts of 

mammarenaviruses found in the Americas, the table also shows the habitat 

type and country in which they can be found and the diseases associated 

with infection. Old World arenaviruses are found in Africa and New World 

arenaviruses are found in South America with Clade D viruses being found 

in North America. LCMV has global distribution due to the global spread of 

the house mice (Mus musculus) which is their reservoir host. There have 

also been recent discoveries of novel mammarenaviruses now classed as 

Old World in Asia and Southeast Asia (Flannery et al., 2023). These viruses 

are Wenzhou Virus (WENV) and Plateau Pika Virus (PPV). Figure 1.2 displays 

the geographic distribution of mammarenaviruses and the clades to which 

they belong. Table 1.3 shows the organisation, isolation, distribution and 

hosts of the Mammarenavirus Genus which are depicted in figure 1.2. 
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Figure 1.2 Map displaying geographic distribution of mammarenaviruses. Members of the Old-World 
group (brown) are mostly found in Africa with some more recently discovered species in China and 
Thailand. Members of the New World group (Blues and cream) are found in the Americas, with most 
members in South America and some species endemic to Northern America. This figure uses 
information from (Fehling et al., 2012, Radoshitzky et al., 2015b, Howley and Knipe, 2020, Sarute and 
Ross, 2017, Maes et al., 2019b) 

 

1.1.5 Genetics and epidemiology of Lassa Fever  

 

The most likely origin of LASV has been analysed using genetic 

epidemiology tools and it has been estimated that LASV originated over one 

thousand years ago in Nigeria (Andersen et al., 2015). It is then believed that 

LASV spread to neighbouring countries in West Africa recently over the past 

few centuries and has also undergone significant genetic divergence. LASV 

strains occupy a singly strongly supported large clade composed of four 

geographic lineages identified by phylogenetic analysis. Three distinct LASV 

genetic lineages are found within Nigeria; lineage I is found in the north-east 

and comprises the prototype LP strain of LASV originating from the village 

of Lassa. lineage II is found in the south region and Lineage III is most 

commonly found in the central Nigerian region (Ehichioya et al., 2019). 

Lineage IV can be found in Liberia, Sierra Leone, and Guinea (Bowen et al., 

2000). The spread and diversification of LASV seems to still be occurring 
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with Nigeria reporting more cases than ever before in 2015 and an increase 

in reported cases with each subsequent year (Mofolorunsho, 2016, Akhiwu 

et al., 2018, Akpede et al., 2018, Ilori et al., 2019, Maxmen, 2018). Several 

new LASV lineages; V, VI, and VII have been discovered in the countries of 

Mali, Benin and Togo, Cote d’Ivoire, and also in Nigeria (Manning et al., 2015, 

Whitmer et al., 2018).  

1.1.6 Pathogenesis and Disease 

1.1.6.1 Lassa fever 

Mammarenavirus infection in humans usually arises from direct contact 

with either an infected rodent or its excreta such as urine or faeces 

(Lapošová et al., 2013). Arenaviruses are a zoonotic disease that can also 

be transmitted between humans in healthcare associated infections 

otherwise known as nosocomial such as during pregnancy or via transplant 

with contaminated organs. A key trait of arenavirus infections in humans is 

the vast range of symptoms that can present from asymptomatic to fatal 

viral haemorrhagic fever. The most prevalent mammarenaviruses with the 

highest disease burden include LCMV and LASV from the Old-World group 

and JUNV, MACV, CHAPV, GTOV, and SABV all within Clade B of the New 

World group.  

Lassa mammarenavirus infection causes a spectrum of clinical illness, 

ranging from asymptomatic infection to fatal haemorrhagic fever. Although 

reliable epidemiological data are lacking, it has been estimated that 

approximately 80% of infections with LASV are non-fatal or even 

asymptomatic, and only a small minority of persons develop severe disease 

(Garry, 2023). The relative contributions of these factors to disease severity 

are not well understood but may include differences in LASV strain, 

inoculation route and dose, genetic susceptibility of the host, or the 

presence of comorbid infections or conditions. The incubation period of 

LASV infection varies between 1 and 3 weeks, after which mild symptoms 

commonly begin. However, about 20% are believed to go on to develop 

severe haemorrhagic disease (VHF) within 4-7 days of initial mild illness. 
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Presenting symptoms may include fever, sore throat, vomiting, and 

coughing, common in most cases but can also differ in each case 

(Knobloch et al., 1980, McCormick and Fisher-Hoch, 2002, Richmond and 

Baglole, 2003). Approximately 40% of the patients with Lassa fever bleed 

from mucosal surfaces. Bleeding from mucosal surfaces shows poor 

prognosis. Case fatality rates for Lassa fever are very broad: while patients 

at the Lassa fever ward in Kenema, Sierra Leone, experience a case fatality 

rate of about 69%(Shaffer et al., 2014), case fatality rates in Nigerian 

settings lie between 20-30% under normal conditions, though outbreaks 

like the surge in 2015-2016 saw rates as high as 60% (Akpede et al., 2018, 

Akhuemokhan et al., 2017, Okokhere et al., 2018, Ehichioya et al., 2012). 

Death is seen around the 10th to 14th day from the beginning of symptoms; 

this process is usually shock due to reduced effective circulating volume 

leading to multi-organ failure (Buba et al., 2018, McCormick and Fisher-

Hoch, 2002). 

Laboratory findings have associated high LASV viral loads with increasing 

risks of fatality, along with elevated liver enzymes (indicating abnormal liver 

function); aspartate transaminase (AST) and alanine transaminase (ALT), 

and the kidney health marker, creatinine. Other common findings in the 

laboratory include thrombocytopenia and leukopenia, elevation of blood 

urea, and proteinuria (Shaffer et al., 2014). Certain factors predispose to 

this, such as age over 45 years in Nigeria and, in Sierra Leone, younger 

individuals; central nervous system manifestations and renal failure 

increase the fatality rate (Okokhere et al., 2018). Third-trimester pregnancy 

is associated with a particularly high mortality rate, but termination of 

pregnancy improves survival chances; however, infection with LASV is 

invariably fatal for the foetus (Okogbenin et al., 2019, Branco et al., 2011). 

The major long-term sequelae among survivors are neurological or visual 

deficits and permanent or temporary hearing loss, in approximately 30% of 

convalescents from Lassa fever. Though documented LASV 

recrudescence, similar to that described for Ebola virus, is not commonly 
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seen, it is an area for possible further investigation (Ficenec et al., 2019, 

Ficenec et al., 2020). 

 

1.1.6.2 Clinical management of Lassa fever  

The treatment for Lassa fever is largely supportive, including dialysis if renal 

injury has occurred. There are no approved drugs yet against Lassa fever; 

despite the uncertainties about its efficacy, ribavirin has remained a 

standard treatment. Early administration of ribavirin appears to improve 

recovery rates. The body mounts both innate and adaptive immunity after 

infection with LASV due to the ability of the innate immune system to 

recognize the presence of LASV double-stranded RNA, thereby initiating 

interferon responses. Of importance is that via different means, LASV 

manages to subvert the immune defense by inhibiting the activation of RIG-

I and MDA5. The glycoprotein trimer of the virus protects it from humoral 

immunity, although adaptive immunity, with the chief help of T-cell 

responses, is important in virus clearance. In severe disease, delayed or 

impaired cellular immunity has often been recorded, and then it correlates 

with poor clinical outcomes. 

1.1.6.3 Acute vs Chronic Persistent Arenavirus Infection 

The wide range of disease severity and outcome can be attributed to 

differing IFN responses between individuals at the early stages of virus 

infection (Borrow et al., 2010). In mice it has been shown that a strong and 

effective IFN response against LCMV (Lymphocytic choriomeningitis virus) 

infection may inhibit early viral replication and induce CD8+ T cells which 

are virus specific and will clear the virus. However, If the IFN response at the 

early stages of viral infection is not potent enough this could result in a 

persistent infection and virus replication will not be suppressed to a level 

that would allow for CD8+ T cells to clear it during later infection (Wilson et 

al., 2013).  
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1.1.6.4 Lassa fever presents an unpredictable disease progression 

As mentioned above, arenavirus infections can range from completely 

asymptomatic to inducing fatal viral haemorrhagic fever. The severity of a 

virus infection is often determined by how effective the host innate immune 

response is at successfully responding to and controlling the infection 

(Figure 1.3). Type I interferons (IFNs) are a crucial element of the host innate 

defence and are secreted from virally-infected cells and work to establish a 

non-specific antiviral state in these infected cells as well as nearby 

uninfected cells (Bowie and Unterholzner, 2008). 

 

Figure 1.3: Comparison of immune responses in cases of fatal and non-fatal infection with Lassa 
mammarenavirus. Fatal Lassa fever infections show a lack of IFN and pro-inflammatory cytokines 
over the progression of infection. cases in which the infection was survived and/or completely 
cleared showed a strong T-cell response and much higher IFN levels early during infection although 
neutralising antibodies are not detected until later in infection. (Mantlo et al., 2019) 

 

Interferons are also involved in stimulation and regulation of cells involved 

in both innate and adaptive immunity. These cells include natural killer 

(NK), NKT, T cells, dendritic cells, and macrophages. Interferons work in 

tandem with these immune cells as well as different chemokines and 

cytokines to control host innate immune response to virus infection 

(Medzhitov, 2007). 
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Innate immune responses are initiated by recognition of foreign ligands 

expressed by pathogens called PAMPS (pathogen-associated molecular 

patterns). This occurs through PRRs (pattern recognition receptors) which 

are expressed on host cells and have broad specificity allowing them to 

bind to many types of PAMPs (Medzhitov, 2007). PRR signalling results in 

IRFs (interferon regulatory factors) being activated as well as nuclear factor 

kB (NFkB) and other cofactors also being activated to trigger downstream 

regulators of innate immune responses and work to counter virus infection. 

Arenavirus proteins NP and Z inhibit and antagonise host innate immune 

function. For example, The NP protein of LASV has been shown to inhibit 

detection of PAMP viral dsRNA by the PRRs PKR, RIG-I, and MDA-5 which 

leads to immune suppression. 

Induction of type I IFN expression is controlled by three different classes of 

PRR (Takeuchi and Akira, 2009, Honda et al., 2005): RLRs (Retinoic acid-

inducible gene-1-like receptors), TLRs (Toll-like receptors) and NOD 

(nucleotide oligomerization domain)-like receptors. RLRs are made up of 

RIG-I (retinoic-acid inducible gene 1), MDA5 (melanoma differentiation-

associated gene 5), and LPG2 (laboratory of genetics and physiology 2). 

These are cytosolic helicases that sense viral RNA (Yoneyama and Fujita, 

2008a). RIG-1 and MDA5 become activated upon sensing and binding to 

viral RNA and then transduce signals downstream to IPS1 (IFN-beta 

promoter stimulator 1) found on the membranes of mitochondria. IPS-1 

then acts to recruit the signal adapter TRAF3 (tumour necrosis factor-

receptor-associated factor 3): the IPS-1, TRAF-3 complex is activated and in 

turn activates the IKKe/TBK-1 complex and the IKKa/beta complexes. The 

activated IkkE/TBK-1 complex works by phosphorylating IRF-3 (IFN 

regulatory factor 3) and/or IRF-7. IKKa/beta/gamma complex acts by 

phosphorylating NF-kB. Once activated, these transcription factors 

undergo nuclear translocation and start the expression of IFN-β and IFN-α 

as well as other proinflammatory cytokines.  
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RIG-I is a member of the RIG-I-like receptor family and is a PRR that detects 

positive and negative stranded RNA viruses in the cell cytoplasm 

(Yoneyama and Fujita, 2008a). RIG-I plays a key role in triggering host 

responses to many different viruses including Hepatitis C, Influenza A, and 

Measles virus. RIG-I recognises and is activated by RNA containing 5’-

triphosphate modifications (3pRNA) (Hornung et al., 2006b). RIG-I’s ATPase 

activity is kickstarted by ligand binding and this causes changes to 

structural conformation that subsequently allows RIG-I to interact via its 

amino-terminal tandem caspase-recruitment domain (CARD) with the 

adaptor protein MAVS (mitochondrial antiviral signalling protein). MAVS 

activates IRF3, IRF7, and NF-kB transcription factors which in turn produce 

type I IFNs and inflammatory cytokines resulting in innate antiviral immune 

response (Seth et al., 2005). There have been several studies that have 

shown that NP directly interacts with PRRs RIG-I and MDA-5 and 

downstream effectors IkB kinase e (IKKe) which causes inhibition of IRF3 

activation (Meyer and Ly, 2016a, Martínez-Sobrido et al., 2007).  

Arenaviruses have also been shown to activate the innate immune 

response through TLR activation once they bind viral PAMPs thus inducing 

an IFN1 response (Vidya et al., 2018). The NW virus JUNV induces activation 

of the TLR2/TLR6 complex which causes activation of AP-1 and NFkB 

transcription factors and subsequent activation of innate and adaptive 

immune responses (Cuevas et al., 2011) Interestingly, only TLR2 has been 

implicated in OW arenavirus infection and research suggests that OW LASV 

immunosuppression is cuased by suppression of TLR2-dependent cytokine 

induction (Hayes et al., 2012). 

dsRNA accumulation during NW JUNV and MACV infections not only 

activates the RLRs and TLRs but also stimulates activation of the 

ubiquitously expressed PKR which is a host dsRNA sensor. 

MOPV and LASV, despite being closely related induce differing T-cell 

responses during infection, (Pannetier et al., 2011). During a study, human 

dendritic cells infected with MOPV showed a strong a lasting CD8 and CD4 
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T cell response with high activation and proliferation. Whereas, human DCs 

infected with LASV underwent very weak memory responses (Pannetier et 

al., 2011, Huang et al., 2015a). The very different immune responses 

between these OW arenaviruses give clues to what causes the differing 

pathogenicity and areas to study further to build understanding of how 

arenaviruses interact with the human immune sytem.  

1.1.6.5 Therapeutics and Treatments,  

One of the main issues with arenaviruses is the lack of therapeutics or 

preventative measures such as vaccines. There are few options available 

and their effectiveness is debatable. Antivirals such as ribavirin have shown 

success in some cases but the efficacy is limited and the high toxicity and 

side effects can sometimes outweigh the benefits (McCormick et al., 1986). 

Favipiravir (T-705) is a small-molecule purine analogue (Furuta et al., 2017) 

with greater efficacy in treating LASV infection in several animal models 

than ribavirin (Safronetz et al., 2015, Oestereich et al., 2015, Rosenke et al., 

2018). Two Lassa fever patients were treated with a combination of ribavirin 

and favipiravir and survived but developed transaminitis and viral RNA was 

able to be detected in their blood and semen samples for a long time after 

infection (Raabe et al., 2017). 

Investigation into other therapeutics identified the novel drug LHF-535 

which acts as an inhibitor of LASV viral entry by targeting the viral envelope 

glycoprotein. LHF-535 has been proven to be safe in a phase Ia human 

clinical trial (Larson et al., 2008) 

Successful use of antivirals requires quick medical attention as well as 

rapid diagnosis of the correct virus at the early stages of infection. This is 

difficult in countries endemic for pathogenic arenaviruses that are also 

endemic for other diseases with similar symptoms and made nearly 

impossible if the patient is not aware of their infection before the onset of 

severe disease symptoms (Raabe and Koehler, 2017).  
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Another area worth exploring in the treatment of LASV and arenavirus 

infection, may be immunotherapeutics. Despite the humoral immune 

response appearing to be less involved in the host response to arenavirus 

infection, immunotherapy may still be provide substantial benefits. Sixteen 

(16) neutralising human monoclonal antibodies from survivors of LASV, 

some of which had long-term and multiple exposures to LASV have been 

successfully cloned and expressed (Robinson et al., 2016). Whilst 

investigation into immunotherapeutics such as neutralising antibodies is 

still ongoing, these recent successes present new and potentially effective 

options in the treatment of arenvirus infections. 

Currently, supportive therapy is the most successful and important therapy 

strategy utilised and involves rest, hydration, pain relief medication, use of 

aspirin as a blood thinner, avoidance of intra-muscular injections, and 

sometimes sedation of the patient. In severe cases, presenting with viral 

haemhorragic fever, platelet transfusions and blood clotting factor 

replacements have shown to be useful (Howley and Knipe, 2020). 

During the early stages of infection arenaviruses show low viraemia and so 

there is low risk of spread, as the infection progresses into later stages the 

level of viraemia increases and risk of spread also increases. Nosocomial 

spread is most likely with medical staff responsible for treating infected 

patients most at risk, especially if the patient has severe viral haemhorragic 

fever and during parenteral administration of treatments (treatment 

anywhere in the body other than the mouth and alimentary canal such as 

intramuscular, intravenous, and sub-cutaneous). 

1.1.6.6 Vaccines 

Candid #1 is currently the only successfully developed vaccine against 

arenaviruses and is most effective against the New World JUNV for which 

its licenced for use only in Argentina. The Candid #1 vaccine strain was 

created through serially passafing the JUNV XJ strain and once it was shown 

that it was safe and had high efficacy in preclinical studies using guinea pigs 

and rhesus monkeys, it was then trialled in agricultural workers in regions 
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endemic for JUNV such as Argentina (McKee et al., 2008). Interestingly, the 

mechanisms by which the Candid #1 strain underwent attenuation are not 

fully understood, making it difficult to recreate for other arenavirus 

vaccines (Enria and Barrera Oro, 2002). 

LASV is on the World Health Organisation (WHO) revised list of diseases for 

which vaccine development is a priority. There are limiting stipulations for a 

successful vaccine candidate however, such as; low cost, highly effective, 

room-temperature stable, and “user-friendly”. Recently the progress of 

twenty six LASV vaccine candidates listed by (Salami et al., 2019) has been 

reviewed (Isaac et al., 2022) as well as an additional eight also developed 

over the last eight years making a total of thirty-four. So far, thirty vaccines 

are still in pre-clinical stages and four have successfully progressed to 

clinical trials with the most promising candidates from 2019 being the 

vesicular stomatitis virus-vectored vaccine and the live-attenuated 

MV/LASV vaccine both currently in clinical trials (Isaac et al., 2022). 

Recently, three LASV vaccine candidates have demonstrated cross-

protection against heterologous strains of LASV in non-human primates; 

the MeV-, VSV-, and modified VSV-based vaccines (Cross et al., 2020, Cross 

et al., 2022, Mateo et al., 2021). These vaccines work by targeting the GPC 

of LASV. 

 

1.2 The mammarenavirus genome and virus structure 

Arenaviruses are enveloped, bi-segmented, single-stranded RNA viruses 

that have an ambisense coding mechanism. Whilst it may appear they have 

a small and simple genome; the arenaviruses have complex replication and 

translational mechanisms and very multifunctional proteins that lead to a 

complex lifecycle during infection. The bi-segmented, ambisense genome 

codes for just four viral proteins: Nucleoprotein (NP), Zinc-finger containing 

matrix protein (Z), Glycoprotein precursor complex (GP1, GP2 and the 
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stable signal peptide (SSP), and an RNA-dependent RNA polymerase (L) 

(Figures 1.4 and 1.5) (McLay et al., 2014). 

The viral ribonucleoprotein complex (RNP) that exists within the virus 

particle (Figure 1.5) consists of the  most abundant of the four encoded 

proteins - the nucleoprotein (NP) which encapsidates the virus genomic 

segments NP and the RNA-directed RNA polymerase (L) protein, the least 

abundant, which mediates virus genome replication and transcription as 

well as cap-snatching for viral mRNA capping (Peng et al., 2020). The zinc-

binding protein Z is a matrix protein responsible for the budding of nascent 

virus particles, and the glycoprotein precursor complexes (GPC) are 

cleaved by signal peptidase to generate a stable signal peptide and the 

heterotrimers consisting of GP1 and GP2. These three products form a 

tripartite heterotrimeric GP complex that inserts into the virion membrane. 

GP1 works to mediate cell-surface and internal receptor binding whereas 

GP2 is involved in virion-cell membrane fusion and thus cell entry (Figure 

1.5) (York et al., 2004, Buchmeier et al., 1987).   

 

Figure 1.4 Arenavirus genomic structure. The genomic segments (vRNA; S and L) of 
mammarenaviruses encode four viral proteins: the nucleocapsid protein (NP) and glycoprotein 
complex (GPC) from the S segment, and the RNA-dependent RNA polymerase (L) and Z matrix 
protein (Z) from the L segment. The vRNA is bordered by untranslated regions (UTR), and the viral 
genes are separated by an intergenic region (IGR), which is thought to form a stem-loop structure. 
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Figure 1.5 Arenavirus virion. The genomic segments are closely enclosed by the nucleocapsid 
protein (NP) and associated with the viral RNA-dependent RNA polymerase (L) to form the 
ribonucleoprotein (RNP) complex. The Z matrix protein (Z) oligomerizes to create a matrix layer on 
the interior side of the viral envelope. Glycoprotein spikes (GP) are embedded in the viral envelope, 
arranged in a trimeric structure. This figure was created with BioRender. 

 

1.3 The Arenavirus Proteins 

1.3.1 Glycoprotein Complex 

The glycoprotein complex (GPC) is present on the viral surface and has a 

trimeric conformation. It is translated as a single polypeptide that is 

subsequently proteolytically cleaved into mature tripartite GPC made up of 

GP1, GP2, and the stable signal peptide (SSP) (Hastie and Saphire, 2018, 

Burri et al., 2012).  

GPC mRNA translation is redirected to the endoplasmic reticulum (ER) 

when the ribosome reaches the SSP (York et al., 2004, Nunberg and York, 

2012). A signal peptidase cleaves the GPC from the SSP although they 

remain associated. Interestingly, the SSP is different to most signal 

peptides in that it is much longer (58 amino acids compared to 18-30 amino 

acids) and also it has two hydrophobic regions instead of just one (von 

Heijne, 1985, York et al., 2004). The SSP becomes anchored to the 
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membrane by covalent binding of a myristoyl group to its second glycine 

residue (Nunberg and York, 2012, York et al., 2004). The two hydrophobic 

regions appear to be involved in membrane crossing which they do in an 

anti-parallel fashion, these hydrophobic regions are separated by a single 

positively charged lysine residue (K33) which is thought to interact with the 

GP2 ectodomain in the ER limen and thus is important for pH-mediated 

GP2 fusion (Froeschke et al., 2003). Arenavirus SSP also has roles in 

masking the ER retention motif of GPC which allows progression to the 

Golgi apparatus for downstream processing and subsequent trafficking to 

the plasma membrane (Agnihothram et al., 2006). 

Immature GPC is translated as a trans-membrane protein that is embedded 

into the ER membrane. After translation GPC undergoes extensive N-

glycosylation (Burri et al., 2012). Some of these N-glycosylation sites are 

required for correct proteolytic processing of GPC and this has been shown 

through mutation studies in which uncleaved GPC is trafficked to the 

plasma membrane instead of cleaved GPC (Eichler et al., 2006) although it 

is still unclear as to whether these mutations to N-glycosylation sites affect 

the overall structure thus preventing enzyme cleavage or if they are directly 

required for enzyme activity (Burri et al., 2012). 

Glycosylation may be involved in masking the glycoprotein from the host 

immune response by way of forming a glycan shield preventing antibody 

access to the viral glycoprotein (Hastie and Saphire, 2018, Sommerstein et 

al., 2015).  

The crystal structures of pre-fusion GPCs of LASV, LCMV, and UHV have 

been solved by X-ray crystallography (LCMV and LASV) or tomographic 

reconstruction (UHV and LASV) (Hastie et al., 2016b, Hetzel et al., 2013, Li 

et al., 2016). The resolution of these structures has revealed spikes on the 

viral membrane with trimeric conformation that are roughly 10nm wide and 

9nm tall with leg like structures connecting the spikes to the membrane at 

4nm intervals and could potentially correspond to the GP2 domain (Li et al., 

2016). 
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The crystal structures give insight into the interactions between the GP1 

and GP2 domains and the positions of residues necessary for receptor 

binding and regions that are exposed for antibody recognition (Hastie et al., 

2016a, Hastie et al., 2017). 

The GP1 domain (amino acids 59-265) is involved in mediating attachment 

to the host cell receptor and can be divided into three main structural 

features which are the N-terminal β-strand, the upper β-sheet face and the 

lower helix loop face (Hastie et al., 2016a). the interaction of GP1 and GP2 

occurs when the N-terminal β-strand extends between the two to form a 

three-stranded, anti-parallel β-sheet. 

α-dystroglycan (α-DG) is the host cell receptor for Old World arenaviruses 

but secondary receptors for specific viruses have been identified such as 

LASV requiring lysosomal associated membrane protein (LAMP1) (Jae et al., 

2014) and LUJV requiring neutrophilin-2 (Raaben et al., 2017). It has been 

shown that LASV recognises a linear carbohydrate present on α-DG called 

matriglycan although the molecular mechanism by which matriglycan is 

recognised by LASV was unknown until recently (Katz et al., 2022). 

Matriglycan synthesis is mediated by LARGE1 (Kunz et al., 2005) and 

matriglycan is comprised of repeating units of xylose (Xyl) and glucuronic 

acid (GlcA) linked together to form [-3Xyl- α1,3-GlcA- β1-]n (Inamori et al., 

2012). These linear matriglycan chains can contain many repeats allowing 

them to project significant distances from the surface of the cell. LASV 

hijacks matriglycan to gain cellular entry via α-DG and recent structural 

data for both the LASV spike complex and LARGE1 have revealed how 

matriglycan is synthesised and how it is used as an arenavirus entry 

receptor (Katz and Diskin, 2024). Through the use of cryo-EM the complete, 

trimeric structure of the LASV spike complex has been determined (Katz et 

al., 2022). The receptor binding site where matriglycan binds has been 

shown to be quaternary and is formed through shared interactions between 

each of the three monomers making up the spike. This interaction occurs at 

the apex of the spike. In the centre of the binding site there are three C-
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terminal regions of the GP1 domains from each adjacent monomer which 

undergo domain-swapping to create interlocked domains. These 

interlocked domains provide structural stability and create a cleft exposed 

to the surface which matriglycan binds to (Katz and Diskin, 2024). 

There have been five key residues identified within GP1 (136, 153, 155, 190, 

260) that mediate arenavirus binding to α-dystroglycan. The lower helix loop 

face of GP1 contains the Ser153 and Leu260 residues which are the reason 

for high affinity binding to α-dystroglycan and also crucial for establishment 

of persistent viral infection (Hastie et al., 2016a, Sevilla et al., 2000, Teng et 

al., 1996, Smelt et al., 2001). Binding to α-dystroglycan likely requires 

complete GPC to ensure correct conformation of GP1 which will allow 

receptor binding. 

The GP2 domain (amino acids 266-498) is involved in directing fusion 

between virus and host cell membranes which facilitates the release of 

RNPs into the cell cytoplasm. The GP2 structure has been solved using x-

ray crystallography for both the pre-fusion (Hastie et al., 2016a, Hastie et 

al., 2017) and post-fusion complexes (Igonet et al., 2011). GP2 has three 

structural regions; the N-terminal α-helix, a C-terminal α-helix and a T-loop 

region connecting the two α-helical structures (Igonet et al., 2011). 

GP2 is a class I viral fusion protein despite possessing features of all three 

fusion protein classes (Eschli et al., 2006). The properties of GP2 which 

make it a class I fusion protein is because it needs to be proteolytically 

processed to release fusion peptide and it has characteristic class I α-

helices forming the six-helix bundle post-fusion. Arenavirus GPC contains 

two heptad repeats which undergo significant conformational changes 

from pre- to post-fusion GP2. Pre-fusion, the first heptad repeat ( HR1) 

appears as four segments (HR1a to HR1d) which all form helices with the 

exception of HR1b which presents as an extended loop. The T-loop appears 

as two anti-parallel β-strands in the pre-fusion form that has glycosylation 

sites (Hastie et al., 2016a) 
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Post-fusion the heptad repeats form the N- and C-terminal helices which 

are connected by the T-loop, also possessing α-helical structure. When the 

two heptad repeats join together along with the other two protomers, they 

form the anti-parallel six-helix bundle characteristic to class I viral fusion 

proteins (Hastie et al., 2016a) 

 

1.3.2 Nucleocapsid Protein 

The arenavirus nucleoprotein (Figure 1.6) (also sometimes referred to as 

nucleocapsid protein) (NP) is the most abundantly expressed of all the 

arenavirus proteins and accounts for over 70% of the protein present in 

purified virus and infected cells. The size of NP ranges between 558 and 570 

amino acids with a molecular weight of 60-68kDa depending on the virus 

(Buchmeier, 2002). The viral gene coding for NP is located on the S gene 

segment and is encoded in a negative-sense for genome transcription to 

yield a coding mRNA (Meyer et al., 2002). Interestingly, during the persistent 

phase of arenavirus infection, as the expression levels of the other viral 

proteins decreases to near or totally undetectable amounts, the level of NP 

remains high (Ellenberg et al., 2002). 

The function of the nucleocapsid protein (NP) of arenaviruses is to 

encapsidate the RNA segments within a ribonucleoprotein complex (RNP) 

which is vital for viral RNA synthesis and for facilitating viral transcription 

and replication. 
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Figure 1.6 The overall protein structure of full-length LASV NP (PDB: 3MWP) shown as a cartoon with 
distinctions between the N-terminal (orange) and C-terminal (blue) domains. The N-terminal domain 
is shown with RNA bound in the deep, basic RNA binding groove. The C-terminal domain is the 
exoribonuclease (ExoN) domain which binds and degrades dsRNA. Adapted from (Stott et al., 2020) 

 

The RNP is comprised of multiple NP copies which line up along the RNA 

segment in association with the L protein and NP acts as a scaffold within 

the RNP for a functional template for RNA synthesis by the L protein and to 

assist in Z matrix protein mediated recruitment of the segments into newly 

formed viral particles (Iwasaki et al., 2015). 

NP is proposed to be an extremely multifunctional viral protein with roles in 

modulating host immune responses to infection and attenuating the host 

interferon type 1 (IFN-I) response as well as counter-acting host apoptotic 

responses and cellular factor recruitment to promote viral lifecycle 

(Martínez-Sobrido et al., 2007, Shao et al., 2018) 

1.3.2.1 Structure of NP 

The primary amino acid sequence of arenavirus NP is highly conserved 

across the whole Arenaviridae family even displaying high degrees of 

similarity between Old World group and New World group viruses (Peng et 

al., 2020, Qi et al., 2010b, Buchmeier, 2002). The crystal structures of NP 

from LASV, LCMV, JUNV, TCRV, and MOPV have been solved by a number of 

different groups to show that NP folds into two discrete domains, an N 

terminal domain from residues 1-388 approximately (LASV NP) and a C 
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terminal domain from residues 364-561 with an unstructured, flexible 

linking region connecting the two domains (Qi et al., 2010b). The structures 

(Figure 1.6) have been solved either as full length (Brunotte et al., 2011b, Qi 

et al., 2010b, Hastie et al., 2011c), or as individual N- and C-terminal 

domains, with the N-terminal domain being comprised mainly of α-helices 

forming head and body regions (Hastie et al., 2011b, West et al., 2014b, 

Yekwa et al., 2017, Zhang et al., 2013). Initially, the flexible N- and C-

terminal linker was proposed as the groove involved in binding genomic 

RNA (Qi et al., 2010b), but since the structure of the N-terminal domain was 

solved in complex with single-stranded RNA, a deep cavity within the N-

terminal domain is lined with basic residues and a patch of hydrophobic 

amino acids at the bottom of it is now thought to be the gRNA binding site 

(Hastie et al., 2011c). Initially was thought to be the site which binds the 7-

methylguanylate (M7G) cap structures, which arenaviruses uses for a 

unique mechanism of cap snatching cellular mRNAs to use as primers to 

initiate viral transcription. There have been conflicting studies into the cap 

snatching role of NP, residue mutation studies by (Qi et al., 2010a) in which 

a panel of NP mutants with alanine substitution of residues located inside 

and at the cavity entrance were tested for their ability to mediate cap-

dependent viral RNA transcription showed either complete loss of RNA 

transcription activity or significantly decreased activity when compared to 

wild-type although none of these mutants affected NP function in IFN 

suppression. Whereas the study by (Brunotte et al., 2011b) showed an 

impaired ability to synthesis cRNA rather than affecting viral transcription 

suggesting that the N terminal cleft/groove does not actually bind M7G caps 

and is instead responsible for the binding of single stranded viral RNA. Any 

attempts to co-crystallise LASV NP with cap-conjugated beads were 

unsuccessful and it has been shown that the basic amino acid residues that 

line the groove are key for mediation of the electrostatic interactions 

between NP and the phosphate backbone of single-stranded RNA 

molecules (Hastie et al., 2011c). Comparisons of full length LASV NP N-

terminal domains that have bound RNA and those that are free from RNA 
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have shown structural rearrangements that likely represent a gating 

mechanism; in the RNA-bound domains, α-helix 5 is shortened to terminate 

before the RNA-binding groove and α-helix 6 and the connecting loop are 

shifted away from the groove allowing RNA access to the residues in the 

loop and the groove (Hastie et al., 2011c). 

Insight into the roles of the NP C-terminal domain have been shown by 

studies of LASV NP crystal structures; two studies independently showed 

significant 3D structure similarity between the C-terminal domain of LASV 

NP and the characteristic fold of DEDD superfamily of exonucleases 

despite not sharing much primary sequence similarity (Hastie et al., 

2011b). The C terminal domain is comprised of both α-helical structures 

and β-sheets in which the five-stranded β-sheet contains one anti-parallel 

strand and is surrounded by six α-helices all connected by flexible loops 

(Hastie et al., 2011b). A zinc atom is coordinated by residues present in the 

second β-sheet, the sixth α-helix, and the long loop containing basic 

residues that connects the fifth and sixth α-helical structures. The crystal 

structures also reveal a deep cleft at the top of the LASV NP C-terminal 

domain with catalytic residues occupying the same positions as in the 

active site of the human DEDD family 3’ to 5’ exonuclease TREX1. 

Exonucleases are enzymes involved in catalysing cleavage of 

phosphodiester bonds between nucleotides at either the 3’ or 5’ end of the 

nucleotide chain and members of the DEDD superfamily are characterised 

by active sites containing Asp-Glu-Asp-Asp catalytic residues as well as 

having a neighbouring histidine or tyrosine residue and further sub-divides 

the superfamily into DEDDh or DEDDy (Zuo and Deutscher, 2001). 

Interestingly, the substrate for arenavirus NP exonuclease activity has been 

identified as double-stranded RNA (dsRNA), not DNA, which is digested in 

a 3’ to 5’ direction (Hastie et al., 2011b) and this activity is dependent upon 

a divalent Mn2+ cation coordinated by the C-terminal domain. It has also 

been shown that NP degraded both ssRNA and dsRNA with a clear 

preference for dsRNA. 
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LCMV, JUNV, and TCRV NP have also been shown to possess C-terminal 3’ 

to 5’ exoribonuclease domains, with TCRV NP having specificity for dsRNA 

ligands similar to LASV NP (Jiang et al., 2013). However, JUNV NP has been 

shown to lack this exoribonuclease activity through in vitro dsRNA 

degradation assays (Zhang et al., 2013). It has been suggested that the 

methods of protein crystallisation may have caused the protein to adopt an 

inactive conformation that lacked a vital Zn2+ cation conserved in all other 

crystallised NPs (West et al., 2014b, Zhang et al., 2013) but it’s also entirely 

possible that JUNV does not actually possess the ability to degrade dsRNA 

substrates at all. 

One of the other motifs present in arenavirus NP is a zinc finger motif 

located in the C-terminus (Tortorici et al., 2001, Qi et al., 2010b, Parisi et al., 

1996) and is located between amino acids 500 and 530 in LASV and JUNV. 

The zinc finger motif position in LASV NP’s crystal structure suggests it may 

have a role in coordination of the exoribonuclease domain (Tortorici et al., 

2001). 

Arenavirus NP has been shown to form homo-oligomers which are vital for 

encapsidation of the viral RNA genome and it is thought that the 

interactions between these individual NP monomers is mediated by the NP 

N-terminal domain (Ortiz-Riaño et al., 2012a, Levingston Macleod et al., 

2011). C-terminal to N-terminal interactions have been shown to be 

important (Brunotte et al., 2011a). X-ray crystal structures for LASV NP have 

identified homo-trimers formed from monomers that associate in a ring-like 

structure (Brunotte et al., 2011a, Hastie et al., 2011c). It is thought that NP 

forms these trimers during viral transcription to prevent RNA binding and 

help to maintain levels of stored NP (Pattis and May, 2020) and when RNA 

replicates, a currently unknown signal is sent to initiate disassembly of the 

NP trimer thus shifting the C-terminal domain away from the N-terminal 

domain and opening up the RNA binding groove allowing NP to bind newly 

synthesised gRNA (Hastie et al., 2011c, Pattis and May, 2020). It has been 

shown that NP which is unable to trimerise, becomes defective and is 
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unable to effectively promote transcription and replication in minigenome 

reporter assays but does not affect interactions with other viral proteins or 

NP’s role in antagonising the host IFN-I response (D'Antuono et al., 2014, 

Lennartz et al., 2013). Although the functional importance of these 

truncated NP cleavage products is as yet unknown. At late time points of 

infection (up to 20 days), staining of NP in nuclear inclusions can be 

observed within infected cells but only using monoclonal antibodies 

specifically able to recognise these short truncated forms (Young et al., 

1987). There has been some work to elucidate the role of these truncated 

forms of NP using observations of JUNV in which JUNV NP was cleaved by 

caspases and expression of ectopic NP appeared to prevent effector 

caspase 3 activation which is a crucial event in apoptosis (Wolff et al., 2013) 

so it could be that these NP cleavage products are involved in the virus 

trying to avoid or prevent host cell apoptosis. 

Although most NP expressed within infected cells has a molecular weight 

of 60-68kDa, itis possible to find and visualise 28kDa and 36kDa NP 

cleavage products (Harnish et al., 1981)  

1.3.2.2 Functions of NP 

The arenavirus NP is multifaceted within its roles in the cell during infection. 

It is essential in the formation of replication-transcription complexes 

(RTCs), which serve as discrete sites for viral RNA synthesis and are 

associated with specific cellular membranes, phosphatidylinositol-4-

phosphate (PI4P), and various host proteins that include translation 

initiation factors and stress response proteins. A key role of NP is also in the 

recruitment of translation initiation factors, though this process varies 

between Old and New World arenaviruses, with New World viruses showing 

unique interactions that facilitate viral protein synthesis. Additionally, NP 

plays a key role in modulating the host immune response by degrading viral 

double-stranded RNA, thus evading host immune detection. Below we 

examine the mechanistic basis of these functions and highlights how NP’s 
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immune suppressive abilities are pivotal for viral persistence and 

replication. 

1.3.2.2.1 Modulation of host cell immune response 

Perhaps the most important and least well understood role of arenavirus 

NP is in the modulation of the host immune response during infection. The 

binding of NP to viral RNA is necessary for viral nucleocapsid complex 

formation and for the characteristic suppression of host immune responses 

by acting as an interferon antagonist. It is because of its role as an 

orchestrater of immune suppression and its significance to arenavirus 

lifecycle that NP was chosen as the viral protein of focus for the research 

presented in this thesis. The mechanisms by which NP acts as an immune 

modulator and inhibitor are shown in figure 1.7. 
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Figure 1.7 Inhibition of Innate Immune Response Steps by the Arenavirus Nucleocapsid Protein. This 
diagram illustrates the type I interferon (IFN) induction signalling pathways. Arenavirus non-poly-
adenylated RNA and double-stranded RNA are recognized by RIG-I and MDA5. The arenavirus NP 
disrupts this recognition and signalling by degrading RNA species and potentially binding directly to 
RIG-I. Additionally, arenavirus Z binds to RIG-I and MDA5 to block activation of the mitochondrial 
antiviral signalling (MAVS) protein. NP further inhibits later induction stages by binding to IKK-
epsilon, thereby preventing the activation of IFN-responsive factor 3 (IRF3), and by blocking NF-κB 
activation, which normally occurs through Toll-like receptor (TLR) recognition of the arenavirus GPC. 
Adapted from (Meyer and Ly, 2016b) 
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NP acting as an IFN1 antagonist is a conserved characteristic across both 

OW LCMV and LASV as well as NW viruses, JUNV and MACV, it is also 

conserved in non-human pathogenic strains (Martínez-Sobrido et al., 

2007). NP inhibits activation of IFN-β and IRF-3-dependent promoters and 

also inhibits the nuclear translocation of IRF-3 (Martínez-Sobrido et al., 

2007). The immunosuppressive ability of NP can be linked to its C-terminal 

exonuclease activity (Hastie et al., 2011a). NP has been linked to double-

stranded RNA degradation, and it has a high specificity for this in the 3’-5’ 

direction. This mechanism of degrading viral dsRNAs, that would normally 

stimulate the host innate immune system via PRRs, is a common 

mechanism deployed by many arenaviruses to evade host innate immune 

responses (West et al., 2014a). The amino acid residues E391, D389, D466, 

D533, and H528 (LASV protein numbering style) make up the 

exoribonuclease DEDDh motif (ExoN) which is highly conserved. These 

residues are necessary for ExoN activity and thus dsRNA degradation 

(Mateer et al., 2020). It is interesting to consider the different mechanisms 

of dsRNA degradation utilised by OW and NW viruses. Use of the 9D5 

monoclonal antibody (MAb) with a high affinity for dsRNA in conjunction 

with LASV, JUNV, and MACV minigenome replication systems by Mateer et 

al. showed that LASV NP ExoN activity was needed for limiting the 

accumulation of dsRNA and that mutations disrupting the LASV ExoN 

caused dsRNA to accumulate (Mateer et al., 2020). This inhibition of dsRNA 

was tested for in JUNV by co-infecting with LASV and it was shown that LASV 

NP expression alone did not limit dsRNA accumulation until it LASV L 

protein was also introduced, this suggests that there is cooperative 

degradation with activity of viral replication (Mateer et al., 2020). The action 

of NP to degrade viral dsRNA might also work to suppress IFN1 via 

preventing protein kinase R (PKR) signalling and the subsequent 

downstream eIF2α phosphorylation which will then inhibit host and viral 

protein translation. A study performed by Huan et al. using JUNV Romero 

strain showed that JUNV and MACV but now LASV infection resulted in high 

levels of activated PKR. 
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Research into the pathogenesis of other mammarenaviruses can often 

provide insight into how LASV NP might work. Due to the highly pathogenic 

nature of LASV and the strict laboratory and security measures around 

research involving live LASV, working on mammarenaviruses such as MOPV 

or LCMV is a necessary alternative and may shed light on similar 

mechanisms found in LASV. Mutagenesis studies performed on the NP of 

LCMV mapped the IFN1 inhibitory activity to the C-terminal region and 

identified the specific amino acid residues 382, 385, and 386 as crucial for 

antagonising IFN1 induction, these residues are located within a DIEG NP 

motif that is highly conserved among both OW and NW mammarenaviruses 

(Martínez-Sobrido et al., 2007). The study also showed that these LCMV 

mutants did not have any effect of viral RNA replication or infectious viral 

particle production which suggests that the IFN1 antagonistic ability of NP 

is separate from its roles within replication and the general lifecycle. 

 

 

1.3.2.2.2 Formation of replication-transcription complexes 

NP forms discrete sites for arenavirus RNA synthesis which are called 

replication-transcription complexes (RTCs) and are thought to be where 

vRNA and cRNA replication and transcription occurs (Baird et al., 2012). 

These RTCs are associated with a cytosolic membrane, a 

phosphatidylinositol-4-phosphate (PI4P), and a number of key host 

proteins that includes translation initiation factors, ribosomal proteins and 

the stress granule protein G3BP1 (Baird et al., 2012). The role of PI4P is to 

promote membrane dynamics and in the recruitment of cellular proteins for 

vesicular budding  and in other viruses it has roles in membrane 

remodelling (Baird et al., 2012). These sites however have not been 

associated with any membrane-bound organelles and do not appear to 

export any viral mRNAs for translation, in fact, NP is thought to be the main 

effector for the formation of RTCs due to evidence from 

immunofluorescence staining and analysis of cells transfected with an NP-
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expressing plasmid that reveals the characteristic discrete puncta seen in 

infected cells (Baird et al., 2012, Knopp et al., 2015). LCMV NP residue T206 

is suggested to be involved in establishment of these sites, this 

corresponds to LASV NP T210 which is shown to be solvent exposed and 

located within α-helix 8 within the LASV NP N-terminal domain (Hastie et 

al., 2011c). Whilst it is solvent exposed, T206 is conserved across all 

mammalian arenaviruses highlighting the importance of the site to the 

replication-transcription functions of NP. These sites occur when T206 is 

transiently phosphorylated and mutation studies of T206 residues unable 

to be phosphorylated (T206A) show changes in NP distribution from 

discrete puncta to more diffuse cytoplasmic distribution (figure 1.8). 

Recombinant LCMV that has this T206 mutation is unable to be recovered 

from a reverse genetics system (Knopp et al., 2015) and mutating T206 to a 

phosphomimetic residue (T206E) which stimulates constitutive 

phosphorylation causes a phenotype similar to wild-type NP and mutant 

NP T206A in which the both discrete puncta and diffuse cytoplasmic 

distribution are shown (Knopp et al., 2015). 

It is thought that the mechanism by which NP drives the formation of RTCs 

is by either aggregation of cellular proteins or interaction with them and 

although this is not yet fully understood, colocalization of NP at the RTCs 

with PI4P could be what drives formation of these sites and further 

investigation is required to understand the exact interactions of NP 

necessary for RTC formation and the role of phosphorylation in these 

interactions. Thus far there has been no evidence that the L protein is also 

found within the cytosolic puncta that form during arenavirus infection 

driven phosphorylation of T206. Why mRNAs are not also encapsidated in 

the puncta is also not yet understood and the exact mechanisms driving 

vRNA packaging mediate by NP are yet to be established (Sänger et al., 

2023). 
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Figure 1.8 Distribution of WT NP and NP T206A in Cells : BHK-21 cells were fixed 48 hours after 
transfection with plasmids expressing either WT NP (A) or NP T206A (B). NP was visualized using an 
anti-LCMV NP antibody with Alexa Fluor 488 (green), and nuclei were stained with DAPI (blue). Figure 
has been obtained from (Knopp et al., 2015) 

 

1.3.2.3 Role of virus-Host interactions that involve the LASV Replication 

Complex 

One of the key host proteins found to play a role in the LASV replication 

complex is DDX3, a protein belonging to the DEAD (Asp-Glu-Ala-Asp) box 

RNA helicase family, which possesses ATPase and RNA helicase activity 

(Loureiro et al., 2018). During proteomic studies of arenavirus infected cells 

DDX3 has been identified as an interacting partner of not only LASV NP but 

also LCMV NP and the New World group Junin virus NP (King et al., 2017a). 

Deletion of the DDX3 gene using CRISPR/Cas9 systems results in a 

significant reduction in viral titre during infection for LASV, LCMV, and JUNV. 

Reconstituting DDX3 expression in these knockout cells causes recovery of 

viral replication of LASV, LCMV, and JUNV suggesting that DDX3 plays a 

significant role during viral replication as a proviral cellular factor (Loureiro 

et al., 2018). 

Other cellular proteins with functions involved in RNA synthesis and 

assembly of the RNP complex include DDX5 (also known as RNA helicase 

p68) and DHX9 (also known as RNA helicase A), which are both members 



72 
 

of the DExD/Hbox protein family. These two proteins have been identified 

as potentially overlapping targets of LASV NP, JUNV NP, and both LCMV L 

and NP (Loureiro et al., 2018, King et al., 2017a, Khamina et al., 2017). The 

roles of these proteins during arenaviral infection has not yet been 

investigated but work has been done in other RNA viruses such as Influenza 

A, HCV, Chikungunya virus, and Porcine reproductive and respiratory 

syndrome virus (Goh et al., 2004, Bortz et al., 2011, Liu et al., 2016, 

Matkovic et al., 2019) 

1.3.2.4 Variations in Translation Factor Recruitment by Arenavirus NP 

It is thought that NP has other vital roles within the RTC which include 

interaction and recruitment of translation initiation factors although it has 

been shown that there is variation in how this works between different 

mammarenaviruses.  LCMV studies have shown that NP colocalises with 

all of the three eukaryotic initiation factor 4Fs (eIF4F) but does not co-

immunoprecipitate with any of them (Knopp et al., 2015) which suggests 

that the eIF4F complex gets recruited to the RTCs within LCMV infected 

cells due to NP interactions which then don’t interact strongly with or 

replace any of the eIF4F components.  

In New World mammarenaviruses JUNV, TCRV, PICV, it been proposed that 

NP replaces the eIF4F complex cap binding protein and studies have shown 

that NP colocalises and also co-immunoprecipitates with both EIF4A and 

eIF4G in infected cells (Linero et al., 2013). It has been shown that in cells 

with expression of eIF4A or eIF4G knocked down by siRNA the virus is 

unable to complete the lifecycle (Linero et al., 2013), this is not the case for 

eIF4E though in which knockdown doesn’t have an effect on infection, nor 

does it show any colocalization or does it co-immunoprecipitate with NP in 

JUNV, TCRV, or PICV. A key difference between these New World 

mammarenavirus NP’s and an Old World NP such as LASV is that the JUNV, 

TCRV, and PICV NPs were all retained by M7G cap-conjugated beads which 

suggests a different interaction between Old and New world NP’s and the 
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EiF4F complex though further research is needed to characterise this 

interaction difference (Hastie et al., 2011c, Linero et al., 2013) 

1.3.3 L Polymerase  

The arenavirus L protein (L) is a multi-domain protein crucial in governing 

viral genome transcription and replication for which the L RNA-dependent 

RNA polymerase (RdRp) is involved. Whilst the L's RNA-dependent RNA 

polymerase (RdRp) domain’s main function appears to be in transcription 

and replication, it possesses additional vital residues for proper function of 

LASV L that exist both within and outside this domain (Hass et al., 2008, 

Morin et al., 2010, Lehmann et al., 2014).  

The L protein is made up of a single polypeptide chain which comprises 

three domains: the N-terminal endonuclease-containing domain (PA-like 

region), the central RdRp-containing domain, and the C-terminal cap-

binding domain (PB2-like region). The N- and C-terminal domains trans-

complement each other after cleavage at specific positions (Brunotte et al., 

2011b). 

The N-terminal domain endonuclease region is highly structurally 

homologous across the Arenaviridae family as well as other bunyaviruses 

and also influenza A virus. This region possesses a two-lobed structure in 

which the second lobe contains the PD(E/D)K endonuclease active site 

residues involved in coordination of two divalent metal ions (Olschewski et 

al., 2020). Arenaviruses L differ from other viral polymerase endonucleases 

in that these other viruses usually use an additional histidine residue within 

the first lobe to coordinate the first metal ion in the active site whereas 

arenavirus endonucleases instead have a glutamate or aspartate residue. 

Interestingly arenaviruses exhibit reduced in vitro endonuclease activity 

due to the absence of this histidine residue potentially due to the inability 

of the N-terminal region to cleave RNA as shown in LASV L (Reguera et al., 

2016, Vogel et al., 2019) 
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The C-terminal domain, associated with cap-snatching and replication, 

remains partially unresolved which suggests flexibility in its structure, but is 

suggested to contain the cap-binding domain (Peng et al., 2020, Lehmann 

et al., 2014). It is thought to contain the cap-binding domain due to 

mutational studies of LASV NP in which conserved region mutations 

resulted in inhibition of transcription but not replication which 

subsequently suggests a C-terminal role in cap-snatching (Morin et al., 

2010, Olschewski et al., 2020).  

In the RdRp region, the highly ordered finger-tip motif is stabilized without 

5' vRNA activation, a unique feature compared to other viral polymerases 

despite containing typical motifs expected that are conserved among most 

viral polymerases (Peng et al., 2020). Arenavirus RdRP active site appears 

to not need to be switched on with 5’ vRNA activation like other viral 

polymerases in which the finger-tip motif structure could not be resolved 

without switching on and indicates a distinctive arenavirus regulatory 

mechanism (Peng et al., 2020). 

Exploring the MACV L complex with 3' vRNA and Z reveals insights into L 

activity regulation. A positively charged groove facilitates 3' vRNA binding, 

similar to other viral polymerases. Z interaction with specific RdRp region 

residues may restrict replication and transcription by obstructing RNA 

entrance, providing insights into arenavirus L regulatory dynamics (Xu et al., 

2021). 

 

1.3.4 Z matrix protein 

The Z matrix protein (Z) is a zinc-binding RING protein and is the smallest 

protein encoded by arenaviruses and is between 90 and 99 amino acids 

long with an 11kDa molecular weight. Similar to NP, it is an extremely 

multifunctional protein with its main role as the viral matrix protein forming 

a matrix layer on the inside of the viral envelope and linking the GPC spikes 

to the packaged RNP complexes. Z also has roles in recruitment and 
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packaging of all viral components into newly formed viruses. Z also recruits 

host cell machinery to promote viral budding from host plasma 

membranes. Z interacts with a multitude of host cell proteins and has roles 

in IFN antagonism. 

The structure of Z has been solved using both nuclear magnetic resonance 

(NMR) and X-ray crystallography (Hastie et al., 2016b, Volpon et al., 2010). 

Z is comprised of three structural domains: the N-terminal domain, C-

terminal domain, and a central domain. Both the N- and C-terminal 

domains are highly flexible. The second glycine residue in the N-terminal 

domain is myristoylated facilitating anchoring to the membrane and 

initiation of oligomerisation (Strecker et al., 2006, Loureiro et al., 2011). The 

N-terminal domain contains conserved basic residues with involvement in 

assisting membrane association via acidic phospholipid interactions 

(Fehling et al., 2012).  

The N-terminal myristoylation shows conservation between Old and New 

world arenaviruses and mutation studies have shown it is vital for the Z-

GP(SSP) interaction as they have affected the intracellular distribution and 

structure of Z as well as its ability to interact with GP (Capul et al., 2007, 

Strecker et al., 2006, Fehling et al., 2012). 

The central domain of Z contains a RING domain which is 60 amino acids in 

length and has features typical for RING domains such as conserved 

Cys3HisCys4 motif responsible for coordinating two zinc cations at two 

different coordination sites: site I and II. This RING domain is crucial for self-

assembly of Z and expression of just the RING domain is enough to drive 

formation of spherical cytoplasmic structures(Kentsis et al., 2002b, Kentsis 

et al., 2002a). The Z RING domain shows similarity to the globular type zinc-

binding domains which interact with proteins whereas classical zinc-finger 

domains interact with nucleic acids (Fehling et al., 2012). 

The C-terminal domain contains many late-domain motifs highly 

conserved between Old and New World arenaviruses. These late-domain 
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motifs mediate interactions between viral proteins and host proteins for 

endosomal sorting complexes required for transport (ESCRT) (Fehling et al., 

2012). 

An important role of Z in the arenavirus lifecycle is in stopping viral 

replication and transcription to promote formation of viral assembly 

complexes and kick-start viral budding from the host cell membrane and 

mini-genome assays have shown inhibitory effects of Z on replication and 

transcription (López et al., 2001, Cornu and de la Torre, 2001, Cornu and de 

la Torre, 2002). In TCRV it was shown that Z can directly bind and interact 

with L and there are to Z-binding sites present on arenavirus L at the N-

terminus and one in the RdRp domain (Wilda et al., 2008a, Jácamo et al., 

2003). It is thought that the residues required for Z to bind to L are the same 

as those necessary for Z inhibition of viral RNA synthesis and are found 

within the RING domain (Cornu and de la Torre, 2002, Loureiro et al., 2011). 

The direct interaction between L and Z inhibits catalytic activity of the L 

RdRp but does not have any effect on viral RNA binding important for 

packaging of the viral genome and L recruitment into new virions (Fehling et 

al., 2012, Kranzusch and Whelan, 2011a). 

Z also inhibits RNA synthesis by L through interaction with NP via the RING 

domain and this has been shown through RING domain mutation studies 

which completely inhibit NP incorporation into Z-induced Virus like 

particles (VLPs) (Casabona et al., 2009, Fehling et al., 2012).  

Therefore, a key role of Z is in facilitating interactions between NP and GPC 

which usually do not directly interact, thereby requiring  Z to act as a bridge 

between them as shown by colocalization studies. Cells that only express 

GP and NP do not display colocalization and there in no incorporation of NP 

into the GP-directed VLPs. However, in cells that also express Z, there is 

colocalization of NP and GP and the VLPs now contain NP (Schlie et al., 

2010). 
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Further Z interactions with NP are necessary for host IFN response 

antagonism which has been demonstrated in New World arenaviruses and 

is mediated by and interaction between Z and RIG-I (Fan et al., 2010). This 

interaction disrupts the normal interactions between MAVS and RIG-I 

necessary for cell signalling cascade which causes IFN production. In Old 

World arenaviruses such as LASV and LCMV there does not appear to be 

any interaction between Z and RIG-I, so it is likely there is np Z mediated IFN 

antagonism.  

 

1.4 Introduction to the Arenavirus lifecycle 

Mammarenaviruses all follow a very similar lifecycle (Figure 1.9) in which 

the first step is binding of GPC to the appropriate cellular receptor located 

on the cell plasma membrane. The virus will then enter the cells via receptor 

mediated endocytosis. The endosome undergoes acidification causing 

GPC mediated viral and host membrane fusion and release of RNPs into 

host cell cytoplasm. Transcription and replication of the vRNA then occurs 

(this creates cRNA which also undergoes transcription and replication), 

within the host cell cytoplasm directed by the arenavirus L. Viral protein 

mRNA is translated by host ribosomes in the cytoplasm, although GPC is 

instead translated into the endoplasmic reticulum (ER) where it matures 

through the Golgi apparatus (GA) towards the plasma membrane. All of the 

viral proteins assemble at the host plasma membrane and host complexes 

are recruited to facilitate viral budding from the membrane and the 

formation of a new arenavirus virion. 
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Figure 1.9 Mammarenavirus lifecycle. The mammarenavirus binds to its host cell receptor (1) and 
enters via an endocytic pathway (2). Acidification within the internalized endosome (3) triggers fusion 
of the host and viral membranes, releasing the ribonucleoproteins (RNPs) (4). The viral polymerase 
(L) then transcribes (5) the nucleocapsid protein (NP) and L polymerase (L) genes and replicates (6) 
the vRNA to produce cRNA (6). The cRNA is then bound by L, allowing transcription (7) of the 
glycoprotein (GPC) and Z matrix protein (Z) genes and replication of cRNA to generate more vRNA 
copies (8). The viral mRNAs are translated (9), and NP, L, and genome segments assemble to form 
ribonucleoprotein complexes. GPC is processed in the rough endoplasmic reticulum and Golgi 
apparatus. The Z matrix protein (Z) gathers RNPs and GPCs at the plasma membrane for assembly 
(10) and budding (11). This figure was created using BioRender. 

 

1.4.1 Entry 

It is thought that alveolar macrophages are one of the first cell types 

targeted due to the known routes of infection and that the virus is present in 

macrophages during the early stages of infection (González et al., 1980). 

These infected macrophages then move through the lymphatic system 

which results in migration of the virus and allows it to spread to other 

tissues (Buchmeier, 2007). This NP-Z interaction plays an important role in 

recruitment of genomic RNP complexes into new virions.  

OW and NW viruses use different cellular receptors as well as different 

entry pathways into their target cells (Figure 1.10) For OW viruses such as 

LCMV and LASV as well as Clade C NW viruses, entry occurs when GP1 
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attaches to the appropriate cell receptor which is α-dystroglycan (α-DG), a 

widely found extracellular matrix protein found in the basement membrane 

(Spiropoulou et al., 2002, Shimojima et al., 2012). In contrast, LUJV of the 

OW complex has been found to utilise neurophilin (NRP)-2 receptor to 

mediate its entry into cells (Raaben et al., 2017). In LCMV and LASV entry 

there have been recent discoveries that implicate the TAM family, C-type 

lectins and AxI as candidate receptors (Shimojima et al., 2012, Fedeli et al., 

2018). These recent findings suggest that there is a possibility of multiple 

entry methods and potential receptors for OW arenaviruses. Recent 

research into LCMV has uncovered that the viral envelope fuses with late 

endosomal membranes in a process requiring both low pH and interaction 

of the LCMV GP spike and secondary receptor CD164. Fulfilment of these 

two requirements causes uncoating of LCMV and for RNA genome-

associated NP to separate from the Z protein matrix layer causing release 

of the viral genome into the cytosol. This process of arenaviral uncoating 

has been shown to be regulated by cellular endosomal potassium ion flux 

and inhibition of this process by blocking potassium ion channels resulted 

in arenavirus virions becoming trapped within Rab7 and CD164-positive 

endosomes (Shaw et al., 2024). 
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Figure 1.10 Entry pathways of Old World (OW) and New World (NW) arenaviruses. OW arenaviruses, 
except for Lujo mammarenavirus (LUJV), which binds NRP-2, attach to α-dystroglycan (α-DG). OW 
viruses enter cells through a clathrin-independent pathway involving multivesicular body formation 
and the endosomal sorting complex required for transport (ESCRT) pathway. Highly pathogenic NW 
arenaviruses use human transferrin receptor 1 (hTrf1), or species-specific counterparts, and enter 
via clathrin-mediated pathways. NW virus particles are trafficked to EEA1-positive endosomes and 
subsequently to late endosomal compartments through Rab5 and Rab7 dependence. In the late 
endosome, low pH triggers conformational changes in the arenavirus glycoprotein, leading to fusion 
and release of the viral genome into the cytoplasm. Lassa mammarenavirus (LASV) requires a 
receptor switch to lysosome-associated membrane protein 1 (LAMP1) in the late endosome, while 
LUJV similarly switches to CD63 to facilitate fusion. Figure obtained from (Stott et al., 2020). 

 

The concept of LASV using alternative viral receptors to α-DG was originally 

suggested due to evidence that cell-types lacking functional α-DG, such as 

hepatocytes, were extremely susceptible to LASV infection. Mice lacking 

the LARGE gene crucial for synthesis of functional α-DG molecules (Kunz et 

al., 2005), are able to sustain replication of LASV at levels equivalent to that 

in wild-type mice (Imperiali et al., 2008, Barresi and Campbell, 2006). It has 

also been shown recently that LASV can utilise Phosphatidylserine 

receptors for cellular entry, cDNA library screens identified the 

Tyro3/Axl/Mer (TAM) receptor tyrosine kinase members Axl and Tyro3/Dtk as 

potential candidates as alternative LASV receptors (Shimojima et al., 2012). 

Members of the TAM family are tyrosine-kinases with roles in exposing 
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tandem immunoglobulin-related domains to the extracellular matrix. Once 

exposed, these domains interact with host protein S (ProS) and growth 

arrest-specific gene 6 (GaS6), which are both serum proteins that bind 

negatively charged phospholipid phosphatidylserine (PtdSer). PtdSer 

translocates from the inner to external leaflet of the plasma membrane in 

apoptotic cells and then acts as a signal for macrophages and dendritic 

cells (Lemke and Rothlin, 2008). TAM receptors are thought to utilise a 

mechanism called apoptotic mimicry during their role in virus entry. 

Apoptotic mimicry involves recognition of PtdSer that is exposed on the 

virion surface which has been incorporated from the cellular lipid bilayer 

during viral budding as a signal for uptake of virus (Amara and Mercer, 2015, 

Shimojima et al., 2006). Studies using a HIV-based lentiviral vector that had 

been pseudotyped with LASV GP showed the ability of Axl in facilitating 

entry to cells that either lacked fully functional α-DG (Shimojima et al., 

2012). 

In Clade B of the NW viruses, GP1 attaches to the transferrin receptor-1 to 

facilitate entry and the TIM protein family has also been shown to enhance 

NW infectivity (Helguera et al., 2012, Jemielity et al., 2013). The receptor 

used by Clade A NW viruses has not yet been discovered (Shi et al., 2018a)). 

After GP1 has attached to the cellular receptor, the virion is then 

endocytosed. OW viruses enter through a currently undiscovered clathrin 

independent pathway whereas NW viruses are endocytosed through a 

clathrin-dependent pathway (Pasqual et al., 2011, Rojek et al., 2008). 

Because of this method of entry into the cell it suggests the involvement of 

Endosomal Sorting Complex Required for Transport (ESCRT) proteins for 

successful arenavirus entry (Pasqual et al., 2011). An unusual 

macropinocytosis pathway has been shown to be a potential route of entry 

for OW viruses too as demonstrated in LASV (Oppliger et al., 2016). Once 

the virus has undergone endocytosis and subsequent acidification of the 

endosome, conformational changes in the GP2 subunit (a class I fusion 

protein) act to facilitate membrane fusion and release of the viral genome 
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and replication complexes into the target cell (Eschli et al., 2006). In LASV 

cell entry, acidification of the endosome causes alterations in the GP1 

receptor binding domain resulting in GP1 binding to Lysosomal-associated 

membrane protein-1 (LAMP1) which then assists the fusion activity of GP2 

(Cohen-Dvashi et al., 2016). A similar strategy has been shown to be 

employed by LUJV but utilising CD63 rather than LAMP1 for fusion and 

endosomal escape (Raaben et al., 2017). 

 

1.4.2 Replication and Translation 

Upon release of the RNP into the target cell cytoplasm following viral 

envelope fusion, viral L and NP proteins begin replication of the viral 

genome. The association of NP, L, and the viral genome within the cell is 

considered the minimum requirement for replication initiation (Hass et al., 

2004). The L protein contains four domains involved in viral replication 

(Brunotte et al., 2011b). Domain, one contains the endonuclease domain 

thought to facilitate 5’ mRNA cap acquisition that is crucial to transcription 

as this cap enhances mRNA translation and stability. Domain three 

contains conserved sequences that have been identified as elements of 

RNA-dependent RNA-polymerase (Vieth et al., 2004). Currently the roles of 

domains two and four are unknown. Once NP and L protein have acquired 

5’ caps from host mRNA replication initiates and these caps prime initiation 

of early gene transcription. Arenavirus RNA is not able to be directly 

translated in its genomic form due to being of negative sense and so 

nascent RNA-dependant RNA transcription produced in the 5’-3’ direction 

is necessary. The open reading frames (ORFs) of NP and L protein are found 

in this first transcribed region resulting in production as early products 

(Meyer et al., 2002). Termination of transcription is performed using 

intergenic hairpin structures located in the arenavirus L and S segment IGRs 

(Pinschewer et al., 2005). Newly translated NP binds viral RNA and 

facilitates more transcription, replication, and virion assembly. 
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Antigenomic RNA produced when the polymerase reads through the IGR 

hairpins and creates a complimentary RNA genome that allows early gene 

products to transition to late products (Meyer et al., 2002). This 

complimentary RNA genome is also used as a template for transcribing Z 

protein and GPC mRNAs. Because of this requirement of antigenomic RNA 

and later genomic RNA being produced, Z protein and GPC are considered 

the late gene products in the replication cycle. 

Mutation studies of the central domain of the LASV L protein which acts as 

a putative RNA-dependent RNA polymerase have been used to map 

functionally relevant residues (Lelke et al., 2010). It was shown that seven 

residues (Asp-89, Glu-102, Asp-119, Lys-122, Asp-129, Glu-180, Arg-185) 

were selectively important for mRNA synthesis, with Asp-89, Glu-102, and 

Asp-129 having pronounced phenotypes necessary for transcription but not 

for replication (Lelke et al., 2010). 

An arenavirus-specific unique pendant insertion located between the finger 

domain and the α-ribbon helices has been identified and linked to 

arenavirus polymerase activity regulation (Peng et al., 2020). By deleting 

this domain, the polymerase activity of LASV and MACV L proteins were 

significantly decreased as we transcription efficiency but the affinity for 3’-

vRNA or 3’-cRNA binding was not affected.   

Arenavirus polymerase has the unique characteristic among segmented 

negative-strand RNA virus polymerases in that it is only active in the 

presence of 3’vRNA. This is generally a property seen only in non-

segmented RNA virus polymerases (Morin et al., 2013). It has been 

suggested that 5’-vRNA might act as a switch to transform the L protein 

from acting as a transcriptase to a replicase during the earlier stages of viral 

replication (Peng et al., 2020). This has also been seen to occur for Influenza 

virus polymerases in infected cells where small RNAs created by the 

Influenza A virus infection regulate this switching process (Perez et al., 

2010). 
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Direct interaction between arenavirus L and Z protein has been shown 

experimentally, with subsequent allosteric regulation by the Z protein (Liu 

et al., 2023). Z was found to bind at the bottom of the interface between the 

core lobe of the PA-like domain and palm subdomain of the RdRp core. 

Insertion of the Z matrix protein into the L protein to form the L-Z complex 

causes L protein to undergo conformational changes and partially impedes 

the ability of nascent RNA products to exit which, in turn, inhibits RNA 

synthesis of L protein (Liu et al., 2023) 

1.4.3 Virion Assembly and Budding: 

The model for arenavirus assembly and budding has proposed that during 

the early stages of arenavirus replication, whilst Z is at low concentration, 

ongoing RNA synthesis is permitted by the Z protein. Once Z concentration 

has increased to high levels, binding to RNP occurs and causes inhibition 

of viral transcription and replication. The next stage of the arenavirus 

lifecycle involves matrix Z protein being transported to the cell membrane 

via interaction with ESCRT machinery. After transportation of Z and vRNP to 

the budding site, interaction between Z and the plasma membrane occurs 

through myristoylation which is proposed to shift Z conformation to allow 

for multimerization and binding to Tumour susceptibility gene 101 (Tsg101). 

This myristoylation of Z enables interaction between the SSP of GP and Z. 

During the process by which Z forms the membrane curvature in 

conjunction with the ESCRT complexes, GP that has been cleaved at either 

the ER or Golgi apparatus by S1P/SKI-1 is incorporated into the new virion 

(Urata and Yasuda, 2012) 

The ESCRT pathway is conserved in all eukaryotes and consists of six 

hetero-oligomeric complexes (ESCRT-0, -I, -II, -III, ALIX/AIP1, and VPS4A/B). 

These complexes are sequentially recruited to membranes and have roles 

in a multitude of functions such as protein sorting, remodelling of 

membranes, and membrane fission. HRS within the ESCRT-0 complex 

recognises and binds ubiquitinated endosomal cargo creating a 

concentration at the endosomal membranes. This cargo is then bound by 
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ESCRT-I through the Ubiquitin E2 Variant (UEV) domain of the Tsg-101, and 

ESCRT-II is recruited to the membrane (Wilda et al., 2008a). ESCRT-I and -II 

complexes work together to induce formation of buds and the ESCRT-III 

complex and Vps4 activation then mediates membrane scission from the 

cytosolic side of the bud (Urata and Yasuda, 2012).   

The accumulation of Z at the membrane results in many late-replication 

functions within the cell. As with most RNA viruses, sole expression of the 

viral matrix proteins are sufficient for production of virus-like particles 

(VLPs) (Urata and Yasuda, 2012). Z has been shown to initiate self-budding 

when other viral proteins and genomic RNA are absent, this results in virus 

like particle production and is evidence as to why Z protein is thought to be 

the budding factor for arenaviruses (Ziegler et al., 2016). 

Importantly, L and Z proteins interact to inhibit polymerase action 

(Kranzusch and Whelan, 2011b) which results in the replication complex 

translocating to the cell membrane prior to virion budding. Structural 

research of Z and L proteins have identified highly conserved residues in the 

RdRP region of Tacaribe virus L polymerase (H1189 and D1329) that appear 

to play vital roles during Z protein interaction (Wilda et al., 2008b). Both of 

these residues are highly conserved in both OW and NW group arenaviruses 

and it is thought that Z protein may block binding of the NTP entrance to 

inhibit RNA synthesis and help initiate assembly of arenavirus virions (Peng 

et al., 2020). 

A number of host factors impact and regulate viral assembly and budding. 

Ubiquitin and ubiquitin-like proteins (UBLs) have been identified as among 

these factors with functions involving arenavirus budding. Ubiquitin is a 76 

amino acid multifunctional molecule that binds to substrate, usually at 

lysine (K), to mono- or poly-ubiquitinate the substrate. Mono-ubiquitination 

of a substrate causes intracellular trafficking whereas poly-ubiquitination 

results in degradation via the ubiquitin-proteasome which is an important 

pathway for the maintenance of cell homeostasis. ISG15 is a ubiquitin-like 

protein induced by IFN that has been implicated in regulating viral assembly 
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and budding for HIV-1 and EBOV (Okumura et al., 2008, Okumura et al., 

2006). ISG-15 has been shown to not only tag HIV-1 and EBOV VP40 to 

regulate the budding process, but also tag ESCRT-III components (Seo and 

Leis, 2012). It has been shown that ubiquitination of HIV-1 Gag increases 

the strength of interaction with Tsg101 ten-fold (Garrus et al., 2001). Whilst 

the regulatory roles for ubiquitin and ISG15 have been demonstrated in HIV 

and EBOV, the nature of interaction they have with arenaviral budding is 

currently unknown. 

Tetherin is another ISG with roles in the regulation and inhibition of viral 

budding. Tetherin has been reported as an inhibitory cellular factor during 

infection with HIV-1 (Martin-Serrano and Neil, 2011, Neil et al., 2008). 

Tetherin has also been shown to have antiviral activity in a number of other 

viruses such as retroviruses, filoviruses, and arenaviruses (Sakuma et al., 

2009, Le Tortorec et al., 2011). Tetherin is constitutively expressed in a range 

of cells including terminally differentiated B cells, bone marrow stromal 

cells, and plasmacytoid dendritic cells. Treatment with IFN-I or -II has been 

shown to broadly induce Tetherin expression in various cell types (Neil et 

al., 2008). Tetherin is a type II transmembrane protein present on the cell 

surface and in perinuclear compartments with four domains: an N-terminal 

cytoplasmic domain, a transmembrane domain, an extracellular domain, 

and a putative C-terminal glycosyl phosphatidylinositol anchor domain. 

Tetherin is anchored in the cell membrane at both ends and X-ray 

crystallography and small angle X-ray scattering (SAXS) data suggest that it 

has an ectodomain forming a parallel coiled-coil homodimer. This structure 

and anchoring method is suggested to be required for the antiviral activity 

of Tetherin; by anchoring one end of the molecule on the cell membrane 

and the other on the viral envelope, progeny virus release is inhibited (Le 

Tortorec et al., 2011, Swiecki et al., 2011, Arias et al., 2011, Hinz et al., 2010, 

Yang et al., 2010). It has also been shown through electron microscopy that 

progeny virions released from cells can become directly tethered to each 

other via Tetherin (Hammonds et al., 2010). 
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An initial report on Tetherin activity during arenavirus assembly and budding  

showed that LASV Z-mediated VLP release was inhibited by Tetherin and 

that this restriction was not overcome by LASV GP but was able to be 

overcome by HIV-1 Vpu expression (Sakuma et al., 2009). It has been 

suggested that tethering of virions by Tetherin dimers is stronger than by 

Tetherin monomers due to the significantly stronger association with the 

membrane and that Tetherin inhibits release of a range of enveloped viruses 

via a similar mechanism. Research has demonstrated that Tetherin does 

inhibit infections LASV and that LASV does not possess any Tetherin 

antagonist (Radoshitzky et al., 2010). Thus far it is unclear whether Tetherin 

has an antiviral effect on arenavirus propagation in vivo. 
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1.5 Thesis Hypothesis and Aims: 

The arenavirus nucleoprotein (NP) protein plays a critical role in the 

replication of the viral genome and evasion of the host immune response, 

and is likely to interact with multiple cellular proteins to promote virus life 

cycle steps. Understanding these interactions could lead to increased 

knowledge about the pathogenesis of arenaviruses and shed light on 

potential targets for therapeutic development. To unravel the arenavirus 

interactome and the differential mechanisms between human pathogenic 

and non-pathogenic OW arenavirus NP, this thesis aims to: 

1) Develop and optimise proteomic screens for the identification of 

novel interacting partners of LASV, LUVJ, and MOPV NP. Optimising 

and expanding these methods will reveal novel co-factors that may 

define pathogenicity differences.  

2) Validate identified interacting partners of NP as potential host 

restriction factors against arenaviral infection. The nature of 

interaction between identified host restriction factors and OW NP will 

be explored using techniques such as immunofluorescence, co-

immunoprecipitation, viral infection assays in cells over-expressing 

host restriction factors, or with these factors knocked out by 

CRISPR/Cas9. 

3) Linked to this will be the use of both experimental and theoretical 

biophysical and structural methods employed to elucidate the 

molecular details of the interactions of NP with identified host 

factors; exploiting these interactions is key in the application of this 

research to the design of therapeutics. The use of modern tools such 

as Alphafold3 in conjunction with experimental techniques such as 

X-ray crystallography and small angle X-ray scattering (SAXS) of host 

proteins and NP, both individually and in complex, will reveal detailed 

structural information will define the molecular details of novel host 

interactions. 
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Chapter 2 
 

Materials and Methods 
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2 Materials and Methods 

2.1 General Methods 
 

2.1.1 VECTORS 
Arenavirus nucleoproteins for LASV, LUJV, and MOPV (accession numbers 

AY628203.1, JX017360, DQ328874.1, respectively) were synthesised by 

GeneArt (Thermofisher) and then were cloned into pCAGGs vector with a C-

terminal HA tag using EcoRI and XhoI enzyme restriction sites.  ZAP Long 

and Short (accession numbers NM_020119.4 and NM_024625.4 

respectively) were cloned into PCDNA3.1 with an N-terminal myc tag using 

EcoRI and NotI. TRIM25 (accession number NM_005082.5) was cloned into 

PCDNA3.1 with a C-terminal FLAG tag using EcoRI and XhoI restriction 

enzyme sites. Empty vectors used were pCAGGs, PCDNA3.1 (Both kindly 

provided by Professor Janet Daly, UoN), and BioID2-MCS-HA (Addgene). 

 

2.1.2 Bacterial cell strains 
The Escherichia coli (E. coli) Stbl3 strain from NEB was used for plasmid 

amplification: This cell line is manufactured by Invitrogen and derived from 

HB101 E. coli strain. Genotype:  

F- mcrB mrr hsdS20(rB-, mB-) recA13 supE44 ara-14galK2 lacY1 proA2 

rpsL20(StrR) xyl-5 lambda- mtl-1 

2.1.3 Mammalian Cell Lines 
Cell lines used in this work include the Human Embryonic Kidney 293T 

(HEK) cells (kindly provided by Professor Janet Daly), and A549 Lung 

carcinoma epithelial cells (ATCC), and Vero cells (kindly provided by 

Professor Kin Chow Chang, UoN). 

All mammalian cell lines were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM), high glucose, GlutaMax™ Supplement (Gibco) with 10% 
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heat inactivated FBS and 200µg/ml Gentamicin (Sigma) and incubated at 

37°C and 5% CO2. 

HEK293 cells were originally isolated by Alex Van der Eb in the 1970s, The 

HEK293T cells are a derivative of the original parent cell line which contains 

the SV40 large T antigen in its genome allowing production of recombinant 

proteins within plasmid vectors containing SV40 promoter (Graham et al., 

1977) 

The A549 (ATCC) cell line consists of hypotriploid alveolar basal epithelial 

cells and was originally developed in 1972  by removing and culturing 

pulmonary carcinoma tissue from the explanted tumour of a 58-year-old 

caucasian male (Giard et al., 1973). 

A549 cells were also used in the creation of stably expressing CRISPR 

knockout cell lines for ZAP and TRIM25. These were additionally 

supplemented with 1 μg/ml puromycin every passage to select for only 

CRISPR knockout cells following transduction with the Esp.19 plasmid 

(Horizon Discovery) containing the sgRNA sequence of interest. The 

endogenous TRIM25 (target sequence: GTCGTGCCTGAATGAGACGT) and 

ZAP (target sequence: TATGAGCTGAGTTTCCAAGG) knockout synthetic 

sgRNA sequences were obtained from Horizon Discovery and VLPs were 

generated using pxPAX2 and pMD2.G plasmids (Addgene). From the 

generated knockout cells for ZAP and TRIM25, isolation and expansion of 

single-cell clones was performed to ensure only successfully knocked out 

cells were present in subsequent cultures. Selection of single-cell clones 

involved isolation by dilution plating; transduced cells were harvested by 

trypsinisation and counted to a concentration of 20 cells per 100µl. 200µl 

of diluted cells was added to the first row of a 96-well plate and from this 

first row, 100µl of medium containing cells was added to the second row 

which containing 100µl appropriate medium to create a two-fold dilution. 

This process was repeated down the rows of the plate resulting in a series 

of two-fold dilutions and some proportion of the wells containing just a 

single cell. These cells were given time to grow and expand prior to analysis 
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by SDS-PAGE and western blot to check that expression of either 

endogenous ZAP or TRIM25 was completely knocked-out. Cultures from 

these single-cell clones were used for all subsequent experiments requiring 

stably expressing knock-out cell lines. 

The Vero cell line was established from African green monkey kidneys in 

1962 by Yasamura and Kawakita and is useful for the growth of viruses, 

(Osada et al., 2014). Vero cells were used to grow our stocks of Mopeia 

mammarenavirus and also to perform plaque assays. 

2.1.4 Virus Strains 
The UVE/MOPV/UNK/MZ/Mozambique 20410 strain of Mopeia 

mammarenavirus was obtained from the European Virus Archive goes 

Global platform (EVAg) and Vero cells grown in DMEM supplemented with 

2% FCS were used to generate mycoplasma free virus stocks. Plaque 

immunoassay technique was used to determine MOPV virus titre; details of 

which can be found in section 2.2.4.2. 
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2.1.5 Antibodies 
Antibody Species Dilution 

for 

western 

blot (v/v) 

Label Company 

Anti-LASV NP Rabbit 1:10000 PA5-117437 Invitrogen 

Anti-HSP90 Mouse 1:5000 MA1-10372 Invitrogen 

Anti-TRIM25 Rabbit 1:5000 Ab167154 Abcam 

Anti-TRIM25 Mouse 1:5000 Ab610570 Abcam 

Anti-ZAP Rabbit 1:5000 Ab105357 Abcam 

Anti-ZAP rabbit 1:5000 Ab154680 Abcam 

Anti-FLAG Mouse 1:2500 F1804-200UG Sigma 

Anti-FLAG Rabbit 1:5000 14793S CST 

Anti-FLAG Mouse 1:5000 8146S CST 

Anti-Myc Mouse 1:5000 M5546-2ML Sigma 

StrepHRP   1:10000 Ab7403 Abcam 

GAPDH Mouse 1:5000 MA5-15738 Invitrogen 

Anti-HA Mouse 1:5000 Ab18181 Abcam 

Anti-HA Rabbit 1:5000 Ab137838 Abcam 

HRP Rabbit 1:5000 7074S CST 

HRP Mouse 1:5000 7076S CST 

Anti-Mouse 594nm Donkey 1:500 Ab150108 Abcam 

Anti-mouse 488nm Donkey 1:500 Ab150109 Abcam 

Anti-rabbit 594nm Goat 1:500 Ab150084 Abcam 

Anti-rabbit 488nm Goat  1:500 Ab150081 Abcam 

(HRP)-conjugated 

horse anti-mouse 

IgC secondary 

Horse  1:5000 7076S CST 

(HRP)-conjugated 

goat anti-rabbit IgC 

secondary 

Goat  1:5000 7074S CST 

Table 2.1 Antibodies used 
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2.2 General Methods 

2.2.1 Continuous Cell Culture 

All mammalian cell lines were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM), high glucose, GlutaMax™ Supplement (Gibco) with 10% 

heat inactivated FBS and 200µg/ml Gentamicin (Sigma) and incubated at 

37°C and 5% CO2. Cells were routinely passaged once confluence was 

reached. Media was washed from cells using 1x PBS and cells were 

detached from the flask using Gibco Trypsin-EDTA (0.25%) phenol red and 

incubating at 37°C for 5 minutes. Cells were counted using a 

haemocytometer. 

2.2.2 Transfection protocols 

2.2.2.1 PEI 

Polyethylenimine (PEI) was used for DNA transfection into host cells as it 

condenses DNA into positively charged particles that can then bind to 

anionic cell surfaces allowing for the PEI:DNA complex to be endocytosed 

by cells and DNA is subsequently released into the cytoplasm. It is a low 

cost and efficient transfection reagent that can be stored stably at 4°C. 

(Boussif et al., 1995, Sonawane et al., 2003). For PEI transfections a volume 

ration of 3:1 PEI:DNA was prepared in serum-free DMEM, e.g. Transfecting 

a single well of a 24 well plate: 3µg PEI-Max was diluted in 25µl SF media. 

Then 1µg of DNA was diluted in 25µl of media. Diluted PEI-Max to was 

added to diluted DNA and incubated at room temperature for 30 minutes. 

The PEI-DNA mixture was gently added to target cells and the plate returned 

to the incubator 

 

2.2.2.2 Lipofectamine 3000 

Lipofectamine transfection was performed according to the guidelines 

provided in the Invitrogen Lipofectamine 3000 transfection reagent kit. 

Transfection of a single well of a 24 well plate involved diluting 1.5µl 

Lipofectamine 3000 reagent in 25µl Opti-MEM medium. Then diluting 1µg 
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DNA in 25µl Opti-MEM medium with 2µl P3000 reagent (2µl/µg DNA). 

Diluted Lipofectamine 3000 was then added to the diluted DNA and the 

mixture incubated at room temperature for 5 minutes. The Lipofectamine 

3000-DNA-P3000 mixture was added to wells containing target cells and 

the plate returned to the incubator. 

 

2.2.2.3 Viafect 

Viafect transfection was performed according to protocol provided by 

Promega. Before use the Viafect transfection reagent was allowed to reach 

room temperature. Viafect reagent was then mixed well by inverting and 45-

50µl of serum-free medium added such that final volume after adding DNA 

was 50µl . 1µg of plasmid DNA was added and mixed with a 3:1 ratio Viafect: 

DNA (3µl Viafect for every 1µg DNA). The transfection complex was then 

incubated for 20 minutes at room temperature prior to careful addition to 

target cells and returning the plate to the incubator. 

 

2.2.2.4 FuGENE 4K 

FuGENE 4K transfection was performed according to the protocol provided 

by Promega. Before use the FuGENE 4K transfection reagent was allowed 

to reach room temperature. The reagent was mixed well by inverting and 

diluted in 25ul Opti-MEM using 4µl FuGENE 4K reagent per 1µg DNA. 1µg of 

DNA was diluted in 25µl Opti-MEM. Diluted FuGENE 4K reagent was added 

to diluted DNA and mixed well. The transfection complex was incubated for 

20 minutes at room temperature and then carefully added to cells and 

returned to the incubator at 37°C. 

 

2.2.2.5 siRNA Knockdown 

Gene knockdown by siRNA was performed according to the DharmaFECT 

transfection reagent protocol from Horizon Discovery. ON-TARGETplus 

siRNA for ZAP and TRIM25 targeting the gene ORF from Horizon Discovery 

was used with a non-targeting ON-TARGETplus siRNA used as a control. In 
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tube 1, 0.5µl siRNA was diluted in 9.5µl serum-free medium. In tube 2, 0.5µl 

of DharmaFECT transfection reagent was diluted in 9.5µl of serum free 

medium. The contents of each tube was gently mixed by careful pipetting 

up and down and left to incubate for 5 minutes at room temperature. The 

contents of tube 1 were added to tube 2 for a total volume of 20µl and gently 

mixed by pipetting and then left to incubate for 20 minutes at room 

temperature. After incubation, 80µl of complete medium was added for a 

total reaction volume of 100µl which was then gently added to target cells 

and incubated for 48 hours. 

 

2.2.3 Virological techniques for MOPV 
2.2.3.1 Mopeia mammarenavirus infection and Interferon treatment assays 

A549 cells were infected with MOPV at multiplicity of infection (MOI) 0.01 

and incubated at 37°C. For interferon treatment, cells were treated with 

either 250, 500, or 1000 U/ml–1 IFN-I (universal type 1 IFN, PBL Interferon 

Source) for 16h before infection.  

2.2.3.2   Plaque immunoassay  

This technique was used to determine MOPV virus titre. Vero cells were 

infected with serial dilutions of MOPV and incubated in MEM with 2.5% low 

viscosity carboxymethylcellulose (Merck) for 4 days. The mouse 

monoclonal anti-Arenavirus (Old-World) rGPC, clone KL-AV-1B3 antibody 

was used to visualise plaques (BEI resources, 1:500 dilution), the 

secondary antibody was anti-mouse Alkaline Phosphatase antibody 

(Merck, 1:750 dilution) and addition of BCIP/NBT substrate to develop the 

plaques. Virus titres were calculated as plaque forming units per mL 

(PFU/mL) 

 

2.2.4 Protein Analysis Techniques 
2.2.4.1 Mammalian Cell Lysis 

Mammalian cell lysis prior to protein expression analysis by western blot 

was performed using 2x Laemmli buffer. BIO-RAD premixed 4x Laemmli 
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protein sample buffer was used according to manufacturer guidelines. 

100ul beta-mercapthoethanol was added 900ul BIO-RAD 4x Laemmli 

which was then diluted 1:2 using water. 

2.2.4.2 SDS-PAGE and Western Blotting/Immunoblotting 

Cell lysates (lysed in 2x reducing Laemmli buffer (Bio-Rad at 100°C for 10 

min)) were resolved using 12% Precast gels (Bio-Rad), transferred onto 

nitrocellulose membranes (Bio-Rad), blocked in 5% milk in PBS with 0.1% 

Tween20 (PBS-T) prior to incubation with appropriate primary antibodies 

overnight at 4°C: mouse anti-FLAG (Sigma, F1804, 1:2000), rabbit anti-

FLAG (sigma, F7425, 1:2000), mouse anti-HA (Abcam ab18181, 1:5000), 

mouse anti-HSP90 (Invitrogen, MA1-10372, 1:5,000), mouse anti-MYC 

(Sigma, M5546, 1:2000), rabbit anti-ZAP (Abcam ab154680, 1:5000), rabbit 

anti-TRIM25 (Abcam ab167154, 1:5000). Membranes were then washed 

with PBS-T and further probed with either horseradish peroxidase (HRP)-

conjugated horse anti-mouse IgG (CST, 7076S, 1:5000) or goat anti-rabbit 

IgG (CST, 7074S, 1:5000) secondary antibodies in 5% milk solution in PBS-T 

for one hour at room temperature prior washing with PBS-T and subsequent 

detection using SupersignalTM West Pico PLUS chemiluminescent substrate 

and scanning with a iBright imaging system from Thermo. 

2.3 Chapter 3 Specific Methods 

2.3.1 BioID2 vector and cloning NP  
Figure 2.1 shows the plasmid map of the BioID2 empty backbone vector 

(obtained from Addgene) into which NP genes were cloned to the N-

terminus of in-vector BioID2 and HA tags. These constructs were then used 

in proximity-dependent biotin identification (BioID2). The multiple cloning 

site (MCS) is located upstream of the BioID2 tag and HA tag. Primers were 

designed to incorporate EcoRI and BamHI restriction enzyme sites into the 

LASV, LUJV, and MOPV NP sequences and these were then digested using 

these restriction enzymes. The BioID2 empty backbone was digested using 

the same enzymes as well as recombinant Shrimp Alkaline Phosphatase 

(rSAP) which is used to non-specifically catalyse the dephosphorylation of 
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5’ and 3’ ends of DNA phosphomonoesters. Once both the plasmid vector 

and the LASV, LUJV, and MOPV NP inserts were digested and the enzymes 

heat inactivated, they were run on a 1% agarose gel using gel 

electrophoresis. The DNA band at the appropriate size for the insert was 

excised from the gel and purified using the QIAquick Gel Extraction kit. The 

ligation protocol involved a 1:3 vector to insert ratio and use of T4 DNA 

ligase and 10x T4 ligase buffer and was performed overnight at 16C.   

 

Figure 2.1 Empty BioID2 vector. PCDNA3.1 backbone including a multiple cloning site (MCS) and 
HA tag  (Obtained from Addgene) 

  

Ligation products were transformed into DH5-Alpha E. coli competent cells 

and incubated overnight on ampicillin plates at 37C. Single colonies were 

picked and grown overnight in 2YT broth with ampicillin at a concentration 

of 50ug/ml using a shaking incubator at 37C. Overnight growths were then 

miniprepped prior to checking expression of constructs by transfecting into 

HEK293T cells using either Viafect or Lipofectamine 3000 transfection 

reagent, or into A549 cells using either Viafect or Lipofectamine 3000 
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transfection reagent. HEK293T cells transfected using PEI reagent had the 

best expression of LASV, LUJV, and MOPV NP within the BioID2-HA vector 

and as such this was chosen as the method for the BioID2 PDB-MS 

protocol.   

  

2.3.2 Transfection of mammalian cells and BioID2 affinity 
purification  

 

An overview of the experimental approach to identify human cellular 

protein partners of LASV, LUJV, and MOPV NP using BioID2 proximity 

labelling is shown in Figure 2.2. HEK293T and A549 cells were cultured in 

Dulbecco’s Modified Eagle medium +/- GlutaMax and supplemented with 

10% Fetal Bovine serum and gentamicin antibiotic at 50µg/ml. These cells 

were plated onto 6-well plates and transfected with 2ug of empty BiolD2-

HA vector (MSC) or BioID constructs for expression of LASV, MOPV, and 

LUJV NP using either polyethylenimine (PEI, Polysciences), Lipofectamine 

3000 (Invitrogen), or Viafect (Promega) transfection reagents to test each 

which transfection reagent would work best. After analysis, only PEI 

transfection in HEK293T cells was successful enough to be used for the full 

BioID protocol. LASV, LUJV, and MOPV NPs are fused to the N-terminus of a 

biotin protein ligase (BioID2) and used in proximity-dependent biotin 

identification (BioID) and HA-tag, creating an 89kDa protein (62kDa for NP 

and 27kDa for protein tags). For cells transfected with PEI, media was 

changed 16 hours post transfection. Cells were expanded into 6x10cm 

dishes per NP construct for selection with G418 antibiotic. 16 hours prior to 

performing the BioID pulldown, 100µM free-biotin (Invitrogen) was added to 

cells to induce biotinylation of potential interacting proteins. Biotin was 

prepared in warm media and filtered prior to addition to cells.  
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Figure 2.2 An overview of the BioID2 experimental approach. Subsequent example mass 
spectrometry spectral graph used to identify human cellular protein partners of the arenavirus 
nucleoprotein in the context of HEK293T cells transiently overexpressing BioID-HA MCS control, 
LASV NP, LUJV NP, or MOPV NP. Transfected cells were treated with free-biotin 16 hours prior to 
being lysed and added to streptavidin beads to immunoprecipitate any close proximity proteins to 
NP.  

  

For the affinity purification, cells were washed 3x in ice-cold PBS and gently 

lysed on ice in 6ml of 50mM Tris pH 7.4, 500mM NaCl, 0.4% SDS, 0.5% 

IGEPAL, 1mM DTT and complete protease inhibitor (Roche). Samples were 

then sonicated using 3 x 20s cycles prior clarification by centrifugation at 

13,000rpm for 10 minutes at 4°C. 200µl Streptactin Sepharose High 

Performance beads (GE Healthcare) were prepared for each construct. 

Beads spun at 1000g for 2 minutes and 2x washes in ice-cold PBS prior to 

resuspension in lysis buffer. An aliquot of the supernatant was used for 

Western blot analysis and the remaining supernatant was added to the 

beads and incubated on a rolling platform overnight at 4°C. Following 

incubation, the beads were washed 2x in ice-cold 50mM Tris pH 7.4, 

500mM NaCl and 2 x in ice-cold 50mM Tris pH 7.4 to remove non-specific 

and unbound proteins. Beads were resuspended in 2x Laemmli buffer (Bio-

Rad) or for downstream proteomic analysis were resuspended in 50mM 

ammonium bicarbonate and 1mM biotin. The bead suspension was 

immediately frozen at -80°C prior to shipment to the Advanced Mass 
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Spectrometry Facility (AMSF), University of Birmingham for proteomic 

analysis on an Orbitrap Eclipse Tribrid Mass Spectrometer. Samples of the 

affinity purification were analysed by Western blot.  

  

2.3.3 Proteomic analysis  
2.3.3.1 University of Birmingham AMSF MS data:  

Two sets of samples were sent to the Advanced Mass Spectrometry Facility 

(AMSF) at Birmingham University. Group 1 represents the BioID2 control 

sample in which empty vector MCS-BioID2-HA was transfected into cells. 

Group 2 was the sample set in which LASV, LUJV, and MOPV NP-HA were 

transfected into cells for pull-down. Only the MOPV NP-HA sample from 

Group 2 was successfully pulled down and sent for mass spectrometry 

analysis. Both the MCS control (group 1) and MOPV NP (group 2) sample 

groups for this experiment only had one replicate each.  

The following methodology has been obtained from the AMSF who 

performed the protocols for in-gel digestion and the subsequent LC-MS/MS 

experiment to generate mass spectrometry data:  

2.3.3.2 In-gel digestion   

Samples were run using gel electrophoresis and gel bands were excised 

and then they were destained and digested by a robot system. Briefly, 

Coomassie blue were destained with acetonitrile followed by 100 mM 

ammonium bicarbonate. This cycle was repeated if necessary, until gel 

pieces were fully destained. Destained gel pieces were dried (vacuum 

centrifugation; 5 min) and rehydrated in 100mM ammonium bicarbonate. 

Then the gel pieces were reduced with 10mM DTT, at 60°C for 15 min, the 

liquid was removed and replaced with 50mM iodoacetamide and 100mM 

ammonium bicarbonate for alkylation. Gel pieces were incubated at room 

temperature in the dark for 45 min, washed with 100mM ammonium 

bicarbonate and then dried for 5 min. Trypsin gold (Promega, WI, USA) 

solution was added in 100:1 ratio, shaken at room temperature for 20 min, 

before diluted with 100mM ammonium bicarbonate. Hydrolysis was 
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allowed to occur overnight (~16 h) at 37 °C. The gel pieces were first 

extracted with the solution of 2% acetonitrile and 0.1% formic acid in water 

and shaken for 30 minutes at room temperature. Extract the remaining 

peptides in the gel by using 70% acetonitrile with 0.1% formic acid in water 

shaken for 30 minutes at room temperature. The supernatant was pooled 

and dried in an evaporator. The samples were re-suspended in 0.1% formic 

acid in water for the LC-MS/MS analysis.  

  

2.3.3.3 LC-MS/MS Experiment  

UltiMate® 3000 HPLC series (Dionex, Sunnyvale, CA USA) is used for peptide 

concentration and separation. Samples are trapped on uPrecolumn 

Cartridge, Acclaim PepMap 100 C18, 5 um, 100A 300um i.d. x 5mm (Dionex, 

Sunnyvale, CA USA) and separated in Nano Series™ Standard Columns 75 

µm i.d. x 15 cm, packed with C18 PepMap100, 3 µm, 100Å (Dionex, 

Sunnyvale, CA USA). The gradient used is from 3.2% to 44% solvent B (0.1% 

formic acid in acetonitrile) for 30 min. Peptides were eluted directly (~ 350 

nL min-1) via a Triversa Nanomate nanospray source (Advion Biosciences, 

NY) into a QExactive HF (QEHF) mass spectrometer (Thermo Fisher 

Scientific). The data-dependent scanning acquisition is controlled by 

Xcalibur 4.0 software. The mass spectrometer alternated between a full FT-

MS scan (m/z 360 – 1600) and subsequent high energy collision dissociation 

(HCD) MS/MS scans of the 20 most abundant ions. Survey scans are 

acquired in the QEHF with a resolution of 120 000 at m/z 200 and automatic 

gain control (AGC) 3x106. Precursor ions were fragmented in HCD MS/MS 

with resolution set up at 15,000 and a normalized collision energy of 28. 

ACG target for HCD MS/MS was 1x105. The width of the precursor isolation 

window was 1.2 m/z and only multiply charged precursor ions were 

selected for MS/MS. Spectra were acquired for 56 mins with dynamic 

exclusion time of 20s.  

The MS and MS/MS scans are searched against Uniprot database using 

Proteome Discoverer 2.2 (ThermoFisher Scientific ). Variable modifications 
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are deamidation (N and Q), oxidation (M) and phosphorylation (S, T and Y). 

The precursor mass tolerance is 10 ppm, and the MS/MS mass tolerance 

was 0.02Da. Two missed cleavage is allowed and are accepted as a real hit 

protein with at least two high confidence peptides.  

  

The mass spectrometry performed by the Birmingham was non-

quantitative and can provide information on whether a protein was 

identified in the sample or not and whilst this does not provide direct 

information on details such as protein abundance changes, the number of 

peptide-spectrum matches (PSMs) is provided, from which we can infer 

protein abundance. PSM is a numerical value indicating the likelihood that 

a peptides fragmentation is recorded in an experimental mass spectrum 

and is used to identify the peptide sequences for a protein, the number of 

PSMs can be used as a measure of a protein’s abundance. PSMs can also 

be used to measure the confidence of protein identification and provides 

important information regarding statistical significance. This data was used 

to perform analysis of protein function relationships and interactions 

identified using STRING (Szklarczyk et al., 2021), to generate a report of 

enriched molecular function pathways and a protein network with 

interaction connections established based only on confirmed previous 

experimental evidence and then used Cytoscape for further analysis and 

interaction network image generation (Shannon et al., 2003). (https://string-

db.org/cgi/input?sessionId=byyjMfXT9CVQ&input_page_show_search=on)

   

 

 

 

https://string-db.org/cgi/input?sessionId=byyjMfXT9CVQ&input_page_show_search=on
https://string-db.org/cgi/input?sessionId=byyjMfXT9CVQ&input_page_show_search=on
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2.3.3.4  Mass-Spectrometry analysis performed by Centre for Proteome 
Research at the University of Liverpool  

Issues with the instrumentation at University of Birmingham, coupled with 

time pressures led us to explore label-free quantification offered by the 

Centre of Proteome Research, University of Liverpool. Label free 

quantification allows for a more detailed analysis of protein abundance and 

abundance changes between samples.   

Four sample groups were included in this experiment, each with three 

replicates. Initially four replicates were set up but only three (replicates 1, 

2, and 4) were successful. The sample groups were MCS control (Group 1), 

LASV NP (Group 2), LUJV NP (Group 3), and MOPV NP (Group 4).  

The following protocols and methodologies for digestion, LC-MS analysis , 

and LC-MS method for sample runs were performed by the University of 

Liverpool Centre for Proteome Research:  

Digestion  

Proteins bound to streptavidin beads were washed with 200μL of 50mM 

Tris-HCl (pH 7.5), followed by two washes with 200μL 2M urea in 50mM Tris 

(pH 7.5) buffer.  

The final volume of 2M urea in 50 mM Tris (pH 7.5) buffer was removed and 

the beads were incubated with 80μL of 2M urea in 50mM Tris-HCL 

containing 1mM DTT and 0.4μg trypsin at 25°C for 1 h while shaking at 

1,000rpm. After 1h, the supernatant was removed and transferred to fresh 

lo-bind tubes.   

The streptavidin beads were washed twice with 60μL of 2M urea in 50mM 

Tris (pH 7.5) buffer. The washes were then combined with the on-bead 

digest supernatant from the previous step.   

Reduction of the disulfide bonds in the eluent was achieved by adding DTT 

to a final concentration of 4mM (11.1μL) and incubated at 25°C for 30 min 

with shaking at 1,000rpm. Alkylation of the eluent was achieved by adding 

iodoacetamide to a final concentration of 10 mM (8.43μL) and incubated at 
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25°C for 45 min in the dark while shaking at 1,000rpm. An additional 0.5μg 

of trypsin was added to the sample and digestion performed overnight at 

25°C with shaking at 700 rpm. After overnight digestion, samples were 

acidified with formic acid (FA) such that the sample contained ∼1% (vol/vol) 

FA and was at pH 3.   

2.3.3.5 LC-MS analysis  

Base peak intensity (BPI) target for the instrument that analysis was 

performed on (Q Exactive HF Quadrupole-Orbitrap™ mass spectrometer 

(Thermo Scientific)) is 1-2 e9.  

To determine injection volumes of each sample (target of BPI of 1-2e9) 

survey runs of 15 min gradient (30 min program) were ran and final sample 

loading volumes were based on the BPI’s observed from the ranging runs. A 

final sample loading volume of 7uL was used for each sample (neat) and 

ran on a 2hr program.  

  

2.3.3.6 LC-MS Method for Sample Runs  

Samples were analysed using an Ultimate 3000 RSLC™ nano-system 

(Thermo Scientific, Hemel Hempstead) coupled to a Q Exactive HF 

Quadrupole-Orbitrap™ mass spectrometer (Thermo Scientific).  

The sample was loaded onto the trapping column (Thermo Scientific, 

PepMap100, C18, 300μm X 5mm),using partial loop injection, for seven 

minutes at a flow rate of 12μL/min with 0.1% (vol/vol) FA.  

The sample was resolved on the analytical column (Easy-Spray C18 75μm 

x 500mm 2μm column) using a gradient of 96.2% A (0.1% formic acid) 3.8% 

B (79.95% acetonitrile, 19.95% water, 0.1% formic acid) to 50% A 50% B 

over 30 minutes at a flow rate of 0.3μL/min (1-hour program).  

The data-dependent program used for data acquisition consisted of a 

60,000-resolution full-scan MS scan in the orbitrap (AGC set to 3e6 ions with 

a maximum fill time of 100ms). The 5 most abundant peaks per full scan 

were selected for HCD MS/MS (30,000 resolution, AGC set to 1e5 ions with 
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a maximum fill time of 300ms) with an ion selection window of 2 m/z and a 

normalised collision energy of 30%.  Ion selection excluded singularly 

charged ions, ions with equal to or a greater than +6 charge state and ions 

from a streptavidin based exclusion list.  

To avoid repeated selection of peptides for fragmentation the program used 

a 60-second dynamic exclusion window.  

2.3.3.7 Quantitative Analysis of Liverpool MS data: Fragpipe and Fragpipe-
analyst  

The raw data files were converted to .mzML file types with PeakPicking using 

MSConvert and analyzed using FragPipe to obtain protein identifications 

and their respective label-free quantification values using in-house 

standard parameters. Statistical analysis was performed based on the 

combined_protein.tsv file. First, contaminant proteins were filtered out. In 

addition, proteins that were not identified/quantified consistently in same 

condition have been removed as well. The MaxLFQ intensity values were 

converted to log2 scale, samples were grouped by conditions and missing 

values were imputed using the ‘Missing not At Random’ (MNAR) method, 

which uses random draws from a left-shifted Gaussian distribution of 1.8 

StDev (standard deviation) apart with a width of 0.3. Protein-wise linear 

models combined with empirical Bayes statistics were used for the 

differential expression analyses. The limma package from R Bioconductor 

was used to generate a list of differentially expressed proteins for each pair-

wise comparison. A cutoff of the adjusted p-value of 0.05 (Benjamini-

Hochberg method) along with a |log2 fold change| of 1 has been applied to 

determine significantly regulated proteins in each pairwise comparison. 

Quick summary of parameters used: Tested pairwise comparisons = 

CONTROL_vs_LASV, CONTROL_vs_LUJV, CONTROL_vs_MOPV, 

LASV_vs_LUJV, LASV_vs_MOPV, LUJV_vs_MOPV   

• Adjusted p-value cutoff £ 0.05   

• Log fold change cutoff ³ 1   
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Results of the Fragpipe analysis output contains proteins groups of which 

1164 proteins were reproducibly quantified, and 66 proteins were found to 

differ significantly between samples.  

2.4 Chapter 4 Specific Methods 

2.4.1 Molecular Biology 

2.4.1.1 Polymerase Chain Reaction (PCR) 
PCR was used for the amplification of the ORFs and to introduce restriction 

enzyme sites to allow for ligation with a complementary vector. The 

oligonucleotide primers used in the reactions are described in table below 

Primer Name Primer Sequence (5’ – 3’) 

LASV NP PCAGGs 

Forward (EcoRI) 

GCGCGAATTCATGAGTGCCTCAAAGGAAATAAAATCCTTTTTG 

 

LASV NP-HA 

PCAGGs Reverse 

(XhoI) 

GCGCCTCGAGTTAAGCGTAATCTGGAACATCGTATGGGTACAGA

ACGACTCTAGGTG 

 

LUJV NP PCAGGs 

Forward (EcoRI) 

GCGCGAATTCATGTCCCAATCAAAAGAAGTGAAATCC 

 

LUJV NP-HA PCAGGs 

Reverse (XhoI) 

GCGCCTCGAGTCAAGCGTAATCTGGAACATCGTATGGGTACAGA

CTCAGCTTGGCTG 

 

MOPV NP PCAGGs 

Forward (EcoRI) 

GCGCGAATTCATGTCCAATTCAAAGGAAGTG 

 

MOPV NP-HA 

PCAGGs Reverse 

(XhoI) 

GCGCCTCGAGCTAAGCGTAATCTGGAACATCGTATGGGTACAGG

ACGAGCTTGGGTG 

 

ZAP Long-myc 

PCDNA3.1 Forward 

(EcoRI) 

GCGCGAATTCATGGAACAAAAACTCATCTCAGAAGAGGATCTGG

CGGACCCGGAGGTGTGC 

 

ZAP Long PCDNA3.1 

Reverse (NotI) 

GCGCGCGGCCGCCTAACTAATCACGCAGGCTTTGTC 
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ZAP Short-myc 

PCDNA3.1 Forward 

(EcoRI) 

GCGCGAATTCATGGAACAAAAACTCATCTCAGAAGAGGATCTGG

CGGACCCGGAGGTGTGC 

 

ZAP Short PCDNA3.1 

Reverse (NotI) 

CAGATGAAGAGAGGGCCAGAGTAAGCGGCCGCGCGC 

 

TRIM25 PCDNA3.1 

Forward (EcoRI) 

GCGCGAATTCATGGCAGAGCTGTGCCCCCT 

 

TRIM25 Flag 

PCDNA3.1 Reverse 

(XhoI) 

GCGCCTCGAGCTACTTGTCGTCATCGTCTTTGTAGTCCTTGGGGG

AGCAGATGGAGA 

 

Table 2.2 PCR primers used 

PCR was performed using a volume of 50µL containing; 50-100ng template 

DNA, 10mM dNTPs, 1µM forward primer and 1µM reverse primer, 5x Q5 

Reaction Buffer, H2O, GC Enhancer, and 1U Q5 High Fidelity DNA 

Polymerase (Q5 High Fidelity Kit; NEB). 

PCR protocol cycling was performed in a thermocycler, using the following 

conditions:  

98°C for 30 seconds, then 35 cycles of: 98°C for 10 seconds, annealing 

temperature for 30 seconds, and 72°C for 30 seconds/kb, followed by a final 

extension step of 72°C for 2 minutes.  Optimal annealing temperatures for 

primers was determined using temperature gradients ranging from 60°C to 

70°C 

2.4.1.2  Restriction Digest 

Restriction digests were performed for either diagnostic digests or to create 

sticky ends for downstream ligation of PCR products into new vectors. 

Up to 1µg of DNA was mixed with H2O, 20 units/mL of each restriction 

enzyme (equivalent to 1µL), and 10X rCutSmart® Buffer (NEB). Reaction 

was incubated at 37°C for a minimum of 1 hour and enzymes were then 

either heat-inactivated or removed using DNA Gel Extraction Kit. 
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1µL of recombinant shrimp alkaline phosphatase (rSAP) (NEB) was 

included in restriction digest of vectors to dephosphorylate sticky ends and 

prevent relegation of linearised plasmid DNA  

2.4.1.3  Agarose Gel Electrophoresis 

To examine diagnostic restriction digests or be able to purify DNA samples 

by gel extraction, DNA samples were separated using agarose gel 

electrophoresis.  

DNA samples were mixed with 6x gel loading dye (Gel Loading Purple (6x) 

B7024A NEB) and loaded into a 1% Agarose gel (1x TAE buffer (40mM Tris-

acetate, 1mM EDTA; TAE) and stained with Nancy-red at 1:50,000 dilution. 

The protein ladder used was Quick-Load 1kb PLUS DNA (N0550S NEB). The 

gel was run at 100V for 1 hour in 1x TAE buffer and DNA was visualised using 

either UV blue light trans-illumination or on the Imager (find out exact model 

of new imager) 

2.4.1.4  Ligation 

After restriction enzyme digest of both vector and insert and subsequent gel 

extraction and DNA cleanup, vector and plasmid were mixed in a 1:3 molar 

ratio . T4 DNA ligase buffer and T4 DNA ligase were added and the reaction 

incubated at room temperature for a minimum of 10 minutes and maximum 

of 1 hour prior to heat inactivation at 65°C 

2.4.1.5  Transformation 

E. Coli STBL3 cells were used for propagation of plasmid DNA. 45µL of 

Bacterial cells were thawed on ice for 10 minutes prior to mixing with 5µL 

ligation product and incubated on ice for 30 minutes. The mixture was heat 

shocked at 42°C for 30-45 seconds and incubated on ice for a further 2 

minutes. 150µL antibiotic free 2YT media was added to the cells which were 

incubated for 1 hour at 37°C with shaking. 100µL of this was pipetted onto 

and then spread around a 2YT agar plate containing 100µg/mL ampicillin 

antibiotic and was incubated overnight at 37°C. 
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2.4.1.6  DNA Amplification 

A single bacterial colony was used to inoculate 3-5mL of 2YT media 

containing 100µg/mL ampicillin and incubated overnight with shaking at 

37°C. 1.5mL was used to pellet bacterial cells by centrifugation and 

plasmid DNA extracted using QIAprep Spin Miniprep Kit (QIAGEN).  

50µL of the overnight growth was used to inoculate a 50mL starter culture 

of 2YT broth containing 100µg/mL ampicillin. Plasmid DNA extraction was 

performed according to manufacturer’s instructions using Midi-prep 

protocol and kit from Macherey-Nagel. DNA concentration and purity was 

determined by spectrophotometry using a NanoDrop and was confirmed as 

correct through Sanger sequencing, performed by Eurofins. 

2.4.1.7  RNA extraction and cDNA synthesis 

RNA was extracted from cells directly in assay plates using the QIAGEN 

RNeasy Plus Mini Kit and cDNA was reverse transcribed using the Applied 

Biosystems™ High-Capacity cDNA Reverse Transcription Kit according to 

manufacturer’s instructions.  

Temperature 25°C 37°C 85°C 4°C 

Time 10 minutes 120 minutes 5 minutes Hold 

Table 2.3 PCR protocol for cDNA synthesis 

2.4.1.8  CRISPR Knockouts – stable cell lines 

2.4.1.8.1 VLP production 
PEI transfection into 293T cells was used to produce virus like particles 

(VLPs) of CRISPR plasmids which would then be used to transduce A549 

cells. A ratio of plasmids was transfected in to enable proper VLP 

production: 600ng of VSVG plasmid was co-transfected with 600ng of 

packaging plasmid and 990ng guide RNA plasmid. After 72 hours these 

were harvested by filtering media through 45-micron filters and stored at -

80°C until use for transduction. 

2.4.1.8.2 Transduction 
A549s were plated at 6x105 cells/well in a 6 well plate and 500ul of VLPs 

were added per well. The plate was then spun in a centrifuge at 1500g for 45 
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minutes then returned to the incubator at 37 oC. 48-72 hours post 

transduction cell selection with puromycin began (1ul per 10ml media) 

2.4.2 TRIM25 mutants: Overlap PCR to Introduce Specific 
Mutations 

Overlap PCR was utilised to generate the TRIM25 mutants used in the 

research presented in this thesis. These mutants include 7KA TRIM25 

mutant, a mutant missing the RING domain (∆RING), and a mutant missing 

the SPRY domain (∆SPRY). Overlap PCR involved initial rounds of PCR to 

generate overlapping gene segments which are then used as template DNA 

for another PCR reaction to create a full-length product. Internal primers 

are used to generate overlapping, complementary 3’-ends on the 

intermediate segments and introduce the site directed mutagenesis 

required to create the TRIM25 mutants. Overlapping strands of these 

intermediate products then hybridise at the 3’-region in a subsequent PCR 

and extend to generate the full-length mutated product amplified by 

flanking primers that included restriction sites for inserting the product into 

the PCDNA3.1 expression vector. The details of primers used are listed in 

Table 2.4. The PCR protocol followed used the same optimisation 

parameters outlined in the initial TRIM25 cloning protocol in section 2.4.2.2. 

Forward and reverse primers for TRIM25 shown in Table 2.2 were also used 

in this protocol to generate intermediate strands.  
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Primer Name Primer Sequence (5’ – 3’) 

TRIM25 

∆RING_Fwd 

EcoRI 

 

GCGCGAATTCGCCACCATGCGCGCCGTCTACCAGGCGCGA

CCGC 

 

TRIM25 

∆SPRY_Rev 

XhoI 

 

CGCGCGCTCGAGAATCTTGTCGTCATCGTCTTTGTAGTCTTTAA

TGTAATACTCCAGGAG 

 

TRIM25_CR_7K

A_Fwd 1 

 

CGCAGAGGAAGCGGCATCCGCGGCACCTCCCCCTGTCCCT

GCCTTA 

 

TRIM25_CR_7K

A_Rev 1 

 

TGCCGCTTCCTCTGCGGAGACCGCCGCCACAGGGCGTGTG

GATTTGTG 

 

TRIM25_CR_7K

A_Fwd 2 

 

ACACGCCCTGTGGCGGCGGTCTCCGCAGAGGAAGCGGCAT

CC 

 

TRIM25_CR_7K

A_Rev 2 

 

AGGGACAGGGGGAGGTGCCGCGGATGCCGCTTCCTCTGCG

GAG 

 

Table 2.4 Primers for overlap PCR to introduce specific mutations into TRIM25 

2.4.3 Protein Analysis Techniques 
2.4.3.1 Real Time qualitative PCR (RT-qPCR) 

Primer Name Primer Sequence (5’ – 3’) 

GAPDH Forward ACATCGCTCAGACACCATG 

GAPDH Reverse TGTAGTTGAGGTCAATGAAGGG 

Β-Actin Forward CACCAACTGGGACGACAT 

β-Actin Reverse ACAGCCTGGATAGCAACG 

MOPV L Forward ATCTCCTCATGCAGCCACAC 

MOPV L Reverse GGACTGTTGGAGAGTTGCGA 

MOPV NP Forward CCCTGGCATGTCAAGACCAT 

MOPV NP Reverse CCCTGTGGAAGTTGCGATCT 

Table 2.5 RT-qPCR primers used 
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For each qPCR reaction, 10ng of cDNA was used with the Applied 

Biosystems™ PowerUp™ SYBR™ Green Master Mix under the following 

conditions: 50oC 2 mins, 95 oC 2 mins then 40 cycles of 95 oC 15 secs, 55 oC 

15 secs, 72 oC 1 min. Primers used were as follows: GAPDH forward (5’-

ACATCGCTCAGACACCATG-3’); GAPDH reverse (5’-

TGTAGTTGAGGTCAATGAAGGG-3’); Β-Actin Forward (5’-

CACCAACTGGGACGACAT-3’); Β-Actin Reverse (5’- 

ACAGCCTGGATAGCAACG-3’); MOPV L forward (5’-

ATCTCCTCATGCAGCCACAC-3’); MOPV L reverse (5’-

GGACTGTTGGAGAGTTGCGA-3’); MOPV NP forward (5’-

CCCTGGCATGTCAAGACCAT-3’); MOPV NP reverse (5’-

CCCTGTGGAAGTTGCGATCT-3’); TRIM25 Forward (5’-

GAGAAACAGGCAGCAGGATG-3’); TRIM25 Reverse (5’-

GCTGTTGACCCTCTTCTCCT-3’); ZAP Long Forward (5’-

TTTTATGCGACAAGCCGTGC-3’); ZAP Long Reverse (5’-

ACAGCTGTCGAACTGTGGAG-3’); ZAP Short forward (5’-

CGCCAGGAGAAAGACTGTGT-3’); ZAP short reverse(5’-

TCCCCTCGGACAGGATTGAT-3’).Primer specificity was confirmed by 

melting curve analysis. Relative fold expression of target genes was 

normalised to the GAPDH and Β-Actin housekeeping gene by the ΔΔCt 

method. 

2.4.3.2  Immunoprecipitation (IP) and Co-Immunoprecipitation (Co-IP) 
 

293T cells seeded in a 6-well dish at 4x105 cells per well were transfected 

using PEI using two wells per condition 2µg total DNA was transfected per 

well; in wells with two constructs co-transfected in, 1µg DNA of each was 

used. 48 hours post transfection these cells were harvested and lysed in a 

buffer of 50mM Tris, 100nM NaCl, 10mM MgCl2, 1% IGEPAL detergent, 2mM 

DTT, and 1 protease inhibitor tablet per 50m buffer (Roche). Buffer was 

made with H2O and pH 7.5. Cells were sonicated at 4°C 3x30s prior to 

clearing. Cells were cleared by centrifugation for 5 minutes at 10,000rpm at 

4°C . 50µl of lysate was removed and stored in 50µl 2x Laemmli (input). The 
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remaining lysate was transferred to a new 1.5ml Eppendorf and either 

mouse anti-HA antibody was added at dilution of 1:150 or mouse anti-FLAG 

antibody at a dilution of 1:400 added and incubated whilst rolling for 1.5-

2hrs at 4°C. Pierce protein G magnetic bead preparation involved 

equilibration in lysis buffer using 50ul neat beads per sample. A magnetic 

rack was used to separate the beads from any supernatant to allow for easy 

removal by pipetting. Bead wash steps involved removing the supernatant 

after the beads had magnetically stuck to the side of the tube placed in the 

magnetic rack and addition of 1ml PBS. The magnetic beads in PBS were 

then briefly vortexed to resuspend the beads and were incubated at 4°C 

with rolling for 5 minutes. After this 5-minute incubation the tube was 

placed back in the magnetic rack and beads allowed to stick to the side of 

the tube due to the magnet and the PBS was removed and replaced with 

1ml of lysis buffer. The same steps were followed and 1 additional was in 

lysis buffer performed before resuspension of the magnetic beads in 2x 

Laemmli buffer for analysis by SDS-PAGE and Western blot. 

2.4.4  Microscopy techniques: Fixing and staining cells 
A549 cells transfected using Viafect with MOPV NP-BioID2-HA or NP-

PCR3.1-HA were stained for co-localisation with TRIM25-FLAG, ZAPL-MYC, 

ZAPS-MYC. Cells were seeded onto glass coverslips in a 24-well plate 

followed by fixation using 4% paraformaldehyde and neutralisation in 

10mM Glycine/PBS. Cells were permeabilised in 1% Bovine Serum 

Albumin, 0.1% Triton-X-100/ PBS before incubation with primary antibodies 

against the NP-HA-tag, TRIM25-FLAG tag, ZAP-MYC tag, overnight at 4°C. 

Cells were then washed and treated with Alexafluor 488 and 594 secondary 

antibodies (ThermoFisher) before washing and mounting the coverslips 

onto slides with DAPI mounting solution for visualisation of nuclear DNA. 

Images were taken using a Leica upright microscope 
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2.5 Chapter 5 Specific Methods 

2.5.1 Protein expression and purification 
 

2.5.1.1 Protein expression 
 

Fragments for TRIM25 CC-PRYSPRY domain (residues  aa189-630), and the 

N-terminal core domains of LASV (residues 1-340), LUJV (residues 1-344), 

and MOPV (residues 1-340) NP were synthesised by TWIST Biosciences. The 

LASV NP and TRIM25 fragments were subsequently cloned into a pET15b 

vector (Figure 2.3) and the LUJV and MOPV NP fragments cloned into a 

pET28b vector (obtained from Addgene) (Figure 2.4). LASV NP and TRIM25 

in pET15b were transformed into Rosetta BL21(DE3) competent cells with 

ampicillin resistance and LUJV and MOPV NP in pET28b (obtained from 

Addgene) were transformed into NiCo21(DE3) (NEB) competent cells with 

kanamycin resistance. 

BL21 competent E. coli is a widely used T7 expression E. coli strain. The 

Rosetta host strains are BL21 derivatives designed to enhance the 

expression of eukaryotic proteins that contain codons rarely used in E. coli. 

Rosetta BL21 cells have the following genotype: 

F-ompT hsdSB(rB- mB-) gal dcm (DE3) pRARE (CamR) 

NiCo21(DE3) E. coli competent cells from NEB are derived from BL21(DE3) 

cells and share identical growth characteristics. They are considered a 

superior alternative to BL21(DE3) for protein expression and result in 

improved purity of target proteins isolated by IMAC. NiCo21(DE3) cells have 

the following genotype: 

can::CBD fhuA2 [lon] ompT gal (λ DE3) [dcm] arnA::CBD slyD::CBD 

glmS6Ala ∆hsdS λ DE3 = λ sBamHIo ∆EcoRI-B int::(lacI::PlacUV5::T7 gene1) 

i21 ∆nin5 
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Figure 2.3 pET15B Vector map (obtained from Addgene) 
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Figure 2.4 pET28b Vector map (obtained from Addgene) 

Following transformation into an appropriate vector. A single colony from 

each construct was resuspended in 10ml liquid 2YT culture with 

appropriate antibiotic. This was cultured overnight and used to inoculate a 

larger culture for protein expression and induction with IPTG. For TRIM25 

CC-PRYSPRY a 10L culture was prepared in a fermenter. For the LASV, LUJV, 

and MOPV NP N-terminal proteins, 3L cultures were prepared. These 

cultures were incubated at 37°C with shaking until the OD600 reached an 

ideal value of 0.6. Once this value was reached by each culture they were 

induced with IPTG (Isopropyl β-D-1-thiogalactopyranoside) which triggers 

the release of the lac repressor, inducing gene transcription and protein 

expression. Samples were taken for each uninduced construct at OD600 and 

resuspended in Laemmli buffer. IPTG at a concentration of 0.5mM was used 

for induction. Cultures were incubated overnight at 20°C with shaking. 

Samples were taken from the induced cultures after overnight incubation 

and OD600 checked and normalised to the uninduced sample OD600 by 

dilution in PBS and in Laemmli buffer. Cultures were pelleted by 
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centrifugation at 4,000rpm for 15 minutes at room temperature and the 

pellet collected and supernatant discarded. The pellet was then 

resuspended in appropriate lysis buffer (detailed in the table below) and 

incubated at 4oC whilst rolling for at least 30 minutes to allow for total lysis. 

Once lysed, sonication was applied to the cells at 15 second intervals with 

a 45 second pause a total of 6 times. A sample of this “crude extract” was 

resuspended into Laemmli buffer. Crude extract was then centrifuged at 

20,000rpm for 45 minutes at 4oC. From this, the supernatant was taken for 

purification by immobilized metal affinity chromatography (IMAC). A 

sample of both the supernatant was taken into Laemmli buffer as well as a 

sample of the pellet which was first resuspended in lysis buffer and then 

taken into Laemmli buffer. 

 

 

Protein Lysis buffer 

TRIM25 CC-PRYSPRY (189-

630aa) 

BugBuster Protein Extraction Reagent from 

Novagen  

LASV NP N-terminal core 

domain (1-340aa) 

50mM NaH2PO4 pH 8, 500mM NaCl, 10mM 

Imidazole, 0.5% IGEPAL, 1 protease inhibitor 

tablet (Roche) 

LUJV NP N-terminal core domain 

(1-344aa) 

50mM Tris-HCL pH 7.2, 150mM NaCl, , 

20mM Imidazole, 1 protease inhibitor tablet 

(Roche) 

MOPV NP N-terminal core 

domain (1-340aa) 

50mM Tris-HCL pH 7.2, 150mM NaCl, , 

20mM Imidazole, 1 protease inhibitor tablet 

(Roche) 

Table 2.6 Lysis buffers used for each protein fragment during protein purification 

2.5.1.2  Immobilised Metal Affinity Chromatography (IMAC) 
 

Hispur Cobalt Resin from Thermofisher was used for all IMAC. Before 

applying protein supernatant to the resin, it was first washed in the column 

with MilliQ water to remove the 20% ethanol solution it is kept in as a slurry. 
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Once washed, the resin was equilibrated with the appropriate lysis buffer 

for the protein outlined in table x above. Once equilibrated, supernatant for 

each protein was added to the resin and allowed to drip through by gravity. 

This was collected as “flow-through”. A wash buffer specific to each protein 

was then applied to the column (outlined in table 2.7 below). Each protein 

was washed 3 times, and each wash step was collected for analysis. Then 

a final elution buffer was applied to the cobalt resin and the elution 

collected for dialysis to remove any imidazole. Dialysis for each protein was 

performed in a 1:50 volume of elution buffer with no imidazole.  

Protein Construct Wash buffer Elution buffer Dialysis buffer 

TRIM25 CC-

PRYSPRY (aa189-

630) 

50mM HEPES pH 

7.5, 300mM NaCl, 

20mM Imidazole, 

5% glycerol, 

500µM TCEP 

50mM HEPES 

pH7.5, 300mM 

NaCl, 300mM 

Imidazole, 5% 

glycerol, 500µM 

TCEP 

50mM HEPES 

pH7.5, 300mM 

NaCl,  5% glycerol, 

500µM TCEP 

LASV NP N-

terminal core 

domain (aa1-340) 

50mM NaH2PO4 

pH 8, 500mM 

NaCl, 30mM 

Imidazole 

50mM NaH2PO4 

pH 8, 500mM 

NaCl, 500mM 

Imidazole 

50mM NaH2PO4 

pH 8, 500mM 

NaCl 

LUJV NP N-

terminal core 

domain (aa1-344) 

50mM Tris-HCL 

pH 7.2, 150mM 

NaCl, , 20mM 

Imidazole 

50mM Tris-HCL 

pH 7.2, 150mM 

NaCl, , 500mM 

Imidazole 

50mM Tris-HCL 

pH 7.2, 150mM 

NaCl 

MOPV NP N-

terminal core 

domain (aa1-340) 

50mM Tris-HCL 

pH 7.2, 150mM 

NaCl, , 20mM 

Imidazole 

50mM Tris-HCL 

pH 7.2, 150mM 

NaCl, , 500mM 

Imidazole 

50mM Tris-HCL 

pH 7.2, 150mM 

NaCl 

Table 2.7 Wash, elution, and dialysis buffers used for each protein fragment during purification 

2.5.1.3  Coomassie staining 

Coomassie staining was performed using Protein Ark’s Quick Coomassie 

Stain according to manufacturer guidelines. SDS-PAGE protocol was 

followed, and the gel was washed with MilliQ water before being placed in 
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Coomassie stain and incubated at room temperature with rocking to allow 

stain to develop. Once stain had developed, the Coomassie stain was 

removed and the gel washed with MilliQ water before imaging.  

 

2.5.1.4  Size-Exclusion Chromatography (SEC) 

Size exclusion chromatography was performed on a Superdex 200 Increase 

10/300 GL column (GE Healthcare) which had been equilibrated with 

filtered equilibration buffer specific to each protein which was the same as 

the dialysis buffer used and has been outlined in table 2.7 above. Each 

eluted and dialysed protein from IMAC was concentrated to 500µl (with a 

maximum concentration of 5mg/ml) using a 30kDa molecular weight cut-

off concentrator (Amicon). This concentrated protein was injected onto the 

column using an AKTA with a flow rate of 0.3mL/min. Fractions were 

collected and the absorbance of the samples at 280nm (mAU) was 

measured. Samples were taken from each fraction corresponding to 

absorbance peaks observed and analysed by SDS-PAGE and Coomassie to 

assess which fractions contained target protein. Once the presence of the 

protein was confirmed, fractions were collated and concentrated as close 

to 8mg/ml as possible for future use in SEC-SAXS. 

2.5.2 SEC-SAXS 
SEC-SAXS was performed at the Oxford Diamond Light Source Synchrotron 

using Beamline B21 for high-throughput small-angle-X-ray scattering. This 

is a beamline with a bending magnet source in the 3 GeV storage ring at the 

Diamond Light Source Ltd Synchrotron. It utilises a double multi-layer 

monochromator and a toroidal focussing optic to deliver 2 × 1012 photons 

per second to a 34 × 40 µm (FWHM) focal spot at the in-vacuum Eiger 4M 

(Dectris) detector. A high-performance liquid chromatography system and 

a liquid-handling robot enable   loading of solution samples into a 

temperature-controlled in-vacuum sample cell with a high level of 

automation. The beamline has a default scattering vector ranging from 

0.0026 to 0.34 Å−1 and low instrument background. 
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Analysis of sample data was initially performed using ScÅTTER and refined 

data from was them used to trim data in ATSAS CHROMIX and PRIMUS to 

generate macromolecule envelope data for visualisation in UCSF Chimera 

1.18. 

Small-angle X-ray scattering (SAXS) is a powerful tool in the analysis of 

macromolecules in a somewhat native environment. The basic principles 

of SAXS are relatively simple; dissolved macromolecules are illuminated 

with X-rays of defined energy at a specific X-ray wavelength, λ, usually about 

1Å. The intensities of the scattered X-rays, I, are recorded by a detector 

(Figure 2.5). SAXS samples are isotropic, which means that the molecules 

are able to tumble in solution independently of each other. It’s crucial to 

include measurements from an identical solution which does not contain 

the macromolecule of interest. This is usually referred to as a buffer sample 

and allows for subtractions of buffers to be made to isolate macromolecule 

information. The profile will contain scattering contributions from the 

solvent or buffer, the sample holder and also the machine set-up and these 

will all need to be taken into account for background subtraction. Buffer 

selection is important for generating good SAXS data as the overall electron 

density of proteins (which is about 0.43 electrons/Å3) is just slightly higher 

than that of water (0.33 electrons/Å3). This minor discrepancy in electron 

densities results in a relatively weak scattering signal which is difficult to 

generate good results from. This small discrepancy decreased even further 

with addition of components to the buffer resulting in even weaker 

scattering. Buffer selection is also important to prevent sample degradation 

from radiation damage. The addition of components such as TRIS-HCl or 

glycerol can protect proteins from damage from X-rays which will improve 

the overall quality of the scattering profile. 

Sample purity is another key aspect in the generation of good and reliable 

data from SAXS. The X-rays will scatter from anything within the sample not 

just the target macromolecules so any impurities can greatly affect the data 

profile.  
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Figure 2.5 SAXS data collection schematic. A) Schematic drawing of the standard experimental set-
up. B) Example presentation of data reduction from subtracting buffer from sample scattering. 
Figure obtained from (Gräwert and Svergun, 2020) 

A major recent advancement in biological SAXS beamlines has been in the 

implementation of SEC-SAXS which involves the use of size-exclusion 

chromatography columns attached to the HPCL set-up. This allows for 

different components within the sample to be separated depending on size 

prior to analysis of each sample by SAXS. Figure 2.6 depicts a schematic of 

how SEC is implemented and an example of the X-ray scattering profile that 

may be generated. This improvement can greatly assist in studying 

macromolecules that may aggregate and form oligomers within the sample. 
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Figure 2.6 A SEC-SAXS/LS experiment. Schematic of data collection method where SEC is directly 
coupled to SAXS data collection. In parallel this has the advantage of additional characterization of 
freshly separated components. In the X-rat scattering profile, data of the separation of monomeric 
(blue) and dimeric BSA (yellow) is indicated. Figure obtained and edited from (Gräwert and Svergun, 
2020) 

 

From scattering experiments, overall molecular size and weight as well as 

the degrees of flexibility and compactness can be determined. As well as 

this analytical information, the scattering data can provide structural 

information.  

Size of a molecule is determined by the radius of gyration (Rg) in which as 

Rg
2 and is the average squared distance of the scatterers from the centre of 



124 
 

the object. Graphing scattering intensity I(q) against the scattering vector, 

q, can give early information about the overall shape of the macromolecule, 

an example graph and correlating shapes can be seen in Figure 2.7. Radius 

of gyration is then calculated with a specific equation depending on the 

shape provided by this information.  

 

Figure 2.7 Graph of scattering intensity vs scattering vector, q. Graph pattern will depend on the 
SAXS data obtained experimentally and will inform about the shape of the macromolecule being 
targeted. The graph shape can then be used to inform the correct equation to use to calculate 
radius of gyration. These equations and the correlating shapes are shown below the graph. This 
figure was edited and obtained from the Scattering 101 lecture slides PDF from 
https://www.diamond.ac.uk/Instruments/Soft-Condensed-Matter/small-angle/Beginners-

Guide.html accessed 17/12/2024.  Other information derived from SAXS data 

necessary to generate a final 3D envelope of the target macromolecule 

https://www.diamond.ac.uk/Instruments/Soft-Condensed-Matter/small-angle/Beginners-Guide.html
https://www.diamond.ac.uk/Instruments/Soft-Condensed-Matter/small-angle/Beginners-Guide.html
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include the Guinier approximation in which the low-q region of the 

scattering curve is characteristic for the overall dimension of the particle 

when intensity of scattering I(q) is plotted against the scattering vector, q. 

This can then be used to create a Guinier plot in which I is plotted against 

q2 to give a straight line slope. Deviation from the straight line in the 

Guinier plot indicates intermolecular interactions or aggregation of the 

sample. To obtain an ideal scattering curve across the entire q-range, the 

obtained scattering profile has to be extrapolated to infinite dilutions at 

low resolutions and then merged with the scattering profile for larger 

angles. From this, accurate large angle data can be obtained through 

several means. Either by measuring higher concentrations, using 

increased exposure times, or decreasing the distance between the sample 

and the final detector.  

 

Figure 2.8 Example graph of Intensity vs scattering vector at low resolution depicting the ideal 
sample scattering. This figure was obtained from (Putnam et al., 2007) 

If the SAXS data generated follows the trends expected and fits the graphs 

without much interference or detrimental noise, then subsequent analysis 

of the sample data can be performed.  

Figure 2.9 shows an example graph of pair-distance (P(r))  function plotted 

against distance (r). The graph in the figure shows that the state of protein 

can be determined from the graph shape. And that globular 

macromolecules will have a P(r) function with only a single peak. Elongated 

macromolecules such as multidomain proteins will possess a longer tail at 
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large r values and can have multiple peaks. The Dmax is the maximum length 

in the particle and is the position in which the P(r) function returns to zero 

at large r values.  

 

Figure 2.9 Example graph of pair-distance, P(r), plotted against distance, r. the graph shows 
expected graph shapes for different types of macromolecules. This figure was obtained from 
(Putnam et al., 2007).  

Kratky analysis is another key step and involved plotting I*q2 vs q. This 

analysis is sensitive to the particle morphology and also to compactness of 

a protein (Figure 2.10).  

 

Figure 2.10 Example Kratky plot showing the different graph trends that inform on the final structure 
and morphology of the macromolecule being investigated. Globular macromolecules follow 
Porod’s law and have bell shaped curves. Extended molecules such as unfolded proteins do not 
possess this peak and will have a plateau. This figure was obtained from (Putnam et al., 2007) 

All of this data is then used to overall determination of the macromolecule 

structure which can be visualised through either envelope or bead models. 

Envelope models use spherical harmonics to produce molecular envelops 

which will fit the scattering data generated from SAXS. Bead models fit the 

scattering data using beads as scattering centres and these scattering 
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centres will represent distinct atoms of the residues identified known as 

“dummy residues”. Program packages such as ATSAS from the EMBL 

Hamburg Svergun group can be used create these final structure models. 

These can be incredibly powerful techniques in structural biology 

especially if combined with known and experimentally identified crystal 

structures and with the recent developments of predictive tools such as 

Alphafold3. It’s important to note that use of these techniques will always 

generate a structure, but this doesn’t guarantee they are correct or make 

sense. 

Analysis of SEC-SAXS data was performed using SCATTER (obtained from 

http://www.bioisis.net/tutorial/9) and ATSAS CHROMIX and PRIMUS. 

Statistical testing of data included the CorMap test indicating location of 

non-fit for protein envelopes from randomness of residuals, the reduced χ2 

test to standardise residuals (this is the gold standard statistical test for 

SAXS), and the Anderson-Darling test for checking whether the distribution 

of residuals is normal. UCSF Chimera 1.18 was used to visualise generated 

protein envelopes and fit these envelopes to protein structures. 
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Chapter 3 
 

Identification of the Host 
Interactome of Old Word Arenavirus 
Nucleoproteins (NPs) 
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3 Identification of The Host Interactome of 
Old-World Arenavirus Nucleoproteins (NPs) 

 

3.1 Introduction 

Viruses exploit host cellular processes and factors, a characteristic that 

facilitates various steps in their viral lifecycle and helps them evade or 

suppress the host immune response. Investigating the interactions of 

arenavirus nucleoprotein (NP) with host factors is crucial for unravelling the 

molecular mechanisms underlying viral replication and transcription. This 

exploration provides insights into the co-evolutionary dynamics between 

the virus and its host, shedding light on the strategies employed by the virus 

to hijack cellular machinery.  

Arenaviruses are categorised as neglected tropical diseases and are often 

highly pathogenic, such as LASV, requiring CL-4 facilities to handle and 

study the live virus. Without access to these facilities, alternative methods 

must be developed to study the key interactions of these viruses in lower 

containment level laboratories. These methods include using molecular 

tools such as recombinant viruses, study of individual viral proteins and 

using genetically similar but less pathogenic viruses as homologous 

models. Thus, we can see how research into unravelling the host proteomes 

of specific arenavirus proteins may have been limited prior to development 

of these molecular tools. Thus far, the only arenavirus NP interactomes 

identified using proteomics involving mass spectrometry have been LCMV 

and Junín NP in the context of infection of A549 and HEK293T cells (King et 

al., 2017a). Further non-viral, protein-specific proteomic research has been 

conducted in the context of persistent LCMV infection and the proteome 

response of HeLa cells (Benej et al., 2019). PICV was used as a biosafety 

level 2 model for LASV for investigation of the differential host cell nuclear 

proteome induced during arenavirus infection (Bowick et al., 2009). The 

proteomes identified have highlighted key pathways targeted by different 
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strains of arenaviruses and have provided key insights into their 

pathogenicity and most importantly begun building a foundation of data 

from which druggable targets can be identified for host-directed antivirals 

(Fang et al., 2022). 

Arenavirus nucleoprotein (NP) is an extremely multifunctional viral protein 

that plays key roles in host immune suppression and modulation during 

arenavirus infection often leading to widespread and uncontrolled viral 

replication in various organs (Ma and Suthar, 2015). Disease can also vary 

from asymptomatic to fatal implying that the interplay between the host 

immune response and viral replication is a major predictive factor for 

disease outcome (Mazzola and Kelly-Cirino, 2019). Understanding how NP 

interacts with host components is pivotal for comprehending the host's 

defence mechanisms and the tactics employed by the virus to counteract 

or evade the immune response. One such example of NP modulating the 

host immune response is in its ability to target and counteract the host 

interferon response. Arenavirus NP inhibits detection and signalling of 

arenavirus RNA by RIG-I and MDA5 by degrading the RNA species and by 

directly binding to RIG-I. NP also binds to IKK-ε and NF-κB to prevent 

activation of interferon-responsive factor 3 (IRF3) which affects later stages 

of IFN induction.  

In the context of arenavirus NP, studying these interactions may pinpoint 

specific host factors essential for viral replication. Targeting these factors 

presents potential therapeutic strategies, contributing to the development 

of antiviral drugs aimed at inhibiting viral replication and treating arenavirus 

infections. This is crucial in combatting the burden that arenaviruses 

present as a human pathogen as currently there are no licenced 

treatments, therapeutics or vaccines for Old World mammarenaviruses, 

those being investigated are non-specific and related to antigen or antibody 

levels rather than targeting NP-mediated mechanisms.  

A detailed map of the cellular interactome of NP, considering both 

pathogenic and non-pathogenic strains, is essential to fully grasp their 
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multifunctional roles and identify key mechanisms as potential targets for 

therapeutic intervention. We have utilised biotin proximity labelling and 

mass spectrometry as our proteomic method of choice in the pursuit of 

characterising the molecular interactome of Old-World group arenavirus 

NP, specifically LASV, LUVJ, and MOPV NP.  

3.2 Proximity based labelling and mass spectrometry - 

BioID 

Over the past two decades, the integration of the two fields of proteomics 

and virology have transformed the ability to identify and understand the 

complex mechanisms underpinning the pathogenesis of many different 

viruses. Technological advances in mass spectrometry (MS) based 

proteomics and also in experimental work-flows for antibody-based 

immune-affinity purification (AP) of viral-protein complexes have allowed 

for the leaps and bounds to be taken in characterisation of virus-host 

protein interactions occurring during viral infection (Lum and Cristea, 

2016). AP-MS based approaches allow for the identification of both direct 

and indirect interactions as well as enabling investigation of interactions 

during the progression of an infection. This information therefore provides 

important temporal information although, the information of most interest 

is that provided by overexpression of individual viral gene products (NP in 

this case) to elucidate the functions of single proteins. Another similar 

method often used is proximity-based labelling coupled to MS otherwise 

called proximity-dependent biotinylation MS (PDB-MS). Table 3.1 outlines 

the pros and cons of each method of MS based proteomics. 

PDB-MS involves expressing a bait protein genetically fused to a biotin 

ligase (BioID), a horseradish peroxidase (HRP) or just a peroxidase (APEX). 

These fused enzymes can catalyse externally added biotins or phenolic 

biotins into reactive biotin intermediates which diffuse out to biotinylate 

proteins in close proximity to the bait protein. Once biotin labelling has 

occurred, cells are then lysed and a pulldown using streptavidin or 
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neutravidin is performed. The next step is identifying and quantifying with 

MS (Gingras et al., 2019, Roux et al., 2012, Rhee et al., 2013). 

Crucial for PDB-MS is promiscuous biotinylation which is a covalent 

modification process dependent biotin intermediates randomly diffusing 

away from the biotin ligase enzyme. This process is limited by distance 

however, and proteins in close proximity to the bait/enzyme fusion are 

preferentially biotinylated and the strength of labelling diminishes with 

increasing distance. PDB-MS defines the area surrounding the bait within 

an effective labelling radius specific to the enzyme known as a 

neighbourhood. The proteins comprising this neighbourhood may 

constitute the actual physical contacts of the bait itself, or other proteins 

present in the bait/enzyme fusion vicinity by chance (Low et al., 2021). The 

effective labelling radius for BirA*, a mutant biotin ligase utilised in BioID 

has been estimated to be about 10nm (Kim et al., 2014). 

BioID was developed using E. coli derived 35kDa BirA* which has a R118G 

mutation resulting in destabilisation of the catalytic domain. BirA* 

catalyses conversion of biotins to form the highly reactive biotinoyl-AMP 

intermediates which then dissociate prematurely and diffuse out and away 

and react with the neighbouring lysine residues in a promiscuous manner 

(Roux et al., 2012). An improved method has been developed called BioID2, 

this was created from Aquifex aeolicus derived biotin ligase which has an 

R40G mutation resulting in a smaller ligase which is 27kDa and more 

catalytically active. This increased catalytic activity results in more efficient 

biotinylation and decreased mis-localisation of the bait (Kim et al., 2016). 

PDB-MS allows for the detection of protein-protein-interactions (PPIs) 

among both soluble and membrane proteins, aside from enriching for 

interactions that are transient, weak, of low abundance or with higher 

turnover (Gingras et al., 2019, Trinkle-Mulcahy, 2019, Hung et al., 2017). 

Due to PDB-MS biotinylating proteins within cells, it enables labelling of 

fragile complexes or interactions as well as avoiding post-lysis artefacts.  
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Importantly, the affinity of biotin to streptavidin is probably one of the 

strongest (and yet reversible) biological interactions found in nature. 

Consequently, highly stringent conditions for sample denaturing, 

solubilization, capture, wash and extraction of biotinylated proteins can be 

used to maximise the recovery of hydrophobic proteins while minimising 

nonspecific background contaminants. Proximity labelling using BioID2 

can be used in living cells as it does not have to require disruption of the 

cells and therefore preserves evidence of weak or short-lived interactions 

often not detectable utilising traditional techniques, however in the use of 

BioID, temporality of interactions was not being investigated and therefore 

the protocol chosen did disrupt the cells  (Bosch et al., 2021) 

Use of quantitative MS and dedicated bioinformatics algorithms such as 

SAINT allows for reduction and differentiation of background 

contamination by identifying significant differences in protein abundance 

between the experiment and negative controls (Choi et al., 2011) 

A typical MS assay workflow is comprised of the following steps: (1) Pre-

cleared protein lysate is incubated with beads conjugated with bait or 

epitope tag-specific antibodies (2) Washing of beads to reduce non-

specific binding (3) Elution of purified complexes (4) using MS to identify 

eluted proteins.  

There are pros and cons to all MS-based methodologies for the 

identification of and quantification of protein-protein interactions.  

Affinity-purification MS is currently the most widely used high-throughput 

method for protein-protein-interaction investigations and involved a bait 

protein being selectively purified with either specific antibodies or affinity 

reagents which will pull any potential interaction partners, known as prey, 

down with the bait from tissue or lysate. These purified proteins are then 

identified and quantified by mass spectrometry and often the experiment is 

repeated with different bait proteins. It has the advantages that the co-

immunoprecipitation can be done without tagged baits expressed at 
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physiological levels and still allow for identification of endogenous PPIs. 

Also, if no suitable antibodies are available, epitope tagging provides a 

useful alternative for protein purification, although this may interfere with 

bait functions and solubility and thus skew the results of the MS, ectopic 

expression of tagged baits also has the potential to result in misfolding 

and/or mislocalisation of bait proteins causing background contamination 

and unintended interactions. 

Cross-linking MS (XL-MS) involves a selection protein or complex in a native 

state being chemically cross-linked with reagents able to covalently bind 

and tether amino acid residues in close spatial proximity. These cross-

linked proteins then undergo proteolysis and peptide mixture is then 

separated and analysed by liquid chromatography-MS or standard MS. This 

process then requires subsequent interrogation of databases of the MS 

data to understand the sequence of crosslinked peptides and their 

crosslinked sites. It is useful because crosslinking reagents are able to 

covalently link two or more non-covalently interaction proteins, regardless 

of the strength of the interaction or its duration enabling very transient or 

weak PPIs to be analysed. However, this method is limited by crosslinking 

reagents often having very low efficiency (1-5%) causing marginal 

crosslinks in which only the top 20-30% of proteins can be detected. 

Crosslinking times can also be up to about 30 minutes in some cases and 

this long reaction time can cause large, crosslinked protein aggregates. 

When XL-MS is used in conjunction with structural biology techniques such 

as X-ray crystallography, Cryo-Electron-Microscopy (Cryo-EM), Nuclear 

Magnetic Resonance (NMR) or native MS, the spatial information provided 

by XL-MS can help elucidate molecular modelling allowing for construction 

of connectivity maps and determination of subunit topologies and further 

understanding of the protein complex’s dynamic behaviour. 

Co-fractionation coupled to MS (co-Frac-MS) analyses the spatiotemporal 

co-behaviour of biomolecules to identify  functional or physical 

interactions between proteins (Feiglin et al., 2014). The idea that proteins 
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sharing similar co-fractionation profiles may also co-localise, due to the 

tendency of polypeptide constituents of shared assemblies to co-migrate 

in the same analytical column when in native conditions, underpins the 

reasoning behind this method. In co-Frac-MS, protein complexes from cell 

lysates are fractionated extensively under non-denaturing conditions with 

chromatographic or electrophoretic techniques. Each fraction then 

undergoes proteolysis and is analysed by LC-MS or native MS, after which 

the proteome composition is identified and quantified and the fractionation 

profiles of individual protein complexes can be built. Due to the necessity 

of preserving the intact protein complexes, cells or tissue are rapidly lysed 

under refrigerated and native conditions with minimal dilution and non-

denaturing conditions are required. This method of investigating PPIs has 

high throughput and provides global identification and quantification of 

native protein complexes without the need for genetic modification or 

transient overexpression of proteins allowing for endogenous and 

physiologically relevant interactome data. A downside of this method is 

that false positives are a significant issue resulting from random co-elution. 

Thermal proximity co-aggregation (TPCA) utilises the phenomenon that 

interacting proteins co-aggregate and co-precipitate after heat induced 

denaturation (Tan et al., 2018). Due to this phenomenon, these proteins will 

have high similarity in their thermal solubility when compared to non-

interacting proteins and the assembly state of known protein complexes 

can then be inferred from this similarity. Changes in thermal solubility of 

proteins can also be used to identify those proteins modulated across 

cellular states or physiological conditions. Isobaric tandem mass tag (TMT) 

reagents are used to simultaneously quantify protein solubility across ten 

different temperatures from a cellular thermal shift assay (CETSA). This 

technique allows for system-wide profiling of protein complex dynamics 

and does not require use of antibodies or epitope tagging. Preparation time 

for this technique is minimal and enables high coverage study of protein 

complexes in situ and in vivo, as such, this method can be rapidly utilised 
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to elucidate the assembly states of protein complexes across cellular state, 

type, tissue, and physiological conditions. This provides crucial information 

about the functions of these protein complexes and can be used to 

compare normal and diseased cells. The major downside of this method is 

that, in its current state, TPCA is limited to only studying the dynamics of 

known or predicted protein complexes across cellular states and 

physiological conditions. Existing and extensive interaction data including 

graph and network clustering information is required to infer novel protein 

complexes.    

Based upon this information and that outlined in Table 3.1 it was decided 

that PDB-MS utilising BioID2 would be the best method for identifying and 

characterising the interactome of Old-World arenavirus NP. The advantages 

of BioID over other methods to screen for protein interactions are that BioID 

is effective when applied to insoluble and membrane-associated proteins 

which are two classes of protein potentially refractory to screening with 

conventional approaches such as AP-MS. BioID also enables identification 

of weak, transient, or hydrophobic interactions in a relatively natural 

cellular environment and with modifications is effective in a wide variety of 

cell types and species. 
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Methods Pros Cons 

AP-MS Co-immunoprecipitation can 

be performed without tagged 

baits expressed at 

physiological levels to 

identify endogenous PPIs 

Co-IP with untagged 

baits is limited by the 

availability of 

antibodies, and the 

low expression levels 

of baits 

Epitope tagging provides an 

alternative for purifying 

proteins lacking suitable 

antibodies 

Epitope tags may 

interfere with the 

functions and 

solubility of the baits 

Transient transfection of 

tagged baits enhance their 

expression, thus improving 

the efficiency and throughput 

of the pulldowns 

Ectopic expression of 

tagged baits may 

promote misfolding 

and mis-localisation 

of the baits, promoting 

background 

contamination and 

spurious interactions 

PDB-MS Allows detection of PPIs 

among both soluble and 

membrane proteins, as well 

as enriching for PPIs that are 

transient, weak, low 

abundance or have high 

turnover (Gingras et al., 2019, 

May react with biotin-

phenol and H2O2 to 

produce reactive 

radicals resulting in 

cellular toxicity 

(APEX) (Che and 

Khavari, 2017) 
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Methods Pros Cons 

Trinkle-Mulcahy, 2019, Hung 

et al., 2017) 

Avoids post-lysis 

artefacts (Gingras et al., 

2019) 

The accessibility and 

labelling efficiency of 

the biotinylating 

enzyme are locality-

dependent, as its 

orientation and 

topology within the 

protein complex may 

impede its 

performance 

The affinity of biotin to 

streptavidin is robust yet 

reversible. Hence, highly 

stringent conditions for 

sample denaturing, 

solubilization, capture, wash 

and extraction of biotinylated 

proteins can be employed to 

maximize the recovery of 

hydrophobic proteins while 

minimizing nonspecific 

background contaminants 

The high affinity of the 

streptavidin–biotin 

interaction may hinder 

the recovery of highly 

biotinylated proteins. 

PDB-MS suffers from 

false positives in the 

forms of high-

abundance 

background proteins 

or artefacts from 
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Methods Pros Cons 

endogenous 

biotinylation 

 
The labelling time for 

different enzyme 

varies from 1 min to 

24 h (Roux et al., 2012, 

Rhee et al., 2013, Kim 

et al., 2016) 

XL-MS Crosslinking reagents can 

covalently connect two or 

more non-covalently 

interacting proteins, 

regardless of the duration 

and strength of the 

interaction. As such, even 

transient and weak PPIs can 

be preserved (De Jong et al., 

2017, Walker-Gray et al., 

2017) 

The low efficiency 

(~ 1–5%) of 

crosslinking reagents, 

which often results in 

marginal crosslinks, 

where only the top 20–

30% of proteins are 

detected 

When used in combination 

with X-ray crystallography, 

CryoEM, NMR and native MS, 

the spatial constraint data 

from XL-MS can guide 

The crosslinking 

reaction time may be 

relatively long 

(~ 30 min). Excessively 

long reaction time 
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Methods Pros Cons 

molecular modelling, 

construct a connectivity map 

for determining subunit 

topology, and map the 

dynamic behaviour of the 

protein complex (Liu and 

Heck, 2015, Yu and Huang, 

2018, Tang et al., 2021) 

may result in large, 

crosslinked protein 

aggregates 

To expand the number and 

coverage of crosslinks, 

alternative modes of 

crosslinking can be 

employed, such as carboxyl-

targeting reagents 

(Steigenberger et al., 2019a, 

Steigenberger et al., 2019b, 

Tan et al., 2016) 

A crosslinker 

covalently links two 

linear peptides, giving 

rise to a hybrid 

dipeptide that can 

dramatically expand 

the search space 

during spectra 

matching, giving rise 

to the 'n-square 

problem' (Liu et al., 

2020, Courouble et 

al., 2021) 

Co-Frac-MS CoFrac-MS has high 

throughput, and it provides 

global identification and 

quantification of native 

False positives 

constitute a 

significant problem in 

the form of chance co-

elution 
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Methods Pros Cons 

protein complexes in one 

setting 

It can be operated without 

genetic manipulation and 

overexpression, thereby 

inferring endogenous, 

physiologically relevant 

interactome (Titeca et al., 

2019) 

 

CoFrac-MS combined with 

quantitative proteomics can 

delineate the relative 

distribution of a protein in 

multiple co-elution features. 

Thus, the stoichiometries and 

dynamics of a target protein 

within different co-isolated 

complexes can be 

simultaneously elucidated 

(Mallam et al., 2019) 

 

TPCA TPCA permits system-wide 

profiling of protein complex 

dynamics, and it requires 

neither antibodies nor 

The current version of 

TPCA is limited to 

studying the dynamics 

of known or predicted 
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Methods Pros Cons 

epitope tagging (Tan et al., 

2018) 

protein complexes 

across cellular state 

and physiological 

conditions. Need to 

incorporate existing 

interaction data with 

graph/network 

clustering algorithms 

to identify novel 

protein complexes 

(Tan et al., 2018) 

Little preparation time is 

required. It allows most of the 

study of protein complexes in 

situ and in vivo 

 

TPCA profiling can be rapidly 

deployed to unravel the 

assembly state of protein 

complexes across cellular 

state, cell type, tissue and 

physiological conditions to 

provide insight into their 

functions in normal and 

diseased cells 

 

Table 3.1 List comparing the pros and cons of MS based methodologies for identifying and 

quantifying PPIs adapted from (Low et al., 2021) 
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3.3 Chapter Objectives 

 

This chapter aimed to: 

1. Identify host protein interaction networks for Old World (OW) 

arenavirus nucleoproteins (NPs), specifically those of the 

pathogenic Lassa virus (LASV) and Lujo virus (LUJV), and the non-

pathogenic Mopeia virus (MOPV). 

2. Determine which cellular functions and pathways are targeted by 

these viral NPs. 

3. Elucidate mechanisms underlying OW arenavirus pathogenicity by 

comparing host protein interactions between pathogenic and non-

pathogenic arenavirus NPs. 

4. Address the current knowledge gap in OW arenavirus NP 

interactomes beyond the well-studied lymphocytic 

choriomeningitis virus (LCMV). 
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3.4 Results 

 

3.4.1 BioID2 of MOPV NP  

Despite the minimisation of nonspecific background contaminants, it is still 

crucial to design and implement appropriate controls which will enable 

confident identification true interactors from nonspecific binding. The 

experimental control used in the PDB-MS protocol BioID2, utilises 

expression of an empty vector, MCS-BioID2-HA .  

Samples were analysed by western blot to evaluate protein expression 

levels of the transfected and immunoprecipitated arenavirus NPs. This was 

a necessary step to ascertain if the samples successfully expressed NP and 

if it was worthwhile to send them for mass-spectrometry analysis. Samples 

were analysed by western blots stained with Strep-HRP antibody, or anti-

HA antibody to stain for biotinylated proteins. Figure 3.1 shows the results 

of these western blots and that of the three NP samples, only MOPV NP-

BioID2-HA  was successfully immunoprecipitated. 
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Figure 3.1 Western blot images of BioID2 samples comparing input samples to immunoprecipitated 
(IP) samples to evaluate expression of NP stained using mouse anti-HA specific for the HA tag on the 
BioID2 vector. Western blots of biotinylated proteins  shown using StrepHRP staining and displaying 
good LASV, LUJV, and MOPV NP expression using mouse-anti-HA primary antibody (n=1) 

 

This sample, and the control sample, were sent to ASMF at the University of 

Birmingham for proteomic analysis by mass spectrometry. The non-

quantitative mass spectrometry performed by Birmingham generated data 

able to confirm or deny the presence of proteins in the sample compared to 

the control. Protein presence was decided based upon two factors: the 

presence of the protein within the MOPV NP sample and its absence in the 

control sample. The list of proteins identified as unique to the MOPV NP 

sample has been displayed as a STRING protein network in Figure 3.2. From 

this data, a list of host proteins interacting with MOPV NP was generated. 
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3.4.2 Identification of human proteins associating with MOPV 

NP  

 

The mass spectrometry returned 187 host proteins interacting with MOPV 

NP as shown in Figure 3.2 which is a proteome network generated by 

inputting the filtered mass spectrometry gene list into STRING. Settings for 

the STRING network were set to the highest stringency with a minimum 

required interaction score of 0.70 (high confidence) and only proteins that 

have been mentioned together in all mined literature and then shown to 

interact biochemically through experimentation such as co-purification, 

co-crystallisation, or yeast2hybrid have their interactions displayed as 

connecting lines. Associations are meant to be specific and meaningful, 

and proteins are shown to be jointly contributing to shared function(s); this 

does not necessarily mean that these proteins are physically binding to 

each other and directly interacting.  
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Figure 3.2 STRING proteome protein network of host interacting partners of MOPV NP. Every node in 
the network represents a protein that interacts with MOPV NP based upon the BioID2 protocol and 
subsequent mass spectrometry and downstream bioinformatics data processing. Settings for the 
STRING network were set to the highest stringency feasible and only proteins that have been 
mentioned together in all mined literature and then proven to interact biochemically through 
experimentation such as co-purification, co-crystallisation, or Yeast2hybrid have their interactions 
displayed as connecting lines. Associations are meant to be specific and meaningful, and proteins 
are shown to be jointly contributing to shared function(s); this does not necessarily mean that these 
proteins are physically binding to each other and directly interacting. Network nodes represent 
proteins and splice isoforms, or post-translational modifications are collapsed so that each node 
represents all the proteins produced by a single, protein-coding gene locus. Edges represent protein-
protein interactions and are colour coded according to type of interaction. Light blue denotes a 
known interaction from a curated database and purple is a known interaction which has been 
experimentally determined. Predicted interactions are either green for gene neighbourhood, red for 
gene fusions, or dark blue for gene co-occurrence. Other edges include light green for text-mined 
data, black for co-expression, and grey-blue for protein homology. In terms of nodes, those that are 
empty are for proteins of unknown 3D structure whereas those that are filled have some or all of their 
3D structure known or predicted.  Only proteins that are involved in interactions with other identified 
proteins and make-up a network have been visualised. Those proteins not currently known to be 
interacting with any other identified proteins have been omitted. These networks of interest have 
been labelled from I-VI. 

 

 Of the 187 identified proteins, 153 proteins are implicated in some form of 

general binding with the majority involved in RNA binding specifically. 

Further analysis of molecular functions in which these proteins are involved 

in revealed significant overlap between functions, for example, many of the 

proteins involved in RNA binding also had roles in enzyme binding. This is 

the same for the majority of proteins identified suggesting that NP is not 

only very multifunctional itself but utilises multifunctional host proteins to 

assist it in immune suppression and modulation as shown by the networks 

identified in Figure 3.2 which all contain proteins with some role in these 

pathways.   

The earlier data from the AMSF for MOPV NP shows a number of different 

mini networks when displayed as a STRING proteome (Figure 3.2). Network 

I containing PSMB2, PSM, PSMA4, ADRM1, PSMA1, and PSMC2 is highly 

interconnected, and all of these proteins have key roles in immune 

response antigen presentation by MHC class I. They are also implicated in 

the CDK5 (Cyclin-dependent kinase) pathway and some DNA repair 

mechanisms. The likely interaction of NP in this pathway involved 

modulation of the host immune response to viral infection. CDKs are 

protein kinases with roles in cell division and transcriptional regulation 
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although recently they have been shown to have vital roles in various viral 

infections (Yan et al., 2022). The CDK5 pathway is involved in many systems 

but key here is likely to be its role in the IFNγ-induced programmed death 

ligand (PD-L1) upregulation, allowing for certain cells to evade detection by 

the immune system (Shupp et al., 2017). NP is potentially interacting with 

these proteins to inhibit them from marking infected cells as aberrant and 

infected so as to avoid detection by the host innate immune response and 

enable arenavirus replication to progress unhindered. 

Another identified network with TP53 at its centre is network II which 

includes RELA, G6PD, CDK4, CDKN2A, HSPB1, DNAJB1, and STIP1, IPO9, 

IPO7, H1F0, NDRG1, HIST1H1D, FHL2, OTUB1, and PRKAG1. This subset 

has TP53 as its most multi-functional protein and connected protein here 

with roles in the Akt signalling pathway, apoptotic signalling pathway, MAPK 

signalling, and mTOR signalling; all of which involve at least one of the other 

proteins in this sub-network. The Akt signalling pathway also involves-PI3K 

and is an important mechanism through which some viruses have been 

shown to influence various cell functions to slow down apoptosis to 

prolong viral replication in both acute and persistent infections. There is 

growing evidence that Akt might be crucial for the survival of some viruses 

(Ji and Liu, 2008). Mitogen activated protein kinase (MAPK) is a major cell 

signalling pathway involved in converting extracellular stimuli into many 

different cellular responses and there is much evidence that it is activated 

by a broad range of viruses (Kumar et al., 2018). It has been shown that 

activation of the MAPK pathway is required for JUNV replication (Rodríguez 

et al., 2014) so it is likely that this pathway is also involved in promoting old 

world arenavirus replication. The mammalian target of rapamycin (mTOR) 

pathway is a key regulator of gene expression and translation as well as 

being involved in many metabolic processes. Viral infection involved often 

involves significant cellular stress which can activate, reduce, or inhibit the 

mTOR pathway to subvert this stress response and prolong viral replication 

within host cells with hospitable environments (Le Sage et al., 2016). 
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Network III including EIF5, EIF4B, EIF2S2, EIF2B1, and EIF2B2 is made up of 

different eukaryotic translation initiation factor subunits all involved in the 

EIF2 pathway. EIF2 binds GTP and Met-tRNAi to form what is called the 

ternary complex which then associates with the 40S ribosomal subunit and 

other EIF proteins to form the 43S pre-initiation complex. This signalling 

mediated by EIF2 also works to regulate pro-inflammatory cytokine 

expression and bacterial invasion (Shrestha et al., 2012).  

Network IV comprises SMC2, SMC1A, STAG2, MCM2, GINS2, DUT, FANCI, 

TK1, and GINS2. These are proteins involved in either DNA metabolic 

processes such as repair, or mitotic cell processes. This again points to NP 

regulating host cell environments to prevent any interruptions to viral 

replication caused by cell stress or death or by being recognised as infected 

by the host immune response. 

NOP56, RUVBL1, RUVBL2. DDX47, BMS1, DNTTIP2, CIRH1A, SKIV2L2, 

NCBP1, ALYREF, DVL1, DVL2, CUL3, DDB1, and CHTOP make up the larger 

network V with many proteins involved in different functions though the 

main function they all share is RNA processing in the nucleus and cytosol. 

In the context of interacting with arenavirus NP, hijacking of the host cell 

RNA processing pathways is crucial for viral RNA replication. 

TRIM25, YWHAE, YWHAG, MAVS, and ZC3HAV1, RAB35 are proteins in 

network VI that all have roles in the innate immune defence against viruses. 

Some of these proteins are the products of Interferon Stimulated Genes 

(ISGs) such as TRIM25 and ZC3HAV1 otherwise known as Zinc Antiviral 

Protein (ZAP) and have specifically antiviral functions and are key to 

interferon mediated host immune response and viral mRNA targeting and 

degradation (Zhu and Gao, 2008). MAVS is the mitochondrial antiviral 

signalling protein involved in the toll-like receptor signalling pathways, NF-

kappaβ signalling, and the intrinsic innate immunity signalling pathway. 

RAB35 is involved in autophagy and YWHAE and YWHAG have roles in the 

apoptosis and MAPK signalling pathways. Similar to many of the smaller 

two or three protein pathways, almost all the proteins in this pathway are 



151 
 

also involved in some form of host cell regulation and the role of NP appears 

to be to maintain a host cell environment that promotes viral replication 

whilst avoiding detection of infected cells by the host immune system. 

Network VI contains two proteins of interest: ZAP (ZC3HAV1) and TRIM25. 

These proteins have significant antiviral roles in other important RNA 

viruses (Tang et al., 2017, Galão et al., 2022). ZAP is able to broadly target 

and bind directly to the viral mRNA of a broad range of many RNA viruses 

and TRIM25 is a very important cofactor of ZAP (Li et al., 2017), as well as 

being directly antiviral by itself due to its role in the RIG-I pathway to trigger 

IFN-I expression upon viral infection (Choudhury et al., 2022). The nuclear 

form of TRIM25 has been implicated in having direct antiviral activity 

against Influenza A vRNP (Meyerson et al., 2017). Both of these proteins 

also work in conjunction to target the Ebola virus ribonucleoprotein to 

mediate interferon-induced restriction (Galão et al., 2022). ZAP has also 

been shown to inhibit HIV-1 infection by selectively targeting multiply 

spliced viral mRNAs for degradation (Zhu et al., 2011). Both ZAP and TRIM25 

have been identified in other arenavirus NP interactomes but no further 

research has been done on them in the context of arenaviruses (King et al., 

2017a). As such, this subset within my identified network is what I will focus 

on for my research and I will use live MOPV infection as a LASV infection 

homologue to validate their roles within arenavirus infection. To investigate 

the differences and/or similarities between both pathogenic arenavirus NP 

interactions and non-pathogenic arenavirus NP interactions, we performed 

BioID2 and LFQ-MS using the University of Liverpool Centre for Proteome 

Research to provide quantitative data on NP-host interactions.  
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3.4.3 BioID2 and mass spectrometry of LASV, LUJV, and MOPV 

NP using label-free quantification (LFQ) 

Validation of the MOPV NP interactome was necessary, as was identifying 

host interactomes for LASV NP and LUJV NP. The BioID2 protocol was used 

again although optimisations were made to improve transfection efficiency 

of NP constructs and generate increased NP expression as well as 

decreasing the total time taken for the protocol as no expansion step was 

required. Optimisations included starting the process from a much larger 

foundation; 8x10cm dishes of HEK293T cells were set up per construct 

(Control, LASV, LUJV, MOPV NP) and 20µg of DNA was transfected into each 

dish. No G418 antibiotic selection was used. The lysis step was altered to 

be longer, and cells were lysed for an hour on a rolling platform at 4°C and 

the sonication step was removed. 

Expression and successful immunoprecipitation of arenavirus NP is shown 

by western blot in figure 3.3. All three arenavirus NP samples (LASV, LUJV, 

and MOPV NP) showed good levels of expression and immunoprecipitation 

as shown by the HA blot in Figure 3.3 and biotinylation was successful as 

shown by the StrepHRP blot.  Based on these results it was decided that the 

immunoprecipitated samples should be sent for proteomic analysis by 

mass spectrometry. 
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 Figure 3.3 Western blots of BioID2 samples analysing NP expression by immunoprecipitation prior 
to sending off for mass-spectrometry. The top blot was stained using anti-StrepHRP conjugated 
antibody requiring no secondary antibody and the bottom blot was stained using   anti-HA raised in 
mice and anti-mouse secondary antibody. The red arrows point to the band for the arenavirus NP 
within the BioID2-HA vector. The total molecular weight of the BioID2 vector (27kDa), HA tag (1.1kDa) 
and arenavirus NP (63-68kDa) is approximately 91.1-96.1kDa. The input samples were taken from 
the cleared supernatant after cell lysates were centrifuged but prior to addition of streptactin 
Sepharose beads and the IP samples are taken from the bead samples post pulldown. (A) 
Represents replicate 1 (B) Represents replicate 2 (C) Represents replicate 4. Samples were prepared 
in quadruplicate but poor NP expression in replicate 3 indicated that it was not worthwhile sending 
off for analysis by MS. (D) Western blot of BioID2 samples from Replicate 1 stained for endogenous 
ZAP or endogenous TRIM25 (n=3). 
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The subsequent raw mass spectrometry data from the Liverpool Centre for 

Proteomics was processed using MaxQuant which is a software package 

commonly used for quantitative proteomics, as the data was label-free, the 

MaxLFQ label free quantification module integrated into MaxQuant was 

used. This processed data was then analysed using FragPipe-Analyst which 

is an interactive web application allowing differential expression analysis 

compatible with LFQ data and based upon the original LGQ-Analyst code. 

This analysis resulted in 66 out of 1252 significant features with 5.27% of 

features differentially expressed across all conditions (Control, LASV NP, 

LUJV NP, and MOPV NP). This data and the variation both between 

replicates and between conditions can be seen in the exploratory analysis 

and quality control plots which are shown in figure 3.4A, B, and C. The PCA 

plot in figure 3.4A depicts feature abundance levels from across all sample 

runs used to determine the principal axes of abundance variation. The 

difference seen between conditions is expected due to the hypothesis that 

each NP strain will have different interactomes and each will be different 

from the control. What’s interesting is the information the PCA plot  

between replicates, the LASV NP samples have the most variation. whilst 

the control sample replicates and the MOPV samples replicates have the 

lowest amount of variation. Although for the Control, LUJV, and MOPV NP 

sample replicates there exists an outlier replicate indicating significant 

difference to the other replicates in close proximity (and therefore close 

similarity). This difference observed between replicates for a given sample 

has been factored into the down-stream statistical analysis performed by 

the FragPipe-Analyst affecting the stringency applied to proteins identified 

as interacting with NP or not. 
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Figure 3.4 Exploratory analysis and Quality control plots. (A) Principal Component Analysis 
(PCA) plot, with principal component 1 on the x-axis and principal component 2 on the y-
axis. feature abundance levels shown in the PCA plot are from across all sample runs and 
are used to determine the principal axes of abundance variation. This style of plotting the 
data allows for separation of the run samples according to abundance variations and is 
very useful in identifying outliers in the data in an easy to visualise style. Features that are 
close together do not show much variation and vice versa, with the greatest difference 
between samples represented by greater distance between features. By plotting replicates 
as well as features in a biplot we are able to show which features are contributing to the 
difference between runs and thus can more easily interpret the relationship between 
experimental groups and features with runs on the positive side of the axes having high 
abundance values for the feature whilst runs on the negative side have low abundance 
values. It’s key to note that the closer the run is to the axis, the more the influence of this 
feature for that run position. (B) Sample Coefficient of variation (CVs) C) Sample matrix of 
Pearson correlation coefficients between all pairs of the 12 spectra generated for 
assessing analytical reproducibility presented in the form of a heatmap. Each column and 
row represents a spectrum. The Pearson correlation coefficient between two spectra is 
graphically indicated by a colour code which has a gradient ranging from green (highest 
correlation) to dark blue (lowest correlation). 

 

The coefficient of variation plots shown in Figure 3.4B informs on the 

measure of dispersion and relative measure of variability of the samples. 

Comparisons of how close multiple measurements from different samples 

are to each other. Lower correlation of variance equate to lower deviation 

compared to the mean and thus mean increased reproducibility and 

increased data quality. The median across all of the samples in the data set 

is under 40% which can be considered a low value. This indicates that the 

data is of good quality. Figure 3.4C shows a Pearson correlation graph; in 

this graph the relationship between two variables is generally considered 

strong when their r value is larger than 0.7. As all minimum value for the 

graph displayed in Figure 3.4C is 0.85 this indicates that all the samples 

have high similarity. This is to be expected due to the large number of 

proteins identified that match across all samples, the data of interest here 

is that showing dis-similarity as this indicates differences in the data 

pertaining to differences in proteins identified to be interacting with each 

condition. 

Figure 3.5 represents missing value handling within the data. It is rare that 

mass spectrometry returns observations for the same numbers of proteins 

in all replicated experiments. This means that more often than not there will 
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be missing values for some proteins when analysing all of the experiments 

together. There are a couple of options for handling these missing values: 

one can either; only analyse the proteins that we have observations for in 

all of our experiments; or one can impute values for the missing values from 

existing observations. Each method has its limitations and extensive study 

of various imputation and imputation free methods is ongoing (Wei et al., 

2018, Taylor et al., 2022). In the experiments, a Perseus-type imputation 

was used to fill in the missing values. Figure 3.5A and 3.5B represent the 

missing data for each protein and also the difference that imputation made 

when applied. This method of data normalisation allows for statistical 

inference by accounting for run-to-run variations. Figure 3.5B is a graph of 

the protein data for all assays plotted as distributions; by considering our 

proteomics data as a distribution of values where there is one value for the 

concentration of each protein in our experiment that when put together 

forms the overall distribution in our sample. Figure 3.6 represents the 

number of features analysed across each sample and shows the difference 

between number of identified features. The western blots in Figure 3.1 may 

provide some explanation for the differences in identified feature numbers 

across samples it can be seen that there are differences in expression levels 

of proteins pulled down alongside NP during the BioID2 protocol. The 

relative differences in NP expression of each strain between different 

samples may cause variations in which interactions are identified. For 

example, Figure 3.1A shows stronger expression of MOPV NP in replicate 1 

compared with 3.1B for replicate 2 and this correlates to the bars shown in 

Figure 3.6 where there are more features identified in MOPV replicate 1 than 

in replicate 
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Figure 3.5  (A) Missing value Heatmap ; A heatmap for proteins with missing value in one or more 
dataset. Each row represent a protein with missing value in one or more replicate. Each replicate is 
clustered based on presence of missing values in the sample which are seen as zero values in the 
mass spectrometry data used to generate these figures. (B) Missing value distribution: Protein 
expression distribution before and after imputation. The plot showing the effect of imputation on 
protein expression distribution. (A) represents the values without imputed values B) represents 
imputed values taken into account.  
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Figure 3.6 Proteomics Experiment Summary. (A) shows proteins quantified per sample (after pre-
processing). Each bar represents a different biological replicate that was sampled and depicts the 
differences in peptide features identified between each sample. 

3.4.4 Old World group arenavirus NP host interactome 

Figure 3.7 shows a heatmap representing analysis of differential expression 

and results. Heatmaps allow for understanding of the relations between 

both proteins and between samples and can be used similar to PCA plots 

to evaluate sample similarity. However, heatmaps are different to PCA plots 

in that they are based directly on the distance between the untransformed 

protein quantifications within each sample and the heatmap dendrogram 

is built based on this information. The distances represent a measure of 

similarity where proximity represents similarity and dissimilarity increase 

with distance. The heatmap dendrogram includes branches of similar 

samples being grouped together and shows which groups of proteins in the 

samples have similar abundance patterns. From the heatmap displayed in 

Figure 3.7 there are both significant differences and similarities between 

the conditions. The clustering along the top of the heatmap indicates that 

the three NP samples are very different from the control samples shown by 

the low intensity cluster in the top right. This is likely due to the enrichment 

of proteins from interaction with NP and indicates the different 



160 
 

interactomes identified. Most of the bottom cluster of features have 

significantly lower abundances in LASV, LUJV, and the control samples 

when compared with MOPV NP.  

 

Figure 3.7 Differential expression analysis and results plots represented as a heatmap; a plot 
showing an overview of expression of all significant (differentially expressed) proteins (rows) in all 
samples comparing the MCS-BioID2-HA control, LASV-, LUJV-, and MOPV-NP-BioID2-HA with each 
other across all replicates (columns).  

Figures 3.8 and 3.9 in this set are volcano plots comparing arenavirus 

strains against both control and each other. It is important to note that 

protein abundance levels are represented in these volcano plots, but that 

increased abundance may not correlate to increased importance of that 

identified host protein to the function of arenavirus NP. Proteins with low 

expression may still have potent effects and be highly impactful upon the 

host cell and/or virus. Volcano plots are used as visual tools because 

generally, the minimal comparative experiment spans two conditions with 

n biological replicates each. In the experiment, for example, three 

conditions each with three biological replicates were compared. The 

standard analysis workflow for this involves performing multiple hypothesis 

corrected two-sample (Student’s T-) tests (Young et al., 1987, Krzywinski 

and Altman, 2014a, Krzywinski and Altman, 2014b). Thus, as the multiple 
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hypothesis correction is essential to any proteomics experiment, p-values 

can seem to be significant due to chance when thousands of comparisons 

from the same dataset are being made. By plotting the negative log10 of the 

corrected p-value against the difference in log-space for each protein a 

volcano plot is produced. The volcano plot y axis show how statistically 

significant the protein abundance differences are with more statistically 

significant protein abundances being towards the top of the plot (lower p-

values). The x axis represents how big the difference in protein abundance 

is (fold change) in which a positive fold change means the protein is more 

abundant in the condition on the right of the graph (group A) compared to 

that on the left (group B). A negative fold change means the protein is more 

abundant in group A compared to group B and a fold change near zero 

means there is no significant difference in protein abundance. For example, 

in Figure 3.8A of Control vs LASV NP, the most statistically significant gene 

is CCT4 as it is the highest on the plot but the largest difference in protein 

abundance is NOD2 which has the largest differential fold change in the 

LASV NP sample when compared to the control sample but as is it a 

negative fold change it shows that NOD2 abundance is greatly increased in 

the LASV NP sample compared to its abundance levels in the control 

sample. In Figures 3.8 and 3.9 ZC3HAV1 (ZAP) and TRIM25 have been 

highlighted. ZAP and TRIM25 were selected as interacting host factors of 

arenavirus NP due to their conservation across multiple arenavirus 

proteomes (LASV, LUJV, etc.), known roles in antiviral responses (e.g. Ebola, 

Influenza), and experimentally validated interactions (Zheng et al, 2017; Li 

et al. 2017). Their unexplored role in arenavirus infection warrants further 

investigation which is the focus of later chapters.     

jnohohoooooooooooooooooooooooooooooooooooooooooooooooooooo

oooooooooooooooooooooooooooooooooooooooo                                                                                                                                                 
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Figure 3.8 Volcano plots of differences from NPs to control with the x-axis as Log2 fold 
changes, revealing protein expression alterations and Y-axis is the negative logarithm of p-
values, signifying statistical significance. The observations are signal intensity 
measurements from the mass spectrometer and these intensities relate to the amount of 
protein in each experiment and under each condition. Fold changes are ratios where a 
value larger than 1 for a protein implies that protein expression was greater after the 
treatment. It is important to note that ratios are not symmetrical around 1 so it can be 
difficult to observe both changes in the forwards and backwards directions however when 
transforming ratios on a log scale, the scale then becomes symmetrical around 0 and it is 
possible to observe the ratios in terms of positive, negative, or no-change. Plotting values 
onto a log scale allows for visualisation of small or large magnitude changes. (A) volcano 
plot comparing control sample vs LASV NP sample B) volcano plot comparing control 
sample vs LUJV NP sample A) volcano plot comparing control sample vs MOPV NP 
sample. TRIM25 and ZC3HAV1 (ZAP) are highlighted on the plots displaying the fold change 
compared between conditions. 
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Figure 3.9 Volcano plots of differences between NPs with the x-axis as Log2 fold changes, revealing 
protein expression alterations and Y-axis is the negative logarithm of p-values, signifying statistical 
significance. A) volcano plot comparing LASV NP sample vs LUJV NP B) volcano plot comparing LASV 
NP sample vs MOPV NP C) volcano plot comparing LUJV NP sample vs MOPV NP sample. TRIM25 
and ZC3HAV1 (ZAP) are highlighted on the plots displaying the fold change compared between 
conditions. 
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3.4.5 Conserved cellular processes targeted by arenavirus NP 

 

The proteins showing conserved interactions with the pathogenic Old 

World arenavirus NP are of the most interest as these could potentially 

represent highly conserved aspects of arenavirus biology crucial to their 

pathogenesis. Similarly, the differences and non-conserved interactions 

between the non-pathogenic MOPV NP and the highly pathogenic LASV and 

LUJV could shed light on which mechanisms and pathways are required for 

arenaviruses to cause disease in humans. STRING was used to build 

networks from the MS data for each arenavirus NP strain (as shown in figure 

3.11) and using these and the data from figure 3.10  shows how many 

proteins are unique to each strain compared to each other and the control. 

From this information a clearer picture of the similarities and differences of 

interest can be constructed. 
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Figure 3.10  (A) Venn diagram showing overlap of protein sets identified from each condition. B) 
shows the number of proteins in each set that overlap B) shows the percentage of total proteins 
identified that overlap for each set (Heberle et al., 2015) (B) Upset plot visualising the intersections 
between our protein sets in the matrix; the columns correspond to the sets and the rows to the 
intersections. features and UpSet plot. UpSet plots have been shown to perform better than Venn 
diagrams when using larger numbers of sets and for when you want to show more contextual 
information about set intersections. The UpSet plot was created using https://www.chiplot.online/ 
(accessed 17/11/2024)  

 

B 

A 

https://www.chiplot.online/
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There is a highly conserved network across all three arenavirus NP strains: 

hCG_1984214, PTCD3, DAP3, MRPS31. MRPL42, MRPL39, MRPS30, 

MRPS23, and MRPS25 seen in figure 3.11. These proteins are all heavily 

involved in mitochondrial translation and have molecular functions in RNA 

binding and most of these proteins are structural constituents of 

mitochondrial ribosomes. Mitochondria are known to play vital roles in 

mediating innate immunity and so it is unsurprising that viruses evolve 

methods to counteract normal mitochondrial function. There is evidence 

that arenavirus NP enters the mitochondria of infected cells and affects 

their morphological integrity (Baggio et al., 2021). The proteins identified are 

involved in all aspects of mitochondrial translation, initiation, elongation, 

and termination. It is thought that targeting the mitochondria is done to 

complement interferon antagonism by NP and also to alter the metabolic 

state of infected cells. 
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Figure 3.11 STRING proteome network of host interacting partners of; A) LASV NP B) LUJV 
NP and C) MOPV NP. Identified using data acquired by MS by Liverpool. All of these 
interacting proteins were present in the MOPV NP samples but not present in the Control 
samples Every node in the network represents a protein that interacts with MOPV NP 
based upon the BioID2 protocol and subsequent mass spectrometry and downstream 
bioinformatics data processing. Settings for the STRING network were set to the highest 
stringency feasible and only proteins that have been mentioned together in all mined 
literature and then proven to interact biochemically through experimentation such as co-
purification, co-crystallisation, or Yeast2hybrid have their interactions displayed as 
connecting lines. Associations are meant to be specific and meaningful, and proteins are 
shown to be jointly contributing to shared function(s); this does not necessarily mean that 
these proteins are physically binding to each other and directly interacting. Network nodes 
represent proteins and splice isoforms, or post-translational modifications are collapsed 
so that each node represents all the proteins produced by a single, protein-coding gene 
locus. Edges represent protein-protein interactions and are colour coded according to 
type of interaction. Light blue denotes a known interaction from a curated database and 
purple is a known interaction which has been experimentally determined. Predicted 
interactions are either green for gene neighbourhood, red for gene fusions, or dark blue for 
gene co-occurrence. Other edges include light green for text-mined data, black for co-
expression, and grey-blue for protein homology. In terms of nodes, those that are empty 
are for proteins of unknown 3D structure whereas those that are filled have some or all of 
their 3D structure known or predicted. 
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3.4.6 Differences between arenavirus NP strain host 

interactomes 

 

Investigating the differences between which proteins and pathways are 

targeted by the different strains of arenavirus NP is just as important as 

understanding the similarities, as these differences may hold crucial 

information about what specifically causes increased pathogenicity. Figure 

3.12 – 3.14 show STRING proteome networks built from proteins completely 

unique to each arenavirus NP. These also include information about the 

enriched biological pathways associated with each network. 

LASV NP has 21 proteins uniquely interacting with it that are not present in 

the control samples, LUVJ NP samples, or MOPV NP samples (Figure 3.12). 

The rest of the proteins appear to have varied roles in promoting and 

maintaining cell health and homeostasis listed in table 3.2. 
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Figure 3.12  Enriched network for unique interactors of LASV NP. A) STRING proteome network of 
totally unique host interacting partners of LASV NP identified using data acquired by MS by Liverpool. 
Every node in the network represents a protein that interacts with LASV NP based upon the BioID2 
protocol and subsequent mass spectrometry and downstream bioinformatics data processing. 
Settings for the STRING network were set to the highest stringency feasible and only proteins that 
have been mentioned together in all mined literature and then proven to interact biochemically 
through experimentation such as co-purification, co-crystallisation, or Yeast2hybrid have their 
interactions displayed as connecting lines. Associations are meant to be specific and meaningful, 
and proteins are shown to be jointly contributing to shared function(s); this does not necessarily 
mean that these proteins are physically binding to each other and directly interacting. Network nodes 
represent proteins and splice isoforms, or post-translational modifications are collapsed so that 
each node represents all the proteins produced by a single, protein-coding gene locus. Edges 
represent protein-protein interactions and are colour coded according to type of interaction. Light 
blue denotes a known interaction from a curated database and purple is a known interaction which 
has been experimentally determined. Predicted interactions are either green for gene 
neighbourhood, red for gene fusions, or dark blue for gene co-occurrence. Other edges include light 
green for text-mined data, black for co-expression, and grey-blue for protein homology. In terms of 
nodes, those that are empty are for proteins of unknown 3D structure whereas those that are filled 
have some or all of their 3D structure known or predicted. B) Visualisation of functional enrichment 
for the protein network generated by STRING.  

 

MRI1 Methylthioribose-1-phosphate isomerase; Catalyzes the 

interconversion of methylthioribose-1-phosphate (MTR-1-P) into 

methylthioribulose-1-phosphate (MTRu-1-P). Independently from 

catalytic activity, promotes cell invasion in response to 

constitutive RhoA activation by promoting FAK tyrosine 

phosphorylation and stress fibre turnover.  

ACOT8 Acyl-coenzyme A thioesterase 8; Acyl-coenzyme A (acyl-CoA) 

thioesterases are a group of enzymes that catalyse the hydrolysis 

of acyl-CoAs to the free fatty acid and coenzyme A (CoASH), 

providing the potential to regulate intracellular levels of acyl-CoAs, 

free fatty acids and CoASH.  

EIF3E Eukaryotic translation initiation factor 3 subunit E; Component of 

the eukaryotic translation initiation factor 3 (eIF-3) complex, which 

is required for several steps in the initiation of protein synthesis.  

RBM25 RNA-binding protein 25; RNA-binding protein that acts as a 

regulator of alternative pre-mRNA splicing. Involved in apoptotic 

cell death through the regulation of the apoptotic factor BCL2L1 

isoform expression.  

CHTF18 Chromosome transmission fidelity protein 18 homolog; 

Chromosome cohesion factor involved in sister chromatid 

cohesion and fidelity of chromosome transmission.  
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LPCAT1 Lysophosphatidylcholine acyltransferase 1; Possesses both 

acyltransferase and acetyltransferase activities.  

SLC35F6 Solute carrier family 35 member F6; Involved in the maintenance 

of mitochondrial membrane potential in pancreatic ductal 

adenocarcinoma (PDAC) cells.  

AP3M1 AP-3 complex subunit mu-1; Part of the AP-3 complex, an adaptor-

related complex which is not clathrin-associated. The complex is 

associated with the Golgi region as well as more peripheral 

structures. It facilitates the budding of vesicles from the Golgi 

membrane and may be directly involved in trafficking to 

lysosomes.  

AFDN Afadin; Belongs to an adhesion system, probably together with the 

E- cadherin-catenin system, which plays a role in the organization 

of homotypic, interneuronal and heterotypic cell-cell adherens 

junctions. 

 

 

  

ACADSB Short/branched chain specific acyl-CoA dehydrogenase, 

mitochondrial; may play a role in controlling the metabolic flux of 

valproic acid in the development of toxicity of this agent 

LRRC40 Leucine-rich repeat-containing protein 40 

PSMB2 Proteasome subunit beta type-2; Component of the 20S core 

proteasome complex involved in the proteolytic degradation of 

most intracellular proteins. This complex plays numerous 

essential roles within the cell by associating with different 

regulatory particles.  

FLG2 Filaggrin-2; Essential for normal cell-cell adhesion in the cornified 

cell layers. Important for proper integrity and mechanical strength 

of the stratum corneum of the epidermis 

XPO1 Exportin-1; Mediates the nuclear export of cellular proteins 

(cargos) bearing a leucine-rich nuclear export signal (NES) and of 

RNAs.  
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MDK Midkine; Secreted protein that functions as cytokine and growth 

factor and mediates its signal through cell-surface proteoglycan 

and non- proteoglycan receptors.  

EBP 3-beta-hydroxysteroid-Delta(8),Delta(7)-isomerase; Catalyses the 

conversion of Delta(8)-sterols to their corresponding Delta(7)-

isomers. 

ZNF592 Zinc finger protein 592; May be involved in transcriptional 

regulation 

RPL11 60S ribosomal protein L11; Component of the ribosome, a large 

ribonucleoprotein complex responsible for the synthesis of 

proteins in the cell.  

Table 3.2 Unique host proteins interacting with LASV NP and their functions 
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Figure 3.13 STRING proteome network of totally unique host interacting partners of LUJV NP 
identified using data acquired by MS by Liverpool.  

 

COX15 Cytochrome c oxidase assembly protein COX15 homologue; 

May be involved in the biosynthesis of heme A.  

EXOC4 Exocyst complex component 4; Component of the exocyst 

complex involved in the docking of exocytic vesicles with fusion 

sites on the plasma membrane.  

MAPKAP1 Target of rapamycin complex 2 subunit MAPKAP1; Subunit of 

mTORC2, which regulates cell growth and survival in response 

to hormonal signals.  

PRKACA cAMP-dependent protein kinase catalytic subunit alpha; 

Phosphorylates a large number of substrates in the cytoplasm 

and the nucleus.  

STK4 Serine/threonine-protein kinase 4 18kDa subunit; Stress-

activated, pro-apoptotic kinase which, following caspase-

cleavage, enters the nucleus and induces chromatin 

condensation followed by internucleosomal DNA fragmentation. 

Key component of the Hippo signaling pathway which plays a 

pivotal role in organ size control and tumor suppression by 

restricting proliferation and promoting apoptosis.  

 CDCA8 Borealin; Component of the chromosomal passenger complex 

(CPC), a complex that acts as a key regulator of mitosis.  
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RFC4 Replication factor C subunit 4; This subunit may be involved in 

the elongation of the multi-primed DNA template.  

PALLD Palladin; Cytoskeletal protein required for organization of normal 

actin cytoskeleton. Roles in establishing cell morphology, 

motility, cell adhesion and cell-extracellular matrix interactions 

in a variety of cell types. May function as a scaffolding molecule 

with the potential to influence both actin polymerization and the 

assembly of existing actin filaments into higher-order arrays.  

BCL7A B-cell CLL/lymphoma 7 protein family member A; BAF 

chromatin remodelling complex subunit BCL7A.  

Table 3.3 Unique host proteins interacting with LUJV NP and their functions 

 

LUJV NP only has 9 proteins uniquely interacting with it and no functionally 

enriched pathways or biological functions as yet discovered. Most of these 

proteins have roles in either DNA processing and mitosis, cell structure via 

regulation of actin cytoskeleton, or modulating cellular stress factors to 

keep the cell presenting as healthy and promote viral replication as seen in 

table 3.3. 

MOPV NP has 31 uniquely interacting proteins identified with several 

functionally enriched processes and molecular functions (figure 3.14). 

Most of the proteins are involved in cellular component organisation or 

biogenesis and have roles in ADP and RNA binding as well as heterocyclic 

and organic cycling compound binding as seen in table 3.4. This can also 

be seen from the functionally enriched biological processes identified by 

STRING analysis; many of the identified proteins have roles in methyl-

guanosine de-capping. Capping of mRNA is essential for efficient gene 

expression and cell viability and that MOPV NP interacts with so many 

proteins involved in this function indicates this may be a major target for the 

virus although this is a significant difference to what can be seen in the 

processes that LASV and LUJV NP appear to target. 
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Figure 3.14 STRING proteome network of totally unique host interacting partners of MOPV NP. 
identified using data acquired by MS by Liverpool. B) Visualisation of functional enrichment for the 
protein network generated by STRING. 

A 

B 
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ST13 Hsc70-interacting protein; One HIP oligomer binds the ATPase 

domains of at least two HSC70 molecules dependent on 

activation of the HSC70 ATPase by HSP40.  

MTREX Exosome RNA helicase MTR4; Catalyzes the ATP-dependent 

unwinding of RNA duplexes with a single-stranded 3' RNA 

extension. Central subunit of many protein complexes, namely 

TRAMP-like, nuclear exosome targeting (NEXT) and poly(A) tail 

exosome targeting (PAXT).  

AARS2 Alanine-tRNA ligase, mitochondrial; Catalyzes the attachment of 

alanine to tRNA(Ala) in a two- step reaction: alanine is first 

activated by ATP to form Ala-AMP and then transferred to the 

acceptor end of tRNA(Ala).  

VPS35L VPS35 endosomal protein sorting factor-like; Acts as component 

of the retriever complex.  

COG3 Conserved oligomeric Golgi complex subunit 3; Involved in ER-

Golgi transport.  

POMT2 Protein O-mannosyl-transferase 2; Transfers mannosyl residues 

to the hydroxyl group of serine or threonine residues. 

Coexpression of both POMT1 and POMT2 is necessary for 

enzyme activity, expression of either POMT1 or POMT2 alone is 

insufficient.  

FAF2 FAS-associated factor 2; Plays an important role in endoplasmic 

reticulum-associated degradation (ERAD) that mediates 

ubiquitin-dependent degradation of misfolded endoplasmic 

reticulum proteins.  

RAB10 Ras-related protein Rab-10; The small GTPases Rab are key 

regulators of intracellular membrane trafficking, from the 

formation of transport vesicles to their fusion with membranes.  

DCP1B mRNA-decapping enzyme 1B; May play a role in the degradation 

of mRNAs, both in normal mRNA turnover and in nonsense-

mediated mRNA decay.  

PATL1 Protein PAT1 homolog 1; RNA-binding protein involved in 

deadenylation-dependent decapping of mRNAs, leading to the 
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degradation of mRNAs. Acts as a scaffold protein that connects 

deadenylation and decapping machinery.  

RAB6A Ras-related protein Rab-6A; Protein transport. Regulator of 

membrane traffic from the Golgi apparatus towards the 

endoplasmic reticulum (ER). Ha 

CHORDC1 Cysteine and histidine-rich domain-containing protein 1; 

Regulates centrosome duplication, probably by inhibiting the 

kinase activity of ROCK2. Proposed to act as co-chaperone for 

HSP90. May play a role in the regulation of NOD1 via a HSP90 

chaperone complex.  

H1-10 Histone H1x; Histones H1 are necessary for the condensation of 

nucleosome chains into higher-order structures.  

SF3B1 Splicing factor 3B subunit 1; Involved in pre-mRNA splicing as a 

component of the splicing factor SF3B complex.  

SNTB2 Beta-2-syntrophin; Adapter protein that binds to and probably 

organizes the subcellular localization of a variety of membrane 

proteins. May link various receptors to the actin cytoskeleton 

and the dystrophin glycoprotein complex. May play a role in the 

regulation of secretory granules via its interaction with PTPRN.  

CPSF7 Cleavage and polyadenylation specificity factor subunit 7; 

Component of the cleavage factor Im (CFIm) complex that 

functions as an activator of the pre-mRNA 3'-end cleavage and 

polyadenylation processing required for the maturation of pre-

mRNA into functional mRNAs.  

STIP1 Stress-induced-phosphoprotein 1; Acts as a co-chaperone for 

HSP90AA1. Mediates the association of the molecular 

chaperones HSPA8/HSC70 and HSP90. 

SMARCAD1 ATP-dependent helicase 1; DNA helicase that possesses 

intrinsic ATP-dependent nucleosome-remodeling activity and is 

both required for DNA repair and heterochromatin organization.  

MYH10 Myosin-10; Cellular myosin that appears to play a role in 

cytokinesis, cell shape, and specialized functions such as 

secretion and capping.  
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ADNP Activity-dependent neuroprotector homeobox protein; Potential 

transcription factor. May mediate some of the neuroprotective 

peptide VIP-associated effects involving normal growth and 

cancer proliferation.  

POLR3A DNA-directed RNA polymerase III subunit RPC1; DNA-

dependent RNA polymerase catalyzes the transcription of DNA 

into RNA using the four ribonucleoside triphosphates as 

substrates.  

SAR1A GTP-binding protein SAR1a; Involved in transport from the 

endoplasmic reticulum to the Golgi apparatus. Required to 

maintain SEC16A localization at discrete locations on the ER 

membrane perhaps by preventing its dissociation.  

CUL4A Cullin-4A; Core component of multiple cullin-RING-based E3 

ubiquitin- protein ligase complexes which mediate the 

ubiquitination of target proteins. As a scaffold protein may 

contribute to catalysis through positioning of the substrate and 

the ubiquitin-conjugating enzyme.  

SUGT1 Protein SGT1 homolog; May play a role in ubiquitination and 

subsequent proteasomal degradation of target proteins. 

NAP1L4 Nucleosome assembly protein 1-like 4; Acts as histone 

chaperone in nucleosome assembly. 

ARAP1 Arf-GAP with Rho-GAP domain, ANK repeat and PH domain-

containing protein 1; Phosphatidylinositol 3,4,5-trisphosphate-

dependent GTPase- activating protein that modulates actin 

cytoskeleton remodeling by regulating ARF and RHO family 

members.  

TAF6 Transcription initiation factor TFIID subunit 6; TIIFD is multimeric 

protein complex that plays a central role in mediating promoter 

responses to various activators and repressors. 

VPS52 Vacuolar protein sorting-associated protein 52 homolog; Acts as 

component of the GARP complex that is involved in retrograde 

transport from early and late endosomes to the trans-Golgi 

network (TGN).  
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ERBIN Erbin; Acts as an adapter for the receptor ERBB2, in epithelia. By 

binding the unphosphorylated 'Tyr-1248' of receptor ERBB2, it 

may contribute to stabilize this unphosphorylated state. Inhibits 

NOD2-dependent NF-kappa-B signaling and proinflammatory 

cytokine secretion. 

MYO9B Unconventional myosin-IXb; Myosins are actin-based motor 

molecules with ATPase activity. Unconventional myosins serve in 

intracellular movements. Binds actin with high affinity both in 

the absence and presence of ATP and its mechanochemical 

activity is inhibited by calcium ions.  

EDC3 Enhancer of mRNA-decapping protein 3; Binds single-stranded 

RNA. Involved in the process of mRNA degradation and in the 

positive regulation of mRNA decapping. May play a role in 

spermiogenesis and oogenesis.  

Table 3.4 Unique host proteins interacting with MOPV NP and their functions 

 

Important to include in this analysis is the ranked data provided by MS 

which provides information regarding relative protein abundance in our 

samples compared to each other. This will allow comparison of proteins 

present in different strains of NP with statistically significant changes in 

abundance which may indicate importance to the pathogenesis of that viral 

strain. Figure 3.8 and 3.9 (A-C) identifies many proteins of potential interest. 

When comparing LASV NP to MOPV NP, NOD2 immediately stands out as 

the protein with the biggest abundance increase in LASV as well as being 

the most statistically significant. This protein forms a multiprotein complex 

with NOD1 to create the NODosome which is crucial to interferon and NF-

κB signalling following viral infection (Coutermarsh-Ott et al., 2016). It is 

possible that as MOPV is not human pathogenic that this pathway does not 

need to be stimulated to prevent infection hence the abundance difference 

however we see a similar abundance difference in Figure 3.12A between 

LASV and LUJV where NOD2 abundance is greatly increased in LASV. 

Despite only one known LUJV outbreak historically occurring, an 80% 
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fatality rate indicates that LUJV is much more pathogenic that LASV and 

perhaps is able to subvert the NOD2 immune stimulated pathways or 

modulate NOD2 to prevent this aspect of the host immune response 

therefore allowing much more uncontrolled viral replication and higher 

fatality rate.  

Combining the information provided by non-quantitative data of unique 

interacting partners with different NP strains and the quantitative ranked 

data of protein abundance changes between strains allows for a much 

clearer picture of what may be behind arenavirus pathogenicity to be built.  

 

3.5 Discussion 

 

There has been relatively little research into arenavirus protein proteomes, 

and the majority of this research has focused on the arenavirus polymerase. 

So far, the only the OW group LCMV and NW group JUNV have any published 

research into the NP proteomes (King et al., 2017a, Iwasaki et al., 2018). The 

research by (King et al., 2017a) involved infection of cells with either LCMV 

strain Armstrong 53b or JUNV strain Candid# #1 and subsequent 

immunoprecipitation from cell lysates using an NP-specific monoclonal 

antibody. These immune complexes were then separated by SDS-PAGE, 

stained with Coomassie blue for NP visualisation, digested by trypsin and 

extracted for liquid chromatography-tandem mass spectrometry (LC-

MS/MS). A total of 509 human proteins were identified as associating with 

JUNV NP and a total of 348 identified as associating with LCMV NP. 

Comparisons of the two groups of proteins showed that 275 were 

conserved interactors between both JUNV and LCMV NP (King et al., 

2017b).  

Analysis of the published research therefore identified a gap in knowledge. 

Whilst LCMV NP had available proteomic data, no other OW group 

mammarenavirus NP had been investigated, nor had any non-pathogenic 
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strains been analysed for pathogenicity comparisons. That there has been 

little research into arenavirus protein host interactomes also presents a 

challenge in selecting which proteins identified by the mass spectrometry 

to further investigate. Limited funding and time mean that careful selection 

of suitable proteins is crucial. The analysis identifying protein networks 

using STRING allowed for easy visualisation of subsets of proteins 

interacting with each other in mini networks related to molecular and 

biological function and proven by co-expression experiments. STRING 

analysis of the interaction between nodes also provided useful information 

about each protein and any relevant literature.  

In this chapter, a total of 187 host proteins were initially identified as 

interacting partners of Mopeia mammarenavirus (MOPV) with further mass 

spectrometry analysis using label-free quantification methods to generate 

ranked lists validating the MOPV NP data and generating data for the host 

interactomes of LASV and LUJV NP. Through cross-referencing the 

proteomes for MOPV, LASV, and LUVJ NP we get the following proteins that 

are conserved:  

DAP3, VBP1, MRPS25, PTCD3, LSM14B, SETD5, EIF4, ENIF1, VPS45, 

MRPL39, EIF3L, NUDC, NOP16, MYL12B, EIF3G, EXOSC9, TRIM25, IPO4, 

DDX1, RBSN, HSPE1, PFDN2, and ZC3HAV1 (ZAP). This still presents a large 

set of proteins to investigate. Through comparing this list of proteins with 

interactomes in published literature for LCMV and JUNV NP (which 

identified 275 conserved potential interactors of NP (King et al., 2017b)), we 

find that just three proteins are conserved; TRIM25, ZAP, and DDX1.  

Only Zinc antiviral protein (ZAP) and tripartite motif 25 (TRIM25) have been 

selected as interacting host factors of arenavirus NP warranting further 

investigation. ZAP and TRIM25 were selected as potential candidates for 

further research for a number of reasons; both of these proteins been 

identified in the proteomes of LASV, LUJV, MOPV, LCMV, and JUNV NP, that 

both proteins are conserved across all arenavirus NPs for which proteomes 

have been identified indicates that they play a significant role during 
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infection. Both ZAP and TRIM25 have also been implicated in the antiviral 

response for other important human pathogenic viruses such as Ebola virus 

and Influenza virus and more (Galão et al., 2022, Zhu et al., 2011, Tang et 

al., 2017). Importantly, ZAP and TRIM25 have been experimentally 

determined as having known interactions as well as being successfully co-

expressed (Zheng et al., 2017, Li et al., 2017). These factors create a strong 

foundation to begin investigating the role that these proteins may play in the 

context of arenavirus infection as this is an area in which no research has 

been done regarding these proteins. Another protein that would be a good 

candidate for investigation if the time and resources allowed would be 

DDX1 (ATP-dependent RNA helicase) as it was the only other protein 

identified in all of the arenavirus NP proteomes, and this high level of 

conservation indicates that it plays a significant role during both NW and 

OW group arenavirus infection. This protein is part of the DEAD box family 

characterised by the conserved motif Asp-Glu-Ala-Asp (DEAD), which have 

roles in many cellular processes such as translation initiation, nuclear and 

mitochondrial splicing, and ribosome assembly. DDX1 has been shown to 

be part of a cap-binding complex involved in activating mRNA translation 

(Chen et al., 2002). Further investigation of DDX1 could provide deeper 

understanding of the role of arenavirus NP in regulating mRNA translation 

within infected cells. 

There have been a number of limitations that have occurred throughout the 

investigation of the arenavirus NP host interactome. One such limiting 

factor was only sending off one biological replicate of the control sample 

and MOPV NP sample to Birmingham for analysis. Although this limitation 

was overcome during the subsequent BioID2-MS experiment which had 

three biological replicates per sample and had samples for each of the 

arenavirus strain NPs of interest. However, it may be important to note that 

the time between sample preparation and actual running of the MS 

experiment by Liverpool took nearly three months to complete due to 

staffing and personnel issues at the University of Liverpool Centre for 
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Proteome Research. Without knowing exactly how long the samples took to 

be processed once delivered, whether the temperature within the 

packaging changed significantly, and how quickly they were stored at -80°C 

after delivery coupled with the potential impact of long-term storage, we 

cannot be sure that degradation did not occur. If there was degradation to 

samples in the interim between preparation and MS this could result in 

spurious interactions being identified, or interactions being missed entirely. 

Much of the analysis of MS data has involved looking at host proteins that 

are not present in the control and only present in NP samples. The ranked 

data provided by the quantitative MS performed by Liverpool has not yet 

been fully analysed and still holds a wealth of proteomic information which 

will help to further understand the nature of how NP interacts with host 

proteins. Deeper analysis of this data requires use of software tools such 

as Genome Set Enrichment Analysis (GSEA) and DAVID NIH to functionally 

enrich genomes and highlight molecular pathways and functions that are 

statistically significantly enriched or upregulated. This information should 

allow for the differences between arenavirus NP strains to be studied in 

more detail and become better understood some software packages such 

as STRING and Cytoscape allow for druggable target networks to be 

created, and this could be a convenient next step in the search for potential 

therapeutics. 

An improvement that could be made to the methodology is repeating the 

BioID2 protocol in the context of infection. Ideally using live LASV infection 

requiring collaboration with a facility with the means to work on live LASV. 

BioID2 in the context of infection would provide much more insight into the 

true proteome of LASV, the protocol using NP overexpression could be 

limited in that it induces a different response in the cell. This could mean 

differences in the levels of IFN-response and in turn affecting which ISGs 

have their expression induced and to what extent. An experiment in which 

NP is over-expressed in cells that have been pre-treated with IFN and had 

IFN levels maintained through-out the transfection to induce ISGs could be 
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a better way to investigate a host immune antiviral response within cells. 

Live MOPV infection is a useful tool that allows arenavirus infection to be 

studied in CL2 facilities but as it is non-human-pathogenic it also does not 

allow for a truly accurate host immune response and NP proteome to be 

captured. Recombinant LASV in which the virus has been modified for safe 

use in CL2 or even CL3 facilities could be a very useful tool for inducing an 

accurate host immune response to study NP proteomes in a context that 

could unveil previously unknown interacting host proteins crucial for the 

pathogenicity of LASV. 

Figuring out the specific interactions of ZAP and TRIM25 with arenavirus NP 

and how they affect arenavirus replication during infection is a crucial step 

towards understanding the NP interactome as whole. To validate these 

interaction partners identified by mass spectrometry, investigation using 

co-immunoprecipitation and immunofluorescence studies to find protein 

localisation and subsequent co-localisation studies have been performed 

to try to understand where in the cell ZAP and TRIM25 are acting to create 

an antiviral environment. Modulating the level of ZAP and TRIM25 

expression within live MOPV infected cells by either overexpression, siRNA 

knockdown, CRISPR-Cas9 knockout and RT-qPCR analysis of the effects on 

MOPV viral replication has also been performed and the results and 

discussion of these antiviral proteins is the subject of chapter four. 
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Chapter 4 
 

TRIM25 and ZAP are Host Proteins 
with Key Roles in the Antiviral 
Defence Against Arenaviruses 
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4 TRIM25 and ZAP are host proteins with key 

roles in the antiviral defence against 

arenaviruses  

 

4.1 Introduction 

In the previous chapter, zinc antiviral protein (ZAP) and tripartite motif-

containing protein 25 (TRIM25) were identified through BioID2 proximity-

labelling methodology and mass spectrometry as host proteins that 

interact with arenavirus NP. These proteins have been implicated in the host 

immune response to a range of different viruses such as alphaviruses (Bick 

et al., 2003), retroviruses such as HIV-1 (Zhu et al., 2011), and filoviruses 

such as EBOV (Galão et al., 2022). Susceptibility of viruses to restriction by 

ZAP does not appear to be dependent on belonging to the same viral family 

as shown by herpes simplex virus type 1 (HSV-1), Zika virus (ZIKV), yellow 

fever virus (YFV) and dengue virus (DENV) which grow normally in the 

presence of ZAP (Bick et al., 2003, Chiu et al., 2018). Another example of 

this is two viruses from the Picornaviridae family behave which differently 

in the presence of ZAP; coxsackievirus B3 (Li et al., 2015) is inhibited by ZAP, 

but poliovirus remains uninhibited by ZAP (Bick et al., 2003).  

To date there have been no investigations into the importance of ZAP and 

TRIM25 during infection with arenaviruses.  

There are several ways in which cells sense and control infections by 

viruses. The main method of recognition is by detection of viral ribonucleic 

acid (RNA) or deoxyribonucleic acid (DNA) (Chow et al., 2018). Host 

recognition of viral RNA or DNA triggers a series of intracellular signalling 

events which result in production of antiviral molecules (Schoggins, 2019). 

To successfully replicate, viruses must evolve mechanisms by which to 

evade or dampen the host immune response resulting in a molecular arms 
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race between host and virus in which various mechanisms of detection and 

subsequent restriction by the host and evasion by virus come about. One of 

these restriction mechanisms employed by the host to control viral 

infection is viral mRNA degradation involving a number of key antiviral 

proteins that bind to viral RNA, regulate its translation and then target it for 

degradation significantly interfering with multiple different stages of the 

viral replication cycle (Abernathy and Glaunsinger, 2015) 

 

4.2 ZAP 

4.2.1 Discovery 

The zinc finger antiviral protein (ZAP), also known as poly(ADP-ribose) 

polymerase-13 (PARP13), Zinc finger CCCH-type, and also “antiviral 1” is 

encoded by the gene ZC3HAV1 (zinc finger CCCh-type containing, antiviral 

1, chromosome 7). ZAP is a member of the PARP family which utilise 

nicotinamide adenine dinucleotide otherwise known as NAD+ as a 

substrate for generating modifications in acceptor proteins but does not 

have poly(ADP-ribosylation) activity. ZAP is a type I interferon-inducible host 

factor originally discovered during a screen for interferon-stimulated genes 

(ISGs) that confer resistance in rats to infection of cells by Moloney murine 

leukaemia virus (MLV) (Gao et al., 2002, Vyas et al., 2013). During this 

screening, it was found that overexpression of ZAP resulted in a 30-fold 

increase in resistance to viral infection. ZAP is induced by both type I and 

type II interferons specifically inhibit certain viruses by binding directly to a 

region within the viral mRNA called the ZAP-responsive element (ZRE) (Zhu 

et al., 2011). For many viruses this ZRE are the cytosine-phosphate-guanine 

(CpG) dinucleotides found within viral RNAs as this is not present in host 

RNA and allows ZAP to distinguish between self and non-self RNA by this 

selective binding to CpG dinucleotides (Takata et al., 2017, Meagher et al., 

2019, Luo et al., 2020). Once ZAP has bound to the CpG ZRE it represses 

translation and promotes degradation of the target viral mRNA (Gao et al., 
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2002, Zhu and Gao, 2008). ZAP is involved in the host restriction of several 

negative-sense single stranded RNA viruses (Galão et al., 2022) and also 

positive-sense single-stranded RNA viruses (Yang et al., 2022) but the role 

ZAP has during double-stranded RNA viral infection has yet to be fully 

ascertained. 

4.2.2 Isoforms 

There are currently four known ZAP isoforms all of which contain an N-

terminal RNA-binding domain and a central domain that binds poly(ADP-

ribose)(Gao et al., 2002, Guo et al., 2004, Xue et al., 2022, Chen et al., 

2012); long (ZAP-L), short (ZAP-S), medium (ZAP-M), and the extra-long 

isoform (ZAP-XL) (Li et al., 2019). ZAP-L and ZAP-S are the most abundant 

isoforms and ZAP-L being the endogenous isoform of ZAP (Li et al., 2019, 

Kerns et al., 2008). ZAP-L and ZAP-S are different as ZAP-L contains a 

catalytically inactive C-terminal poly(ADP-ribose) polymerase (PARP) 

domain and an associated C-terminal CaaX box motif crucial for ZAPs CpG-

specific activity and binding to cofactors TRIM25 and KHNYN. The CaaX box 

mediates post-translational modification via a hydrophobic S-farnesyl. This 

process is called S-farnesylation which is a type of prenylation (addition of 

hydrophobic molecules to a protein) which attaches a farnesyl group to a 

cysteine residue to form a thioether bond and become membrane-

associated due to the farsenyl’s hydrophobic characteristic (Lackie, 2010). 

The attachment of the S-farnesyl group to ZAP-L causes re-localisation from 

the cytoplasm and increases its association with intracellular membranes 

(Kmiec et al., 2021a) which has been shown to be a crucial process in the 

ZAP-mediated inhibition of HIV-1, SARS-CoV-2 (Kmiec et al., 2021b), and 

Sindbis virus (SINV) (Schwerk et al., 2019, Charron et al., 2013). It is thought 

that the membrane-association of ZAP-L caused by the S-farnesylation 

process is why it shows a different cellular localisation such as plasma 

membranes or membranous compartments (endolysosomes and the 

endoplasmic reticulum) to ZAP-S which localises to the cytoplasm (De 

Andrade and Cirne-Santos, 2023). 



195 
 

ZAP is endogenously and consistently expressed in human cells and ZAP-L 

and ZAP-S isoforms occur through alternative splicing. ZAP-L is 902 amino 

acids in length and associates with the membrane. ZAP-S is 699 amino 

acids in length and localises to the cytosol. Both the ZAP-L and ZAP-S 

isoforms originate from the same exon (Kerns et al., 2008, Vyas et al., 2013) 

Viral infection is the catalyst for ZAP activity due to the presence of binding 

sites for the signal transducer and activator of transcription (STAT) and 

Interferon Regulatory Factor 3 (IRF3) in its promoter (MacDonald et al., 

2007). There are differences in isoform expression with ZAP-L being 

constitutively expressed in Huh7 cells and working quickly on present 

infections and ZAP-S is only expressed depending in IFN 

signalling(Hayakawa et al., 2011, Schwerk et al., 2019) 

4.2.3 ZAP structure  

ZAP possesses three distinct structural domains within humans as shown 

in Figure 4.1; an N-terminal RNA-binding domain (RBD) (amino acids 1-240) 

which contains four CCCH-type zinc-fingers; an integrated central domain 

(amino acids 241-700) containing TiPARP homology region (TPH) domain 

containing another zinc finger motif as well as two WWE modules (Domian 

in Deltex and TRIP13 homologues (Thyroid Hormone Receptor Interactor 

12)); and a catalytically inactive C-Terminal poly(ADP-ribose) polymerase 

(PARP)-like domain (amino acids 701-902) that have regulatory functions 

(Kerns et al., 2008, Kmiec et al., 2021b, Gonçalves-Carneiro et al., 2021). 

ZAP-S does not possess the PARP-like domain characteristic of ZAP-L. This 

is due to ZAP-S lacking the histidine, tyrosine, and glutamate catalytic triad 

(HYE) (Goodier et al., 2015). 
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Figure 4.1 Schematic image of the protein domains of the two isoforms of human ZAP: ZAP-L and 
ZAP-S. ZnF1–4: four CCCH-type zinc finger motifs. TPH (or TiPARP Homology domain (conserved 
among ZAP paralogs and containing a fifth CCCH zinc finger motif). WWE motifs. 

 

 

4.2.4 CpG dinucleotides and RNA recognition by ZAP 

CpG dinucleotides work as a good selector between self and non-self RNA 

for ZAP because in they are generally present at higher frequency within viral 

genomes than they are in host vertebrate genomes in which CpG 

dinucleotides have relatively low frequency due to cytosine DNA 

methylation events as well as spontaneous deamination of the 5-

methylcytosine to thymine (Holliday and Grigg, 1993). This results in the 

gradual replacement of CpG dinucleotides with TpG and CpA (Cooper and 

Gerber-Huber, 1985). In the context of RNA viruses, however, CpG 

dinucleotides do not undergo the same methylation pressure. 

Nonetheless, many vertebrate viruses, including those RNA viruses without 

DNA intermediates, often display suppression of these CpG dinucleotides 

within their genomes. There have been several experiments which have 

artificially increased the frequency of CpG dinucleotides within viral 

genomes which have subsequently resulted in increased inhibition of viral 

replication (Karlin et al., 1994, Greenbaum et al., 2008, Simmonds et al., 

2013, Tulloch et al., 2014, Atkinson et al., 2014, Gaunt et al., 2016, Fros et 

al., 2017, Antzin-Anduetza et al., 2017, Ficarelli et al., 2020, Fros et al., 

2021, Afrasiabi et al., 2022). These viruses include, HIV-1, SARS-CoV-2, 

echovirus 7, Influenza, and Zika. A high frequency of CpG dinucleotides 
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within viral genomes may have several negative and deleterious effects on 

viral replication (Caudill et al., 2020) with ZAP specifically binding to these 

CpG dinucleotides to restrict replication. It has been suggested that ZAP is 

somewhat responsible for this CpG dinucleotide frequency suppression in 

viruses (Kmiec et al., 2020, Gonçalves-Carneiro et al., 2021).  

Whilst we know that ZAP targets and binds to CpG dinucleotides within viral 

mRNA, the specificity of the binding is still unclear, and some research 

shows that ZAP also exhibits antiviral activity by binding to another 

dinucleotide; UpA. It only occurs in certain viruses and whether there is 

direct binding between ZAP and UpA remains to be seen (Simmonds et al., 

2013, Odon et al., 2019, Fros et al., 2021). It has also been shown that ZAP 

detection of non-self-genomes involves some RNA secondary structures 

which contain stem loops possessing conserved sequences such as 

“GGGUGG” and “GAGGG” (Huang et al., 2010). Experiments to mutate and 

alter these ZAP conserved regions results in a reduced ability to recognise 

RNA and a subsequent decrease in the antiviral ability of ZAP.  

Another interesting point is that increased CpG dinucleotide frequency 

within viruses is not necessarily an indicator of guaranteed ZAP sensitivity 

with some research showing that ZAP can restrict viruses with high UpA 

dinucleotide frequency (Ficarelli et al., 2020) 

4.2.5 ZAP-mediated vRNA translation inhibition  

ZAP can inhibit the translation of vRNA through several mechanisms 

depending on the type of virus being targeted. ZAP inhibits translation of 

Sindbis virus mRNA through interaction with eukaryotic initiation factors 

(eIFs) which are involved in translation (Figure 4.2). These eIFs which ZAP 

interacts with include eIF4A which is a member of the DEAD box protein 

family necessary for decoding mRNA. ZAP can bind to eIFs? and inhibit 

eIF4F complex formation. The eIF4F complex is comprised of the eIF4A 

DEAD box RNA helicase, the eIF4E cap-binding protein, and the eIF4G 

scaffolding protein. ZAP Inhibiting this complex being formed causes a 
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block in translation (Zhu et al., 2012). Therefore, ZAP not only induces 

degradation of target vRNA of certain viruses through several different 

mechanisms but can also block translation in other viruses. The 

determining factors behind whether a virus undergoes degradation or 

translational blocking is still unknown and whether ZAP-mediated 

translational blocking is required for subsequent degradation of vRNA or 

vice versa is still to be understood. 

 

Figure 4.2 ZAP blocks viral mRNA translation by preventing the assembly of the eIF4F complex. ZAP, 
through its interaction with the initiation factor eIF4A, disrupts viral translation by inhibiting the 
formation of the eIF4F complex, which consists of the eIF4E cap-binding protein, eIF4A DEAD box 
RNA helicase, and eIF4G scaffolding protein. The CAP refers to a structure located at the 5' end of 
mRNA. 

 

4.2.6 Cofactors 

The role of ZAP within the host immune response is to recognise and bind 

to viral mRNAs and direct them towards degradation. It is one of the first 

steps in an antiviral pathway but requires assistance from other proteins 

called cofactors to degrade the viral mRNAs and successfully restrict and 

inhibit viral replication.  

ZAP does not have any RNase activity by itself and relies completely on 

other mechanisms for any antiviral activity. ZAP utilises an interaction with 

a cellular polyadenylate-specific ribonuclease (PARN) to assist in RNAse 

activity by degrading the RNA poly(A) tail. ZAP also utilises an exosomal 

complex containing exoribonucleases that have 3’-5’ activity which cleave 

viral RNAs. These exoribonucleases included RNA-processing protein 

46/exosome complex component (RRP46/EXOSC5) and ribosomal RNA-

processing protein 42/exosome complex component (RRP42/EXOCS7) 

(Zhu et al., 2011, Guo et al., 2007). 
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ZAP binding to viral mRNA can also activate the de-capping complex of de-

capping protein 1 (DCP1) and 2 (DCP2) via RNA helicase p72 (DDX17), 

resulting in removal of the 5’ cap structure of the viral mRNA. ZAP also 

recruits the 5’-3’ Exoribonuclease 1 (XRN1) to assist in viral mRNA 

degradation (Zhu et al., 2011). 

ZAP also lacks any nuclease activity but recruits TRIM25 as probably one of 

its most important cofactors to assist in viral mRNA degradation (Li et al., 

2017, Zheng et al., 2017). TRIM25 plays a crucial role within the host innate 

immune response to viral infections and is induced by type I IFN. TRIM25 is 

able to bind RNA but can also modify ZAP-L and ZAP-S via K48- and K63-

linked polyubiquitin which causes enhanced antiviral activity of ZAP 

however this mechanism is not fully understood.  

ZAP also recruits another cofactor called KH and NYN domain-containing 

protein (KHNYN) which is a cytoplasmic protein that contains an NYN 

ribonuclease domain and targets viral RNAs for degradation (Ficarelli et al., 

2019). KHYNYN has been shown to interact with both the ZAP-L and ZAP-S 

isoforms. Research has shown that in cells which express high levels of 

KHNYN but do not express ZAP there is no significant inhibition of genomic 

RNA (gRNA) of HIV-1 with artificially increased levels of CpG dinucleotides 

within the Env protein (HIV-1EnvCpG86-561). (Ficarelli et al., 2019). It was 

also shown that HIV-1 had enhanced replication in the absence of KHNYN 

expression suggesting that KHNYN restricts HIV-1 RNA that contains CpG 

dinucleotides in a ZAP dependent manner. Within KHNYN, the KH-like 

domain and the NYN domain endonuclease are necessary for antiviral 

activity and KHNYN restricts and inhibits Env and Gag expression and the 

production of virions. KHNYN binds directly to ZAP to form a heterodimer 

and it has been shown that KHNYN-ZAP complex inhibition of HIV-1 also 

requires TRIM25 but TRIM25 is not required for KHNYN and ZAP to interact 

initially (Ficarelli et al., 2019). 

P72 RNA helicase is another cofactor for ZAP which enhances and enables 

an antiviral state within the host cell. This protein is also known as p72 
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DEAD-box RNA helicase or DDX17 (Cordin et al., 2006) and is involved in 

RNA structure regulation. DDX17 contains a conserved motif of Asp-Glu-

Ala-Asp (DEAD) and is involved in ATP-dependent RNA-helicase activity by 

catalysing the rearrangement of RNA structure as well as being involved in 

several metabolic processes such as transcription (Fuller-Pace, 2006), 

translation, and importantly for ZAP, RNA degradation (Wortham et al., 

2009). ZAP binds to both the N-terminal and C-terminal domains of DDX17 

in an RNA-independent manner (Zhu and Gao, 2008) and this interaction 

promotes and enhances the effectiveness of ZAP’s ability to inhibit viruses 

through targeting mRNAs for exosomal-mediated degradation. Another 

antiviral mechanism of DDX17 is in the recruitment of the Dcp1:Ddcp2 de-

capping enzyme to the 5’ end of target vRNAs. This process inhibits the cap-

dependent translation initiation and induces vRNA degradation (Chen et 

al., 2008). Whilst DDX17 does not directly interact with the exosome, it 

recruits the exoribonuclease complex XRN1, DDX17 then forms a complex 

with CpG activated ZAP (Chen et al., 2008).  

Another E3 ubiquitin ligase protein; Riplet, has been suggested as a ZAP 

cofactor (Buckmaster and Goff, 2022). Overexpression of Riplet resulted in 

increased ZAP antiviral activity in cells infected with VSVG-pseudotyped 

HIV-luc reporter virus (Buckmaster and Goff, 2022). Although, there 

appears to be link between the E3 ubiquitin ligase function of Riplet and the 

antiviral abilities of ZAP. It was shown that ZAP can bind to the Riplet C-

terminal P/SPRY domain and this interaction is necessary for HIV-1 reporter 

virus inhibition. Riplet has also been shown to interact with TRIM25 but 

whether an antiviral complex of Riplet/TRIM25/ZAP forms is still unknown. 

4.2.7 Immune Pathways and ZAP  

Cells developed surface pattern recognition receptors (PRRs) to recognise 

viruses to identify molecular structures on the surfaces of a variety of cell 

types including damaged cells, apoptotic host cells and pathogens. Figure 

4.3 displays an overview of the interactions ZAP has in the host antiviral 

immune response. These crucial components of the host innate immune 
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system include members such as Toll-like receptors (TLRs) and cytosolic 

receptors such as acid-inducible gene I retinoic receptors (RIG-I, also 

called DDX58). Once activated, these receptors initiate the downstream 

signalling cascade. When TLRs are activated by viruses it stimulates 

adapter molecules such as myeloid differentiation primary response 88 

(myD88), myD88 adapter-like protein (Mal), TIR-domain-containing 

adapter-inducing interferon-β (TRIF), and also TRIF-related adaptor 

molecule (TRAM) to subsequently activate transcription factors. These 

transcription factors include NF-κB, IRF3, and IRF7 resulting in 

proinflammatory cytokine and IFN expression. IFN-I and IFN-III signalling 

activates the Janus kinase/signal transducer and activator of transcription 

(JAK/STAT) pathway. This pathway is initiated with phosphorylation of JAK1 

and non-receptor tyrosine-protein kinase (TYK2) on the cytoplasmic 

domains of the heterodimeric receptor subunits. This initial activation is 

followed by phosphorylation and dimerisation of STAT1 and STAT2. 

 

Figure 4.3 Interaction between ZAP, RIG-I, and IFN in the antiviral immune response : ZAP-S interacts 
with RIG-I to enhance the oligomerization and ATPase activity of RIG-I. This, in turn, increases the 
activation of IRF3 downstream when the RIG-I ligand, 3′pRNA, is present in human cells. DDX60 
associates with RIG-I and is involved in RIG-I-dependent type I IFN production in response to viral 
RNA. TRIM25 activates the RIG-I pathway by facilitating K63-linked polyubiquitin chain formation 
through its E3 ubiquitin ligase activity. This ubiquitination promotes interaction with MAVS, leading 
to downstream signalling. DDX60 is a DEXD/H box helicase. Biorender used to create figure. 
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In the IFN-III signalling pathway, activation of STAT1 and STAT2 recruits IRG-

9 to form a complex called the Interferon-Stimulated Gene Factor 3 (ISGF3) 

which translocates to the nucleus and binds to the interferon-sensitive 

response element (ISRE) located in the promoter regions of interferon-

stimulated genes (ISGs). ISGs that are stimulated into transcription and 

translation include ZAP in which IRF3 binds to ISRE in the ZAP promoter 

during viral infection; and members of the TRIM family including TRIM25 

(Crosse et al., 2017, Yang and Li, 2020, Wang et al., 2010). Research has 

shown that IFN-I has more of an effect on induction of ZAP-S expression 

than ZAP-L exactly why or how is still unclear (Li et al., 2019).  

RIG-I is a member of the Dex(D/H) box helicase family and is comprised of 

two N-terminal CARD domains, then a central RNA helicase domain and 

finally, a C-terminal repressor domain with ATPase activity that is also 

involved in recognising 5’-triphosphorylated RNA. It has been shown that 

TRIM25 and K6-linked ubiquitin chains polyubiquitinate the second RIG-I 

CARD (CARD2) and cause oligomerisation and activation of RIG-I. Once 

activated, RIG-I is able to recruit and bind to MAVs via its CARD domain 

which subsequently activates TBK1- IKKε and IKKα-IKKβ complexes which 

in turn activate IRF-3/IRF7 and NF-κB respectively. Translocated IRF3 and 

IRF7 induce IFN-I synthesis which then bind to target receptors to induce 

intracellular signalling resulting in ISG transcription including ZAP 

(Rehwinkel and Gack, 2020, Gack et al., 2007). Another E3 ubiquitin ligase 

called Riplet promotes RIG-I signalling but in a manner independent of RIG-

I oligomerisation (Wang et al., 2023) and instead causes K63-linked 

polyubiquitination of RIG-I RD (Oshiumi et al., 2013). Riplet has also been 

shown to induce TRIM25 mediated activation of RIG-I signalling and can act 

as a co-receptor assisting in oligomerisation of RIG-I. Interestingly, 

research has shown that TRIM25 is not required for full-length RIG-I 

signalling and instead, ectopic TRIM25 expression mildly stimulates 

signalling mediated by RIG-I CARD fragments (Cadena et al., 2019). ZAP-S 
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enhances IFN production in HEK293T cells when activated by 

5’triphosphate RNA which directly binds to RIG-I (Hornung et al., 

2006a).Expression of ZAP-S induces RIG-I-mediated IFN-I response in 

immune cells such as human primary CD14+ and fibroblasts (Hayakawa et 

al., 2011).  It has been shown that ZAP-S has multiple functions within 

stimulating RIG-I; ZAP-S can cleave vRNA with assistance from p27 RNA 

helicase or it can bind to RIG-I to stimulate activation of the innate antiviral 

immune system. The ZAP-S gene promoter region contains ISREs and IRF-

binding elements but the many of the mechanisms behind ZAP-S regulation 

are still poorly understood and why ZAP-L does not regulate RIG-I in the 

same way is also not understood. 

Another immune pathway ZAP plays a role in is the 2’, 5’-oligoadenylate 

synthetase 1 (OAS1)-RNase1 antiviral pathway. OAS1 is an ISG found I the 

cytosol as an inactive monomer with low levels of endogenous expression 

that can be upregulated by IFN-I and IFN-III. OAS1 is activated by dsRNA 

and is oligomerised to form a tetramer that utilises ATP to synthesis 2’,5’-

oligoadenylate molecules which then bind to the inactive RNaseL 

monomers causing dimerisation and allosteric activation. RNaseL is an 

important inhibitor of viral replication, it is found in the cytoplasm and is 

constitutively expressed, once activated it functions to degrade a wide 

range of viral ssRNA and cellular RNAs (Schwartz et al., 2020). It has been 

found that ZAP and RNaseL are both involved in inhibiting E7 virus 

possessing a high CpG and UpA dinucleotide frequency within its genomic 

sequence. E7 viral inhibition depended on expression of both ZAP and 

RNaseL in vitro (Odon et al., 2019) and in the absence of ZAP there was an 

increase in RNaseL expression suggesting a collaborative relationship to 

inhibit viruses. It has been shown that RNaseL activity and activation can 

be targeted by viruses and that ZAP might act as an alternative antiviral 

pathway providing redundancy to the innate immune antiviral response 

(Bhattacharyya, 2014, Silverman and Weiss, 2014). 



204 
 

4.2.8 Sequence composition analysis of arenavirus strains 

reveals that they have greatly reduced CpG dinucleotide 

frequency  

Many mammalian viral RNA genomes have evolved to have significantly 

reduced CpG dinucleotides (Takata et al., 2017) to suppress antiviral 

defence targeting. ZAP has been shown to directly bind viral CpGs and 

induce degradation of the RNA or repress translation. This has been shown 

in HIV-1 in which artificially increasing viral genome CpG concentration 

resulted in impaired replication via ZAP-mediated inhibition (Galão et al., 

2022). 

In figure 4.4, analysis has been performed on the CpG concentrations and 

frequencies of each of the OW arenavirus strains of interest and also the 

non-human-pathogenic Ippy virus. Another non-human-pathogenic 

arenavirus was included for analysis to ascertain with more confidence 

whether CpG dinucleotide frequency suppression is a characteristic 

associated with increased pathogenicity. In all four arenavirus strains, the 

frequency of CpG dinucleotides is greatly reduced in comparison to all 

other dinucleotides. Interestingly, both of the pathogenic strains (LASV and 

LUJV) do have an increase in CpG suppression compared to the non-

pathogenic strains. 

This decreased frequency of CpG regions will limit the number of CpG rich 

regions available for ZAP to bind to. This provides some insight into the need 

for multiple ZAP isoforms though as the main difference between the ZAPL 

and ZAPS isoform is the PARP-like domain that is spliced out from ZAPS. 

This domain’s core function is in CpG-specific viral restriction (Kmiec et al., 

2021a). As shown in figure 4.4, all analysed arenavirus strains have reduced 

CpG dinucleotide frequency which might have evolved to combat 

restriction factors such as ZAP (and thus ZAPL) targeting these regions to 

induce RNA degradation and inhibit replication and infection. ZAPS lacks 

CpG dependent antiviral activity due to missing the PARP-like domain 
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although it still retains and conserves the N-terminal RNA binding domain. 

The reduced CpG frequency of arenaviruses is not as much of a limiting 

factor for ZAPS activity as its antiviral activity is achieved through other 

mechanisms such as being a much more potent stimulator of the IFN 

response in cells. The impact this reduced dinucleotide frequency has 

upon TRIM25, whether direct or indirect (such as via ZAPL activity and 

recruitment of TRIM25) has yet to be characterised in the context of 

arenavirus infection and further analysis and experiments must be 

performed to explore the true magnitude of effect that CpG content plays 

and potentially how it can be exploited or avoided, as ZAPS may have found 

a way to do.  

Figure 4.4 CpG dinucleotide frequency differences between arenavirus strains.  (A) Clustered bar 
graph created using SSE (sequence editor, Database and Analysis Platform (Simmonds, 2012). The 
graph displays dinucleotide frequencies for each of the arenavirus strains LASV (Josiah strain), LUJV, 
MOPV (Mozambique strain), and Ippy virus (B) Data table for the bar graph above with colour 
conditional formatting based on frequency. 
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4.3 TRIM25 

4.3.1 Introduction to TRIM25 

Tripartite motif containing protein 25 (TRIM25) is an E3 ubiquitin ligase and 

is a member of the TRIM family of proteins. This family has over 80 members 

in humans and is a group of E3 ubiquitin ligase proteins all sharing a 

common domain structure. TRIM25 in humans is 630 amino acids in length 

and is widely expressed across human cell types and is also conserved 

among vertebrates including mammals, birds, and fish (Fagerberg et al., 

2014). Similar to other members of the TRIM family, TRIM25 contains an N-

terminal zinc-finger “really interesting new gene” (RING) domain which is 

required for E3 ubiquitin ligase activity; TRIM25 also contains two B-box zinc 

finger domains the function of which is still unclear; a coiled-coil domain 

(CCD) required for homo- and heterodimerisation; a linker domain leading 

on to a C-terminal that has an associated SPRY/SPIa and Ryanodine 

receptor (PRY/SPRY) domain that is responsible for any protein-protein 

interactions with TRIM25. Figure 4.5 depicts a schematic of the TRIM25 

protein and domains. 

 

Figure 4.5 Schematic image of the protein domains of human TRIM25 : A RING domain followed by a 
linker domain that connects it to two B-box finger domains and then a Coiled-coil domain connected 
to the PRYSPRY domain by another linker. 

The main function of TRIM E3 ubiquitin ligases is in catalysing the addition 

of polyubiquitin chains or single ubiquitin monomers (mono-ubiquitination) 

to lysine residues on target proteins. Ubiquitin is a small protein with myriad 

functions found in most tissues; it mainly helps to regulate the processes 

of other proteins in the cell. Ubiquitin is 76 amino acids in length and 

polyubiquitin chains are created by isopeptide bond formation between a 

C-terminal glycine and one of the 7 lysine residues present in the ubiquitin 

protein (Kerscher et al., 2006). Ubiquitination of a protein by addition of 

ubiquitin monomers or extension of an already existing polyubiquitin chain 
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requires three types of proteins; E1 activating enzyme, E2 conjugating and 

E3 ubiquitin ligase (Ye and Rape, 2009). Ubiquitin contains 7 lysine 

residues; the presence of these multiple residues allows for the formation 

of different types of polyubiquitin chains which all have differing functions. 

The most well understood and researched are straight, homogeneous K48-

linked polyubiquitination chains involved in the targeting of proteins for 

proteasomal mediated degradation. K63-linked polyubiquitination chains 

are also well researched and involved in many intracellular signalling 

pathways including NF-κB activation and retinoic-acid-inducible-gene-I 

(RIG-I)/IKK/IFN-I induction (Komander and Rape, 2012). 

 TRIM25 dimerisation is mediated by the CCD and results in the formation 

of an antiparallel dimer with the RING domain of each monomer sitting at 

opposite ends of the dimer and the PRY/SPRY domains at the centre via the 

CCD-PRY/SPRY linker (Sanchez et al., 2014). Research has shown that for 

TRIM25 to successfully catalyse polyubiquitination chain formation, the 

RING domain of TRIM25 must dimerise, suggesting that higher-order 

assembly of TRIM25 dimers is required for proper function (Sanchez et al., 

2016). Two different methods of higher-order assembly have been 

suggested; an end-to-end model with RING domains on either end of the 

dimer which then interact with RING domains from different dimers; the 

second method is a tetramer model with TRIM25 dimers stacking on top of 

each other with the RING domains on either end of one dimer then 

interacting with both RING domains from another dimer (Sanchez et al., 

2016) 

4.3.2 TRIM25 functions 

TRIM25 is involved in a multitude of different roles within the cell and was 

first identified as a protein that responded to estrogen during a screen for 

regions of DNA bound by the estrogen receptor and subsequently shown to 

be upregulated in estrogen receptor-positive mammary cells (Inoue et al., 

1993). TRIM25 has been shown to play important roles in the host defense 

against viral infection and is also involved in the activation of the RIG-I/IFN 
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pathway. TRIM25 also has other roles in innate immunity with one of these 

roles being in the enhancement of ZAP activity (Li et al., 2017). TRIM25 has 

also been shown to positively regulate Melanoma Differentiation-

Associated gene 5 (MDA5) mediated signalling via Tumour Necrosis Factor 

Receptor-associated factor 6 (TRAF6) which is another E3 ubiquitin protein 

ligase, this positive regulation results in NF-κB activation (Lee et al., 2015). 

Although involved in the activation of the RIG-I pathway, TRIM25 has also 

been shown to be involved dampening of RIG-I signalling as well through 

formation of a complex between TRIM25/RIG-I and ubiquitin D (ubiquitin-

like FAT10) which causes sequestering of RIG-I away from mitochondria 

and formation of insoluble aggregates inhibiting further signal transduction 

(Nguyen et al., 2016). FAT10 is usually unstable but TRIM25 prevents 

proteome-mediated degradation helping to stabilise FAT10. 

TRIM25 plays a significant role in the RIG-I/IFN pathway. RIG-I is one of the 

host’s first lines of defense against RNA viruses and acts as a pattern 

recognition receptor involved in recognising RNAs possessing a 5’-di or -

triphosphate (5’pp or 5’/ppp) moiety. Once activated by detecting vRNA, 

RIG-I changes conformation to release a pair of signalling domains 

(Caspase recruitment domains or CARDs) which initiate downstream 

signalling pathways via the adaptor Mitochondrial Antiviral Signalling 

protein (MAVS also known as VISA, IPS-1, and Cardif). This signalling via 

MAVS results in activation of IRF-3 and 7, NF-κB, and IFN-I expression 

(Yoneyama and Fujita, 2008b, Yoneyama et al., 2015). The role TRIM25 plays 

is in ubiquitination of the RIG-I amino-terminal CARDs. The TRIM25 

carboxy-terminal SPRY interacts with the N-terminal CARDs and delivers 

the Lys 63-linked ubiquitin moiety to the N-terminal CARDs causing  

significant increase in RIG-I downstream signalling (Gack et al., 2007). 

It is important that RIG-I signalling is controlled to avoid excessive or 

inappropriate activation of the host innate immune responses which could 

then lead to unwanted inflammation and IFN responses. Thus, 

mechanisms exist to dampen RIG-I signalling when there is no 5’pp- or 
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5’/ppp-vRNA present. One of these mechanisms is targeting of TRIM25 for 

inhibition by the host cell. This is achieved via the Linear Ubiquitin Assembly 

Complex (LUBAC) which is comprised of Heme-oxidised IRP2 Ubiquitin 

Ligase 1 (HOIL-1) and HOIL-1 Interacting Protein (HOIP). LUBAC inhibits 

TRIM25 activation of RIG-I by competitively binding to RIG-I and also by 

targeting TRIM25 for proteosome mediated degradation (Inn et al., 2011). 

 

4.3.3 Viral suppression and evasion of TRIM25-mediated host 

antiviral immunity 

There are many examples of viruses hijacking the host antiviral responses 

to replicate efficiently, these viruses either evade or dampen the host 

immune response. There are several examples of this occurring in the 

TRIM25/RIG-I pathway with many RNA viruses that are recognised by RIG-I 

having developed mechanisms to inhibit RIG-I signalling at various stages 

of the pathway. Influenza A virus (IAV) NS1 protein can block ubiquitination 

of RIG-I by interacting with TRIM25 or even interacting with RIG-I directly 

(Gack et al., 2009, Mibayashi et al., 2007). NS1 achieves this by binding to 

the TRIM25 CCD and recent structural research suggests that this disrupts 

interactions between the TRIM25 PRY/SPRY domain and the CCD necessary 

for RIG-I ubiquitination activity (Koliopoulos et al., 2018). Several 

paramyxoviruses: Nipah, Sendai, measles, and parainfluenza viruses also 

show interaction with RIG-I and TRIM25. These paramyxovirus V proteins 

interact with the TRIM25 SPRY domain and also with the RIG-I CARDs to 

inhibit TRIM25 ubiquitination of RIG-I (Sánchez-Aparicio et al., 2018). 

Respiratory syncytial virus (RSV) NS1 (Ban et al., 2018) as well as the SARS-

CoV N protein (Hu et al., 2017b) have also been shown to regulate TRIM25 

activity. Dengue virus also interferes with TRIM25 by taking advantage of the 

RNA-binding functions through expression of a sub-genomic flavivirus RNA 

(sfRNA) which binds to and inhibits TRIM25 subsequently inhibiting RIG-I 

activation and IFN-I induction. Through this mechanism a new Dengue virus 
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clade PR-2B was able to increase its epidemiological fitness in comparison 

to the older PR-1 clade (Manokaran et al., 2015) 

4.3.4 TRIM25 and RNA-binding 

TRIM25 has been shown to have roles in RNA-binding originally discovered 

during a HeLa cell screen of mRNA binding proteins. During this screen, 

proteins were UV-cross-linked to RNA and mRNAs and were then isolated 

from cell lysates with oligo(dT) probes prior to analysis of bound proteins by 

mass spectrometry (Castello et al., 2012). TRIM25 binding to RNA was 

confirmed by immunoprecipitation (IP) of TRIM25 followed by radio-

labelling of RNA, the signal from the radio-labelled RNA after TRIM25 IP was 

lower in cells which had TRIM25 knocked down by RNAi (Kwon et al., 2013). 

The same study also investigated the RNA binding of TRIM25 mutants. 

Mutants in which the N-terminal RING and B-box domains, or the C-

terminal PRY/SPRY domains were deleted were still able to bind RNA but 

any mutants with the CCD deleted were no longer able to bind RNA 

suggesting that the CCD is crucial for TRIM25 RNA binding (Kwon et al., 

2013). This research suggested that the PRY/SPRY domain was not 

necessary for RNA binding, but further research has shown that while 

TRIM25 is still able to bind RNA when the PRY/SPRY is deleted, this region 

actually targets to and binds hundreds of coding and non-coding RNA. This 

binding occurs specifically at amino acids 470-508 within the PRY/SPRY 

domain (known as the TRIM25 RNA-binding domain or RBD) (Choudhury et 

al., 2017). Further research into TRIM25 RNA binding revealed that a 

truncated TRIM25 mutant consisting of the RING, B-box, and CCD domains 

but not the PRY/SPRY domain could not be co-purified with RNA whilst full 

length wild-type TRIM25 successfully co-purified with RNA (Sanchez et al., 

2018). TRIM25 possesses a motif containing 7 lysine residues at amino 

acids 381-392 within the CCD-PRY/SPRY linker region called 7K and this 

motif has also been implicated in RNA binding (Sanchez et al., 2018). 

Mutating all the lysine residues of the 7K within the linker region resulted in 

a substantial but not total loss in RNA-binding activity during 
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electrophoretic mobility shift assay (EMSA) experiments used for detecting 

protein-nucleic acid interactions.  

4.4 ZAP and TRIM25 

Viral replication has been shown to cause ZAP to be targeted to and localise 

with stress granules during viral infection. It has been suggested that this 

co-localisation of ZAP and stress granules is important for the antiviral 

activity of ZAP and that stress granules are an important cytoplasmic 

antiviral hub (Law et al., 2019, Lee et al., 2013), ZAP is also involved in the 

RIG-I immune pathway by interacting with and activating RIG-I and 

promoting oligomerisation of RIG-I (Hayakawa et al., 2011).  

So far ZAP has not been found to have individual enzymatic ability and 

requires co-factors to achieve some many antiviral activity requiring 

enzymes (Kleine et al., 2008). It has been shown that TRIM25 interacts with 

ZAP and is potentially the most important cofactor of ZAP (Figure 4.6). This 

interaction occurs via the TRIM25 SPRY domain and the ubiquitin ligase and 

multimerization activity of TRIM25 are key steps in enhancing the antiviral 

activity of ZAP (Figure 4.4). Research has shown that only the K-68-linked 

polyubiquitination mediated by TRIM25 is responsible for enhancing the 

antiviral activity of ZAP (Li et al., 2017, Zheng et al., 2017). TRIM25 achieves 

this by assisting in the RNA binding ability of ZAP which subsequently leads 

to inhibition of viral translation. TRIM25 has also been shown to require 

cooperation from ZAP to successfully restrict SINV replication (Li et al., 

2017). The E3 ligase activity of TRIM25 is required to facilitate and enhance 

ZAP-mediated inhibition of SINV RNA translation and, interestingly, TRIM25 

ubiquitination of ZAP did not seem to have any significant effect on antiviral 

activity in this specific circumstance. TRIM25 also plays a key role as a ZAP 

cofactor during infection with HIV-1 virus modified to contain enriched and 

clustered CpG dinucleotides (Takata et al., 2017). This indicates that by 

artificially ‘restoring’ the expected CpG dinucleotide frequency of a virus 

that has evolved to suppress the number of CpG dinucleotides it 



212 
 

possesses, the virus becomes significantly more vulnerable to host antiviral 

factors; this information supports the hypothesis that viruses have evolved 

and are still evolving mechanisms to evade or suppress host innate antiviral 

immune responses mediated by restriction factors such as ZAP and 

TRIM25.  

 

Figure 4.6 TRIM25 acts as a cofactor of ZAP. ZAP binds to the CpG sequence in viral RNA and, upon 
sequential binding of TRIM25 and catalytic activation, induces downstream signalling to inhibit viral 
replication. Figure created using Biorender 
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4.5 Chapter Objectives: Potential roles of ZAP and TRIM25 

in the host antiviral response to arenavirus infection 

This chapter aimed to: 

1. Define the roles of ZAP and TRIM25 in the host antiviral response to 

arenavirus infection and assess their effectiveness in restricting viral 

replication. 

2. Determine which ZAP isoform (Long or Short) is more critical for anti-

arenaviral activity. 

3. Identify the functional domains of TRIM25 required for interaction 

with arenavirus nucleoproteins using specific mutants (7KA ΔRING 

and ΔSPRY). 

4. Characterize the cellular localization patterns and interaction 

dynamics between arenavirus NPs (LASV, LUJV, and MOPV) and the 

ZAP-TRIM25 axis. 

5. Evaluate the impact of ZAP and TRIM25 overexpression on live MOPV 

replication. 

6. Assess the consequences of ZAP or TRIM25 depletion (via siRNA 

knockdown or CRISPR knockout) on MOPV replication and 

interferon responses. 

7. Establish ZAP and TRIM25 as key restriction factors in the innate 

immune response against arenaviruses. 
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4.6 Results 

4.6.1 NP Exhibits Diffuse Cytoplasmic Distribution 

To better understand the interactions of ZAP and TRIM25, both with each 

other and with NP, it is essential to know where NP localises within the cell. 

This allows for functional and well-informed comparisons to be made once 

we overexpress ZAP L or ZAP S or TRIM25 within the cell. The three strains 

of arenavirus NP exhibit a diffuse cytoplasmic localisation, as shown in 

figure 4.7, although, LUJV NP exhibits some differences and appears to 

show a higher concentration around the nucleus as well as perinuclear 

speckling not present in LASV NP and also not present in MOPV NP 

localisation either. MOPV NP also shows a higher concentration around the 

nucleus but lacks the speckling seen in LUJV, MOPV NP also has the 

characteristic cytoplasmic diffusion seen in the NP of the other strains. 
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Figure 4.7 Immunofluorescence showing localisations of either LASV-NP-HA, LUJV-NP-HA, or 
MOPV-NP-HA. A549 cells seeded onto a coverslip at a density of 50,000 per well of a 24 well plate. 
Cells were transfected with either pCAGGs-LASV-NP-HA, pCAGGs-LUJV-NP-HA, or pCAGGs-MOPV-
NP-HA at 500ng per construct per well of 24 well plate using Lipofectamine 3000 transfection 
reagent. Cells were then stained with mouse-anti-HA (Abcam Ab18181) at a dilution of 1:500 prior to 
staining with donkey raised-anti-mouse-488nm-fluorescent antibody (Abcam Ab150109) at a 
dilution of 1:500 to visualise the desired protein in a green colour. Slides were mounted using DAPI 
mounting solution to stain the cell nucleus for visualisation in blue colour (n=1). 
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4.6.2 Endogenous ZAP and TRIM25 Cellular Localisations 

It was important to establish the baseline cellular localisations of 

endogenous ZAP and TRIM25. Understanding where these endogenous 

proteins localise without any external influences allows for easier 

comparisons to be made. Figure 4.8 shows the localisation of endogenous 

TRIM25 and endogenous ZAP and both seem to have diffuse cytoplasmic 

spread. 

 

 

 

 

 

Figure 4.8 Immunofluorescence showing localisations of either (A) Endogenous ZAP, or (B) 
endogenous TRIM25 A549 cells seeded onto a coverslip at a density of 50,000 per well of a 24 well 
plate. Cells were then stained with either rabbit anti-ZAP antibody (Ab154680) or mouse anti-TRIM25 
antibody (Ab610570) at a dilution of 1:500 prior to staining with donkey raised-anti-mouse-488nm-
fluorescent antibody (Abcam Ab150109) at a dilution of 1:500 to visualise the desired protein in a 
green colour or staining with goat raised anti-rabbit 594nm-fluorescent antibody (Ab150084) to 
visualise the desired protein in a red colour. Slides were mounted using DAPI mounting solution to 
stain the cell nucleus for visualisation in blue colour. (n = 1) 

 

 

A 

B 
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4.6.3 TRIM25 Co-localises With Both ZAP Isoforms 

Figure 4.9 depicts immunofluorescence of TRIM25 transiently over-

expressed by transfection. This was performed prior to any co-localisation 

experiments to understand whether over-expression of TRIM25 affected its 

localisation. Comparing the immunofluorescence in Figure 4.9 to that of 

endogenous TRIM25 in Figure 4.7 we can see that, although over-expression 

has induced and increase in concentration and subsequent perinuclear 

speckling, the overall localisation remains fairly consistent with diffuse 

cytoplasmic distribution occurring in both the transfected TRIM25 and 

endogenous TRIM25. 

Figure 4.10 shows the results of co-transfecting cells with either TRIM25-

FLAG and ZAP-L-myc or TRIM25-FLAG and ZAP-S-myc. The results show 

that TRIM25 co-localises with both ZAP isoforms and that it appears to be 

targeted to ZAP rather than maintaining normal cellular localisation. This is 

shown by the merge from figure 4.10 which displays that despite the 

different sub-cellular localisations of the different isoforms of ZAP, TRIM25 

still colocalises. It is known that ZAP interacts with TRIM25 via the SPRY 

domain (Li et al., 2017) and the structural differences between the ZAP 

isoforms (the loss of the PARP domain for ZAP-S) must not affect this 

interaction. 
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Figure 4.9 Immunofluorescence showing localisation of TRIM25-FLAG. HEK293T cells were seeded 
onto coverslips which were pre-treated with Poly-L-Lysine to increase the adherence of cells at a 
density of 50,000 per well of a 24 well plate. Cells  were transfected with PCDNA3.1 TRIM25-FLAG at 
a DNA concentration of 500ng within a well of a 24 well plate using PEI transfection reagent. Cells 
were then stained with antibodies against mouse-anti-FLAG (Sigma F1804-200UG) at a dilution of 
1:500 prior to staining with donkey raised-anti-mouse-594nm-fluorescent antibody (Abcam 
Ab150108) at a dilution of 1:500 to visualise the desired protein in a red colour. Slides were mounted 
using DAPI mounting solution to stain the cell nucleus for visualisation in blue colour. (n = 1) 

 

 

 

Figure 4.10 Immunofluorescence showing co-localisation of ZAP isoforms and TRIM25. HEK293T 
cells seeded onto a coverslip pre-treated with Poly-L-Lysine to increase the adherence of cells at a 
density of 50,000 per well of a 24 well plate. Cells  were co-transfected with PCDNA3.1 ZAP-L Myc 
tag and TRIM25-FLAG or  ZAP-S Myc and TRIM25-FLAG at 250ng per construct per well of 24 well 
plate using PEI transfection reagent. Cells were then stained with antibodies against mouse-anti-
myc (Sigma M5546-2ML) and rabbit-anti-FLAG (Sigma F1804-200UG) at a dilution of 1:500 per 
antibody prior to co-staining with donkey raised-anti-mouse-488nm-fluorescent antibody (Abcam 
Ab150109) and donkey raised-anti-rabbit-594nm-fluorescent antibody (Abcam  Ab150108) at a 
dilution of 1:500 to visualise the ZAP in green and TRIM25 in red. Slides were mounted using DAPI 
mounting solution to stain the cell nucleus for visualisation in blue colour. (n = 1) 
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4.6.4 TRIM25 and Arenavirus NP Co-localise  

We observe a change in TRIM25 localisation in the presence of co-

transfected arenavirus NP when compared to endogenous TRIM25 

localisation seen in figure 4.8. Which way round this interaction occurs in 

arenavirus infection is not known. It has been suggested in studies of SARS-

CoV that SARS N protein targets TRIM25 and competitively binds to the 

SPRY domain to modulate the RIG-I immune response and could also in 

turn prevent ZAP binding (Hu et al., 2017a).  

 

 

Figure 4.11 Immunofluorescence showing co-localisation of wild-type TRIM25-FLAG and either 
LASV-NP-HA, LUJV-NP-HA, or MOPV-NP-HA. A549 cells seeded onto a coverslip at a density of 
50,000 per well of a 24 well plate. Cells  were co-transfected with PCDNA3.1 wild-type-TRIM25-FLAG 
and either pCAGGs-LASV-NP-HA, pCAGGs-LUJV-NP-HA, or pCAGGs-MOPV-NP-HA at 250ng per 
construct per well of 24 well plate using Lipofectamine 3000 transfection reagent. Cells were then 
co-stained with mouse-anti-FLAG (Sigma F1804-200UG) and rabbit-anti-HA (Abcam Ab137838) at a 
dilution of 1:500 prior to co-staining with donkey raised-anti-mouse-594nm-fluorescent antibody 
(Abcam Ab150108) and goat-anti-rabbit-488nm (Abcam Ab150084) at a dilution of 1:500 to visualise 
the NP  in  green and TRIM25 in red. Slides were mounted using DAPI mounting solution to stain the 
cell nucleus for visualisation in blue colour. (n = 1) 
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4.6.5 Co-Immunoprecipitation Shows That TRIM25 Interacts 

with Both ZAP Isoforms   

Whilst direct interaction between ZAP and TRIM25 has already been 

experimentally proven (Zheng et al., 2017), it was important to establish 

interactions in the cells lines we would be using and with the constructs 

designed. Figure 4.12 shows the results of a co-immunoprecipitation 

experiment confirming that both ZAP-L and ZAP-S isoforms directly interact 

with TRIM25. This supports the immunofluorescence evidence seen from 

co-localisations between the different ZAP isoforms and TRIM25 observed 

in Figure 4.10. 

 

Figure 4.12 Western blot analysis for a co-immunoprecipitation experiment to investigate the 
interactions between both ZAP isoforms ZAP-L and ZAP-S and TRIM25. A549 cells were seeded at a 
density of 400,000 cells per well of a 6 well plate and subsequently co-transfected with a total 
concentration of 2ng DNA per well of either ZAP-L-myc or ZAP-S-myc and TRIM25-FLAG using 
Lipofectamine 3000 transfection reagent. Empty PCDNA3.1 was used as the control. 48 hours post 
transfection cells were washed once with ice cold PBS prior to lysis in a 50mM HEPES pH 7.2, 100mM 
NaCl, 1% IGEPAL buffer including a ROCHE protease inhibitor tablet. Lysis was left to occur whilst 
rolling at 4°C for 1 hour. During this time Protein G Pierce Magnetic beads were equilibrated in lysis 
buffer. Post-lysis, cells were centrifuged at 10,000rpm for 5 minutes at 4°C and 50µl supernatant 
added to 2x Laemmli buffer for the input sample and 950µl was added to 12.5µl neat beads per 
sample. Mouse-anti-FLAG antibody (SIGMA F1804-200UG) was added at a final dilution of 1:450 to 
each sample. Bead samples were left to bind whilst rolling overnight at 4°C. Samples were washed 
with lysis buffer 3 times and then 2 final washes in PBS before resuspension in 2x Laemmli buffer for 
Western blot analysis. Blots were stained for ZAP using a mouse-anti-myc (Sigma M5546-2ML) 
antibody, the other blot was stained for TRIM25 using a rabbit-anti-FLAG antibody (CST 14793S). All 
primary antibodies used at a dilution of 1:5000 and an anti-rabbit- or anti-mouse-secondary antibody  
was also used at a 1:5000 dilution. (n = 2) 
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4.6.6 Co-Immunoprecipitation Confirms That Arenavirus NP 

Interacts with Endogenous ZAP and TRIM25 

The data from the previous chapter in which ZAP and TRIM25 were identified 

as interacting partners of LASV, LUJV, and MOPV NP was performed using 

BioID2 proximity labelling. This data indicates that ZAP and TRIM25 are in 

very close proximity to NP when pulled down and analysed by mass 

spectrometry. Whilst this indicates an interaction, it does not confirm a 

direct interaction between these proteins. To establish whether there is an 

interaction between ZAP and NP and TRIM25 and NP, a co-

immunoprecipitation experiment was conducted, the results for which are 

shown in Figure 4.13. The results show that both endogenous ZAP and 

endogenous TRIM25 are pulled down with LASV, LUJV, and MOPV NP during 

the experiment which confirms an interaction between these proteins.  
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Figure 4.13 Western blot analysis for an immunoprecipitation experiment to investigate the 
interactions between different arenavirus strain NPs and endogenous ZAP or TRIM25. A549 cells 
were seeded at a density of 400,000 cells per well of a 6 well plate and subsequently transfected with 
a concentration of 2ng DNA per well of either LASV-, LUJV-, or MOPV-NP-pCAGGs-HA using 
Lipofectamine 3000 transfection reagent. 48 hours post transfection cells were washed once with 
ice cold PBS prior to lysis in a 50mM HEPES pH 7.2, 100mM NaCl, 1% IGEPAL buffer including a 
ROCHE protease inhibitor tablet. Lysis was left to occur whilst rolling at 4°C for 1 hour. During this 
time Protein G Pierce Magnetic beads were equilibrated in lysis buffer. Post-lysis, cells were 
centrifuged at 10,000rpm for 5 minutes at 4°C and 50µl supernatant added to 2x Laemmli buffer for 
the input sample and 950µl was added to 12.5µl neat beads per sample. Mouse-anti-HA antibody 
(Ab18181) was added at a final dilution of 1:150 to each sample. Bead samples were left to bind 
whilst rolling overnight at 4°C. Samples were washed with lysis buffer 3 times and then 2 final washes 
in PBS before resuspension in 2x Laemmli buffer for Western blot analysis. Blots were stained for 
endogenous ZAP using a rabbit-anti-ZAP (Ab105357) antibody, stained for endogenous TRIM25 using 
a rabbit-anti-TRIM25 antibody (), or stained for HA using a rabbit-anti-HA antibody (Ab137838). All 
primary antibodies used at a dilution of 1:5000 and an anti-rabbit-secondary antibody () was also 
used at a 1:5000 dilution. (n = 2) 
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4.6.7 Infection Assays Show Effectiveness of ZAP and TRIM25 

as Inhibitors of Arenaviral Infection 

 

To investigate how well TRIM25 and ZAP perform as arenavirus host 

restriction factors, various infection assays were performed using live 

MOPV. Experiments were initially carried out in normal A549 cells. Figure 

4.14 shows the results from individually over-expressing either of the ZAP 

isoforms or TRIM25 in normal A549 cells. Over-expression of both ZAP-L 

and ZAP-S results in significant decreases in arenaviral replication as 

measured by the fold change differences for the arenaviral NP and L 

proteins from qPCR data. TRIM25 also exhibits potent anti-arenaviral 

characteristics, displaying even greater inhibition of MOPV replication than 

either of the ZAP isoforms.  

To validate this, an inverse experiment was performed in which endogenous 

ZAP or TRIM25 was knocked down by siRNA in normal A549 cells infected 

with MOPV. Figure 4.14 shows that when the levels of ZAP or TRIM25 in a 

cell are decreased, arenavirus replication increases confirming that both 

ZAP and TRIM25 play important roles in the host antiviral defense against 

arenavirus infection. 
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F: Summary Table: 

Condition Dilution Plaques PFU/mL 

Control 10⁻⁴ 28 3.73 × 10⁶ 

TRIM25 10⁻³ 11 1.47 × 10⁵ 

ZAP 10⁻³ 13 1.73 × 10⁵ 
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Figure 4.14 Infection assays for overexpressed host proteins or siRNA knocked down host proteins.  
(A) A549 cells were transfected with 500ng of either ZAPL-MYC, ZAPS-MYC or TRIM25-FLAG or a 
control of empty PCDNA3.1 vector. These cells were subsequently infected with live MOPV at an MOI 
of 0.01 and harvested 72 hours later for RNA extraction and subsequent cDNA synthesis before 
analysis of their effects on viral replication by RT-qPCR looking at MOPV NP and L gene with GAPDH 
as our reference gene. (B) Success of the overexpressions and protein expression was confirmed by 
western blot staining for HSP90, MYC, or FLAG. (C)  Knocked down expression of endogenous ZAP or 
TRIM25 in A549 cells using siRNA and Dharmafect protocol. The success of these knockdowns is 
shown in the western blot image. These A549 cells were infected with live MOPV at an MOI of 0.01 
and harvested 72 hours post infection for RT-qPCR analysis. The stars in the graph represent a 
statistically significant difference in fold change from the control, where there are two stars this 
represents indicates a P value of 0.01 whereas a single start indicates a P value of less than 0.05. 
where no star exists, it indicates that the difference was not statistically significant. (n = 3). E) Plaque 
assay experiment comparing A549 cells transfected with either wild-type TRIM25, ZAP-Long, or 
empty PCDNA3.1 (Control) subsequently infected with MOPV. Vero cells were plated at 1.5 × 10⁵ 
cells/well in 48-well plates and infected with 75 µL of serially diluted MOPV virus stock (prepared 
in serum-free DMEM via 10-fold dilutions). After adsorption, cells were overlaid with MEM containing 
2.5% low-viscosity carboxymethylcellulose (CMC) to restrict viral spread and incubated for 4 
days at 37°C. Plaques were visualized using immunostaining: cells were fixed and probed 
with mouse monoclonal anti-Arenavirus rGPC antibody (clone KL-AV-1B3, 1:500 dilution; BEI 
Resources), followed by anti-mouse alkaline phosphatase secondary antibody (1:750; 
Merck) and developed with BCIP/NBT substrate. 

 

 

The creation of knockout cells lines was attempted for both ZAP and 

TRIM25. TRIM25 knockouts were successfully created but whilst initial 

knockouts for ZAP showed promise, these cell lines eventually recovered 

ZAP expression and can only be considered as having ZAP expression 

knocked down. This is displayed in the western blot image for ZAP 

expression in figure 4.15 in which bands corresponding to the ZAP S isoform 

are still present and visible indicating unsuccessful knockout. These cell 

lines were developed in normal A549 cells using a CRISPR-Cas9 system. 

These cell lines were used to repeat the infection assays from Figure 4.14 in 

a cell environment with knockout of endogenously expressed ZAP or 

TRIM25 rather than knockdown by siRNA. Figure 4.15 shows results from 

qPCR analysis of either ZAP or TRIM25 knockout cells infected with live 

MOPV. These results confirm the importance of both ZAP and TRIM25 as 

antiviral host restriction factors of arenavirus infection as when the cell is 

missing either of these proteins, MOPV replication is greatly enhanced. 
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Figure 4.15  Infection assays for A549  knockout cell lines with either endogenous ZAP knocked down 
or TRIM25 knocked out were generated using a CRISPR-Cas9 system. These knockout/knockdown 
cells were infected with live MOPV at an MOI of 0.01 and harvested 72 hours later for RNA extraction 
and subsequent cDNA synthesis before analysis of how knocking out/down expression of these 
proteins’ effects viral replication by RT-qPCR looking at MOPV NP and L gene with GAPDH and ACTIN 
as our reference genes. Overall cell health was determined by western blot and through staining for 
HSP90 using a mouse-anti-HSP90 antibody (Invitrogen MA1-10372). The success of the knockouts 
was determined using either an anti-rabbit-endogenous ZAP antibody (Abcam Ab154680) or an anti-
mouse-endogenous-TRIM25 antibody (Abcam Ab610570). Either an anti-rabbit or anti-mouse 
secondary was used for staining prior to imaging. The presence of bands corresponding to ZAP S in 
both the uninfected and infected ZAP KO sample indicates that total knockout by CRISPR was 
unsuccessful and that this can only be considered a knock-down cell line. A band corresponding to 
the ZAP L isoform is almost visible in the infected ZAP KO sample indicating that the infection has 
stimulated ZAP expression which would not be possible in a true KO cell line therefore this must also 
be considered a ZAP L knockdown. The stars in the graph represent a statistically significant 
difference in fold change (p-value ≤ 0.05). (n = 3) 

The availability of knockout cell lines allowed for improved investigations 

into the effectiveness of TRIM25 as an inhibitor of arenaviruses. By 

transfecting TRIM25 into cells in which endogenous TRIM25 expression was 

knocked out it means there can be no unintended interactions occurring 

between endogenous TRIM25 and transiently overexpressed TRIM25 and 

that we can be confident of the antiviral effect that TRIM25 has on MOPV 

arenavirus infection. Figure 4.16 shows the results of a MOPV infection 
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assay performed in TRIM25 knockout A549 cells in which TRIM25-flag has 

been transfected in at a concentration of 500ng using Lipofectamine 3000 

transfection reagent and then infected with live MOPV at an MOI of 0.01 for 

48 hours. The results are consistent with those from Figure 4.14A in which TRIM25 

is a potent inhibitor of MOPV replication. 

 

Figure 4.16 (A) Infection assays for A549 knockout cell lines with endogenous TRIM25 expression 
knocked out were generated using a CRISPR-Cas9 system. These knockout cells were transfected 
with either empty PCDNA3.1 as a control or PCDNA3.1 TRIM25-FLAG at a DNA concentration of 
500ng per well of a 24 well plate using Lipofectamine 3000 transfection reagent. 48 hours post 
transfection; cells were infected with live MOPV at an MOI of 0.01 and harvested 72 hours later for 
RNA extraction and subsequent cDNA synthesis before analysis of their effects on viral replication 
by RT-qPCR looking at MOPV NP and L gene with GAPDH and Actin as our reference genes. (B) 
Success of the knockouts, transfections, cell health were determined by western blot staining for 
mouse-anti-HSP90 (Invitrogen MA1-10372) at a dilution of 1:5,000, rabbit-anti-endogenous-TRIM25 
at a dilution of 1:5,000. The stars in the graph represent a statistically significant difference in fold 
change (p-value ≤ 0.05). (n = 3)  

 

Both ZAP and TRIM25 are proteins coded for by interferon stimulated genes 

so investigation of the level to which arenavirus infection induces 

expression was performed. Figure 4.17 shows the results from 

densitometry analysis of ZAP-L, ZAP-S, and TRIM25 expression changes 

caused by both MOPV infection and treatment with differing levels of IFN-I. 

The results show that there are minor increases to the levels of ZAP-L and 

TRIM25 expression and also that ZAP-S expression appears to undergo a 

much greater increase in expression. This could suggest that the ZAP-S 

isoform is the important isoform for effective ZAP inhibition of arenaviral 

infection. It has been shown that different viruses are inhibited more 
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successfully by different ZAP isoforms depending on the virus 

characteristics and available ZAP targets. ZAP-L possesses a PARP-Like 

domain and targets CpG dinucleotide rich vRNA sequences to induce an 

antiviral response. Because of this, many viruses have evolved to have low 

frequency of CpG dinucleotides within their sequences to avoid detection 

by ZAP. Arenaviruses are among this subset of viruses with lower-than-

expected CpG dinucleotide frequency as shown by analysis of sequences 

in Figure 4.4. It is possible and likely that the different ZAP isoforms came 

about to allow for targeting of non-standard viral epitopes to allow ZAP to 

continue to work as an effective host antiviral factor.  

 

Figure 4.17  ZAP and TRIM25 induction due to infection. A549 cells were transfected with 500ng of 
either PCDNA3.1 ZAPL-myc, ZAPS-myc or TRIM25-FLAG or a control of empty PCDNA3.1 vector. 16 
hours prior to infection, cells were pretreated with IFN-I at varying concentrations. These cells were 
subsequently infected with live MOPV at an MOI of 0.01 and re-spiked with the same IFN-I 
concentration and samples were harvested 72 hours later for analysis of protein expression and 
induction of ZAP-L, ZAP-S, or TRIM25 by western blot.  Success of the overexpressions and protein 
expression was confirmed by western blot. Blots were stained for mouse-anti-HSP90 (Invitrogen 
MA1-10372), ZAP using a mouse-anti-myc (Sigma M5546-2ML) antibody, the other blot was stained 
for TRIM25 using a rabbit-anti-FLAG antibody (CST 14793S). All primary antibodies used at a dilution 
of 1:5000 and an anti-rabbit- or anti-mouse-secondary antibody  was also used at a 1:5000 dilution. 
(n = 3)  

 

Figure 4.18 also shows the results from an interferon assay performed in 

A549 cells with levels of endogenous ZAP or TRIM25 knocked down by 

siRNA. The results of this assay show that by decreasing cellular expression 

of these antiviral proteins, the IFN antiviral response to arenavirus infection 

was significantly attenuated. Figure 4.19 shows the results of a more robust 

version of the same experiment performed in A549 cells in which 

endogenous ZAP or TRIM25 had been knocked out by CRISPR-Cas9. The 

data from both Figures 4.18 and 4.19 allows us to characterise the  antiviral 
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activity of ZAP and TRIM25 and clarifies that both proteins are strong 

inhibitors of arenavirus infection crucial to mediating restriction of MOPV 

and potentially of human pathogenic arenaviruses. 

 

Figure 4.18  RT-qPCR data for IFN assays from siRNA knockdowns. Protein levels of HSP90, ZAP and 
TRIM25 were determined by western blot on A549 cells treated with non-targeting siRNA, and 
corresponding cells treated with either ZAP or TRIM25 siRNA at concentration of 100nm. Post 
Dharmafect transfection to knock down target gene, cells were pre-treated with IFN-I at increasing 
concentrations 16-hours prior to a 72-hour infection with live MOPV at MOI of 0.1. (n = 3) 

 

Interestingly, whilst TRIM25 CRISPR-Cas9 knockouts have been extremely 

successful, maintaining knockout of ZAP has been difficult. The effects of 

interferon on ZAP expression can be seen in both Figures 4.18 and 4.19. 

Although only knocked down through siRNA in the experiment shown in 

Figure 4.18, we can see that increasing the concentration of IFN leads to 

detection of ZAP by western blot. This is not the same for TRIM25, inferring 

efficient knock out. Figure 4.19 shows that the ZAP knockout cells have 

already started show expression for ZAP-L, or endogenous, isoform 

although the ZAP-S isoform appears to stay knocked out. Another point of 

interest is when comparisons are made between the control samples with 

different levels of IFN treatment where it is evident that by increasing the 

concentration of IFN, we increase the induction of ZAP-S indicating it is a 

more IFN sensitive isoform than ZAP-L.  
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Figure 4.19 RT-qPCR data for IFN assays in knockout cell lines. Protein levels of HSP90, ZAP and 
TRIM25 were determined by western blot on A549 cells treated with non-targeting siRNA, and 
corresponding cells treated with either ZAP or TRIM25 siRNA at concentration of 100nm. Post 
Dharmafect transfection to knock down target gene, cells were pre-treated with IFN-I at increasing 
concentrations 16-hours prior to a 72-hour infection with live MOPV at MOI of 0.1. (n = 3) 
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4.6.8 TRIM25 Mutants  

 

Four TRIM25 mutants were designed and cloned into PCDNA3.1 vector 

using overlap PCR: TRIM25-7KA, TRIM25-∆RING, and TRIM25-∆SPRY. 

Mutants missing these key TRIM25 domains were chosen to further 

investigate interactions with NP and deduce which TRIM25 domain is 

necessary for interaction with arenavirus NP. The TRIM25 7K motif is 

thought to be involved in RNA binding and substitution of all 7 lysines with 

alanine has been shown to decrease but not totally inhibit the ability of 

TRIM25 to bind RNA (Sanchez et al., 2018). It is likely that this retained 

ability of the 7KA mutant to bind RNA is due to the mutant still possessing 

an intact SPRY domain. The SPRY domain of TRIM25 has been shown to be 

necessary for many protein-protein interactions and it also has key 

functions in the ability of TRIM25 to bind RNA. Because of these roles the 

SPRY domain plays in the activity of TRIM25, a mutant protein missing this 

domain should have decreased effectiveness as an antiviral factor. 

Research has shown that TRIM25 interacts with a number of viral proteins 

via its SPRY domain including the SARS-CoV nucleocapsid protein 

(Choudhury et al., 2017). Because both arenavirus NP and the TRIM25 SPRY 

domain are crucial for respective RNA binding, it is possible that this 

domain is where TRIM25 and NP will interact, therefore experiments 

involving a -∆SPRY TRIM25 mutant should shed light on the nature of these 

interactions and the mechanisms by which TRIM25 acts as an antiviral 

factor. The TRIM25-∆RING mutant was selected due to the role that the 

catalytic RING domain plays in the synthesis of factors crucial to the 

ubiquitination activity of TRIM25. The RING domain dimerises to interact 

with Ub-conjugated E2 enzymes and has a crucial function in the k63-poly-

Ub synthesis pathway (Sanchez et al., 2016). A TRIM25 mutant missing this 

RING domain would allow for investigation of the importance of TRIM25’s 

ubiquitination activity to its role as an antiviral factor. 
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4.6.9 Cellular Localisation of TRIM25 Mutants 

 

The immunofluorescence localisations from Figure 4.20 and the collated 

images in Figure 4.21 were performed in A549 TRIM25 knock out cells into 

which either wild type TRIM25-FLAG or the TRIM25 mutants were 

transfected. Figures 4.20 and 4.21 show that the TRIM25 mutants do 

localise differently to wild-type TRIM25. Whilst the localisation observed for 

wild type TRIM25 remains consistent with previous immunofluorescence 

as seen in Figure 4.9, the 7KA mutant appears to lose the cytoplasmic 

speckling and possesses a more diffuse distribution. The 7KA mutant 

disrupts the ability of TRIM25 to interact with RNA but does not completely 

abolish it (Sanchez et al., 2018). This diminished ability to bind RNA is likely 

altering the localisation of the 7KA mutant compared to wild type. 

The ∆RING-TRIM25 mutant has localisation much more similar to wild type 

with the same speckling seen throughout the cytoplasm as well as a diffuse 

cytoplasmic distribution. This indicates that despite lacking the RING 

domain, this does not impact the localisation of TRIM25 within the cell. 

The ∆SPRY-TRIM25 mutant does have different localisation to wild type as 

seen in Figures 4.20 and 4.21. Whilst there is still diffuse cytoplasmic 

distribution, the speckling appears to be much more concentrated around 

the cell nucleus. There is none of the speckling in the cytoplasm away from 

the nucleus that we observe in the wild type TRIM25 immunofluorescence. 

The SPRY domain of TRIM25 is involved in many protein-protein interactions 

as well as crucial to the RNA binding activity of TRIM25 and we can see that 

these functions also have an impact on where TRIM25 localises within the 

cell. 
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Figure 4.20 Immunofluorescence showing localisation of TRIM25 wild type and several mutants ; 
7KA, ∆RING-domain, and ∆SPRY-domain. A549 cells seeded onto a coverslip at a density of 50,000 
per well of a 24 well plate. Cells  were transfected with PCDNA3.1 wild-type-TRIM25-FLAG or 7KA-
TRIM25-FLAG or ∆RING-TRIM25-FLAG or  ∆SPRY -TRIM25-FLAG at 500ng per construct per well of 24 
well plate using Lipofectamine 3000 transfection reagent. Cells were then stained with mouse-anti-
FLAG (Sigma F1804-200UG) at a dilution of 1:500 prior to staining with donkey raised-anti-mouse-
488nm-fluorescent antibody (Abcam Ab150109) at a dilution of 1:500 to visualise the desired protein 
in a green colour. Slides were mounted using DAPI mounting solution to stain the cell nucleus for 
visualisation in blue colour. (n = 1) 



234 
 

 

 

Figure 4.21 Collated immunofluorescence showing localisation of TRIM25 wild type and several 
mutants ; 7KA, ∆RING-domain, and ∆SPRY-domain. A549 cells seeded onto a coverslip at a density 
of 50,000 per well of a 24 well plate. Cells  were transfected with PCDNA3.1 wild-type-TRIM25-FLAG 
or 7KA-TRIM25-FLAG or ∆RING-TRIM25-FLAG or  ∆SPRY -TRIM25-FLAG at 500ng per construct per 
well of 24 well plate using Lipofectamine 3000 transfection reagent. Cells were then stained with 
mouse-anti-FLAG (Sigma F1804-200UG) at a dilution of 1:500 prior to staining with donkey raised-
anti-mouse-488nm-fluorescent antibody (Abcam Ab150109) at a dilution of 1:500 to visualise the 
desired protein in a green colour. Slides were mounted using DAPI mounting solution to stain the cell 
nucleus for visualisation in blue colour. (n = 1) 

 

An infection assay comparing the TRIM25 mutants was performed to 

identify which TRIM25 domain plays the most significant role in the role of 

TRIM25 as an anti-arenaviral host protein. The results of this assay are 

shown in figure 4.22;  the ∆SPRY-TRIM25 mutant is immediately of interest 

as the level of viral replication for both NP and L are nearly at the same levels 

as seen in the TRIM25 knockout cells. This suggests that the ∆SPRY is 

crucial for TRIM25 to inhibit MOPV replication and likely plays a key role in 

the TRIM25 mediated anti-arenaviral response. The other TRIM25 mutants 

also show a reduced ability to inhibit MOPV replication as can be seen from 

the NP levels from the qPCR data in figure 4.22. Both the 7KA and ∆RING 

TRIM25 mutants show about a two-fold increase in NP levels when 
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compared to wild-type TRIM25. The 7KA mutant has been shown to have 

decreased ubiquitination activity when compared to wild type TRIM25 

(Sanchez et al., 2018) and also to cause TRIM25 to have a diminished but 

not totally abolished ability to bind RNA. This decrease in both 

ubiquitination and RNA binding reported for the 7KA mutant explains the 

observed result in figure 4.22 in which the 7KA mutant still displays some 

anti-arenaviral activity but does not have the same potency as wild type 

TRIM25. The RING domain of TRIM25 is responsible for the E3 ubiquitin 

ligase activity. Thus, the ∆RING mutant would have an inhibited ability to 

target NP for ubiquitination and degradation although it would still have the 

capacity to bind the viral RNA and work as a ZAP cofactor to achieve 

antiviral activity. This perhaps suggests why it shows a diminished ability to 

inhibit MOPV replication compared to the wild type TRIM25 but still has 

some anti-arenaviral capability. 

 

Figure 4.22 qPCR analysis and corresponding western blot of Wild-type TRIM25 and mutants 7KA, -
∆RING, and -∆SPRY transfected into TRIM25 knockout A549 cells at a concentration of 500ng DNA 
per well of a 24 well plate using Lipofectamine 3000 transfection reagent. 24 hours post transfection; 
these cells were then infected with live MOPV at an MOI of 0.01. 48 hours post infection cells were 
harvested and samples taken for analysis by SDS-Page and western blot and for RNA extraction. 
Extracted RNA was then synthesised into cDNA which was then used for qPCR analysis of MOPV NP 
and L gene expression levels to determine the effect of TRIM25 wild type and mutants on MOPV 
infection. Western blotting was performed using either a mouse-anti-HSP90 antibody to stain for 
HSP90 expression as a measure of cell health, or a rabbit-anti-TRIM25 antibody. An anti-mouse and 
anti-rabbit secondary antibody were used respectively and blots were imaged using an iBright 
system (Thermo). Success of infection was determined by plaque assay of samples of infected cell 
media The stars in the graph represent a statistically significant difference in fold change from the 
control, where there are two stars this represents indicates a P value of 0.01 whereas a single start 
indicates a P value of less than 0.05. where no star exists, it indicates that the difference was not 
statistically significant. (n = 3). 
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Co-immunoprecipitation of MOPV NP with wild-type TRIM25 and the 7KA, 

∆RING and ∆SPRY mutants was performed to investigate which domain is 

interacting between TRIM25 and NP (Figure 4.23). The interaction between 

the TRIM25 mutants which are missing the RING or SPRY domain is weaker 

than that between either the wild type or the 7KA mutant as shown by the 

comparative predominance of the wild type and 7KA bands for NP in figure 

4.23. Given that less NP was immunoprecipitated with the ∆RING and 

∆SPRY mutants suggests that the interaction between those mutants and 

NP is not as strong and that these domains likely have a role in the 

interaction between TRIM25 and NP and require further investigation. These 

results are in agreement with those from the infection assay in figure 4.22 

in which the absence of the SPRY domain enhances MOPV replication.  

Figure 4.23 Co-immunoprecipitation experiment investigating interactions between wild type 
TRIM25 or mutants, and MOPV NP. The controls include co-transfected PCDNA3.1 and pCAGGs, the 
vectors into which MOPV NP and TRIM25 are cloned. MOPV NP was co-transfected with PCDNA3.1 
and wild type TRIM25 with pCAGGs. A549 TRIM25 knockout cells were used for this experiment and 
co-transfection performed with Lipofectamine 3000 transfection reagent and protocol. Co-IP 
protocol was performed 48 hours post transfection using Pierce Protein G magnetic beads and 
pulling down with mouse-anti-Flag (Sigma F1804-200UG) at a dilution of 1:450) was performed. SDS-
PAGE and western blot analysis was performed using a rabbit-anti-TRIM25 antibody (Ab167154) at a 
dilution of 1:5000, or anti-NP antibody at a dilution of 1:10,000. (n = 2) 

 



237 
 

4.7 Discussion 

The findings presented in this chapter show that both ZAP and TRIM25 play 

important roles in the cellular defence against arenaviruses. Infection 

assays using MOPV have shown that TRIM25 appears to be a more potent 

inhibitor of viral replication. Whilst the ZAP-Short isoform shows increased 

induction due to infection with MOPV, infection assays do not show a 

significant difference in inhibition of viral replication between either 

isoform. Therefore, it is still unclear which isoform is the more potent 

restriction factor for viral replication and further work involving isoform 

specific CRISPR-Cas9 knockouts and over-expression repeats will need to 

be performed to elucidate this. This research has also validated that 

TRIM25, and ZAP interact within the cell through the implementation of 

immunofluorescence co-localisation experiments and co-

immunoprecipitation. TRIM25 has been shown to co-localise to both the 

ZAP-Long and -Short isoforms and directly interacts with both. How the 

different isoforms affect the interaction of ZAP with TRIM25 and subsequent 

influence this may have on arenavirus infection has not been explored 

although provides an interesting idea for future research. 

In future research, it may be necessary to perform proximity-labelling  (both 

using transfected NP alone and also in the context of live viral infection) and 

proteomic analysis on all three arenavirus strain NPs to not only validate the 

MOPV NP results but confirm that TRIM25 and ZAP are interacting with LASV 

and LUJV NP as these are the human pathogenic strains for which a clearer 

understanding of pathogenicity is crucial. Analysis of TRIM25, ZAP, and NP 

by using functional mutants will also help characterise the key domains and 

their functions regarding arenaviruses. 

A main limitation of the research presented was the availability of reliable 

antibodies against arenavirus NP. Despite numerous attempts at 

optimisation of both primary and secondary antibody dilution, incubation 

times, blocking time, the use of 5% milk vs BSA, reproducibility remained 
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difficult, and results were often inconclusive as to whether an infection had 

been successful. Often success of infection had to be determined through 

qPCR, and later by plaque immuno-assay. The anti-myc tag antibody used 

to assess success of ZAP isoform transfection and also used for ZAP 

isoform immunofluorescence also proved unreliable. This antibody worked 

as intended during early phases of the research, but subsequent batches of 

the same antibody often showed non-specific binding making western blot 

analysis difficult despite numerous attempts at optimisation. This was 

often circumvented through use of the reliable endogenous ZAP antibody 

although this did not solve the issue for immunofluorescence. ZAP was also 

difficult to knock out using CRISPR-Cas9. ZAP knockout cells would often 

show ZAP expression over time by western blot. For future studies, qPCR 

would need to be performed to detect significant reductions in mRNA 

expression compared to NT control for clonal cell line expansion.  

In conclusion, this research has confirmed that both ZAP and TRIM25 are 

antiviral in the context of arenavirus infection, however, the exact 

mechanisms and specific biological and structural interactions remain 

largely unexplored. Investigation into the structural interactions between 

TRIM25 and NP are the subject of chapter 5. The experiments performed so 

far give many useful clues as to the nature of these interactions and help to 

inform future avenues of research. For example, this research has shown 

that there is a direct interaction between TRIM25 and NP through co-

immunoprecipitation, and subsequently, the SPRY TRIM25 domain stands 

out as the main candidate for structural interaction analysis with NP. This is 

due to the greatly reduced ability of TRIM25 to act as an inhibitor of MOPV 

replication when the SPRY domain is missing as it is in this mutant. This 

mutant potently inhibits the ability of TRIM25 to bind RNA, a process crucial 

for the antiviral activity of TRIM25 (Álvarez et al., 2024). Research has shown 

that the PRYSPRY domain is predominantly responsible for TRIM25 RNA 

binding and that a region encompassing residues 470-508aa specifically 

binds RNA. Deletion of this region unfolds the PRYSPRY domain and inhibits 
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the RNA binding ability of TRIM25. Deletion of this region also results in a 

TRIM25 mutant unable to bind ZAP at all which would impact the overall 

antiviral activity of the ZAP-TRIM25 co-factor complex. Interestingly, the CC 

domain of TRIM25 (which also has roles in RNA binding) has been shown to 

be more promiscuous in its RNA binding sequence preference than the 

PRYSPRY domain (Álvarez et al., 2024). These findings indicate the 

importance of the SPRY domain in the anti-arenaviral response and indicate 

this may be the domain through which the TRIM25-NP interaction occurs, a 

hypothesis supported by the reduced level of interaction observed from the 

co-immunoprecipitation experiment between TRIM25 and MOPV NP.   
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Chapter 5 

Elucidating the co-structure of 
TRIM25 and Arenavirus NP 
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5 Elucidating the co-structure of TRIM25 and 

Arenavirus NP 

5.1 Chapter introduction 

5.1.1 TRIM25  

5.1.1.1 Introduction 

Full length wild-type TRIM25 comprises 634 amino acids, for a total 

molecular weight of 70.6 kDa, and includes a RING domain, two B-box 

domains, a coiled-coil domain (CCD), and a PRYSPRY domain (B30.2 

domain) (Figure 5.1). TRIM25 possesses two linker domains of currently 

unknown structure that separate both the RING and B-box domains and the 

coiled-coil and PRYSPRY domains. Thus far, the full length TRIM25 protein 

structure has not been successfully determined  via experimental 

techniques including X-ray crystallography, however, the PRYSPRY domain, 

CCD domain and CC-PRYSPRY domain structures have been determined 

by X-ray crystallography (Koliopoulos et al., 2018).  

 

Figure 5.1 Schematic of TRIM25 protein structure and domains. TRIM25 is comprised of a RING 
domain connected to two B-box domains by a linker. The B-box domains are followed by a Coiled-
coil domain which is connected to the PRYSPRY (otherwise known as B30.2) domain at the C-
terminal end of the protein by another linker domain. 

 

5.1.1.2 PRYSPRY 

The structure of the PRYSPRY domain (Figure 5.2) is comprised of a 

hydrophobic core with thirteen β-strands forming two antiparallel β-sheets 

in a configuration known as a “bent β-sandwich” (Koliopoulos et al., 2018). 

The structure contains two α-helices located at the N-terminal end of the 

PRYSPRY packed against one face of the β-sheet core with α-helix 1 (α1) 
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running near parallel and α2 near perpendicular to the direction of the β-

strands. The PRY section is formed by residues 440-512aa and the SPRY 

section by residues aa513-633 and together form a single structural 

module.  

The TRIM25 PRYSPRY structure elucidated by (D'Cruz et al., 2013) revealed 

eight additional residues at the N-terminus of the PRY region compared to 

earlier B30.2 domain structures. These newly resolved residues form an 

extra α-helix (α1), which engages in hydrophobic interactions with the 

adjacent β-sheet while displaying polar residues on the solvent-exposed 

surface. In particular, Leu446, Phe449, and Leu450 from α1 participate in 

hydrophobic interactions with Phe592, Ile594, and Phe596 from β10, as 

well as Leu604 and Lys607 from β11. As a result, α1 protects a hydrophobic 

patch on the underlying β-sheet from solvent exposure. The total solvent-

accessible surface area provided by the three-dimensional structure of the 

TRIM25 B30.2 domain is 8,850 Å² and this difference in volume is due to the 

extra alpha helix. 

 

Figure 5.2  Cartoon schematic of TRIM25 PRYSPRY domain with colouring depending on structure; 
Helices are blue, ribbons are pink, and sheets are red. The N- and C-terminal ends of the PRYSPRY 
TRIM25 fragment have been labelled as have the α-helices α1 and α2. Schematic visualised using 
PyMOL. 
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5.1.1.3 TRIM25 Coiled-coil domain 

The human TRIM25 coiled-coil (CC) domain is formed by residues 189-

379aa and has had its structure determined by (Sanchez et al., 2014) (Figure 

5.3). The 189-379aa residue includes the entire coiled-coil region and the 

N-terminal half of the second linker region that connects the CC and 

PRYSPRY domains. Analysis of the structure revealed that this construct is 

a stable dimer, and crystallisation determined the structure to 2.6Å and 

showed that the asymmetric unit was comprised of a single, elongated 

dimer which was about 17nm long. Each subunit of the symmetric dimer 

was found to fold back into a hairpin configuration possessing both short 

and long arms. The linker region and the coiled-coil residues are structurally 

distinct with the coiled-coil residues forming the long arm of each subunit 

(α1 helix coloured cyan in figure 5.3) and the linker region residues forming 

the short arm shown to fold back and sit against the α1 helix (α2, α3, and an 

irregular loop region all coloured orange in figure 5.3). The two subunits 

dimerise in an antiparallel manner and almost all of the hydrophobic 

sidechains within the structure are involved in packing interactions 

occurring across the entire length of each hairpin and burying a total 

surface area of 5,102Å2. The coiled-coil/linker domain polar and charged 

side-chain also forms many hydrogen bonding and salt bridge interactions 

(Sanchez et al., 2014). 

Originally, the TRIM family of proteins were predicted to contain two distinct 

coiled-coil domains that were separated by a helical but non-coiled? 

segment (Javanbakht et al., 2006, Sardiello et al., 2008). The TRIM25 CC 

structure revealed by (Sanchez et al., 2014) shows that the segments 

described actually form a single contiguous coil with the α1 helix forming 

the long arm of each subunit. The mechanism by which the interaction 

occurs between the α1 helix of each subunit underpins why the coiled coil 
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forms a dimer. The interaction is mediated by knobs-into-holes packing of 

both heptad repeats and hendecad repeats which produce a supercoil and 

these hendecads mediate interactions occurring at the centre of the coiled-

coil and an amphipathic platform is created by super helical underwinding 

which causes the α1 helix of each subunit to arrange side by side. The 

terminal α3 helix from the short arm of each hairpin has been shown to pack 

tightly against one side of the platform which forms a bundle of four helices.  

Research has shown that hydrophobic residues located at the centre of the 

coiled-coil domain are required for TRIM25 dimerisation (Sanchez et al., 

2014). This central region seems to be necessary for dimer stability and has 

a high density of intermolecular interactions due to the tight packing of the 

α1 helices against each-other and also against the α3 helix.  

 

Figure 5.3 Cartoon representations of TRIM25 Coiled-coil domain with colouring depending on 
secondary structure elements, Long helices are cyan, whilst the shorter helices and the connecting 
loops region are orange. The N- and C-terminal ends of the fragment have been labelled as have the 
α-helices. A) shows the monomeric CC domain. B) Shows the dimeric CC domain. Schematic 
visualised using PyMOL. 
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5.1.1.4 TRIM25 CC-PRYSPRY 

Research by (Koliopoulos et al., 2018) into the molecular mechanisms by 

which influenza A NS1 mediates TRIM25 recognition and inhibition resulted 

in identification of the structure of the human TRIM25 CC-PRYSPRY domain 

(residues 189-630aa) at a resolution of 3.6Å. (Koliopoulos et al., 2018) 

solved the structure using molecular replacement using the CCD structure 

already available (PDB:4LTB) and a de novo determined structure of the 

PRYSPRY domain of TRIM25 residues 434-630aa at a resolution of 2Å 

(Figure 5.4). It was found that the CC-PRYSPRY structure has one and a half 

CC dimers in an asymmetrical unit and a crystallographic two-fold that 

completes the second dimer. Each of the bow-shaped CC dimers has two 

PRYSPRY domains that are bound near the end of which maintains the 

twofold symmetry. The two bound PRYSPRY domains do not significantly 

alter the CC structure when compared to CC alone. There is a linker region 

connecting the CC and PRYSPRY domains which is 73 amino acid residues 

in length (residues 361-433aa), but it is not visible in the electron density of 

the solved structure so the exact connectivity between the CC and 

PRYSPRY is still unknown.  

The impact of the PRYSPRY domain upon the CC spans across amino acid 

residues 269-287aa on the α1 helix and residues 320-326aa on the 

extended connection between α2 and α3, all on the same monomer. These 

CC domain regions contact the PRYSPRY domain surface loops that span 

across amino acid residues 460-464aa (loop 1), residues 472-476aa (Loop 

2), residues 488-494 (Loop 3), and residues 504-506 (loop 4). Research 

performed by small angle X-ray scattering on the CC-PRYSPRY and NMR 

titrations between the separate CC and PRYSPRY domains revealed 

information about the domain dynamics. Interaction between the two 

domains was shown to be weakened through mutations of Y463S and 

Y476S (Koliopoulos et al., 2018). When these residues were mutated, RIG-

I-2CARD ubiquitination capabilities were almost completely lost which 

shows the importance of this interface for correct PRYSPRY positioning 
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necessary for substrate ubiquitination. Interestingly, mutation of these 

residues does not affect the overall fold of the PRYSPRY domain. These 

results, along with other recent research (D'Cruz et al., 2018), suggest that 

when alone, the PRYSPRY domain is in a dynamic equilibrium between a 

bound and a constrained diffusing state tethered to the CC via the flexible 

linker region but the bound state is critical for ubiquitination of substrates. 

 

Figure 5.4Cartoon schematic of TRIM25 Coiled-coil-PRYSPRY overall final structure determined 
experimentally by (Koliopoulos et al., 2018). Colouring is dependent on structure domain; the helices 
making up the CC domain are grey and the PRYSPRY domain has been coloured using the PyMOL 
rainbow function which colours each segment of the cartoon molecule differently. This has been 
done to make visualisation of the distinct domains and where they interact clear. Schematic 
visualised using PyMOL 

 

 

5.1.2 LASV NP Crystal Structure 

The monomeric full-length crystal structure of LASV NP displays a protein 

possessing two domains separated by a 30 amino acid flexible linker 

domain (Figure 5.5). This linker domain has remained structurally 

uncharacterised because of its intrinsic flexibility. Both protein domains are 

in tight contact with each other. The LASV NP N-terminal domain is a 

globular α/β domain comprised of 14 α-helices and 6 β-strands which are 

able to undergo substantial structural conformation changes. Within all NP 

structures, the first 50 amino acids making up the first two α-helices (α1 and 

α2) are involved in the multimerization mechanism are folded over the NP 

core domain (Ortiz-Riaño et al., 2012b). Originally, NP was observed to be 

trapping NTP within the N-terminal domain suggesting a gating 
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mechanisms that allows access to a potential cavity (Qi et al., 2010b) the 

function of which was mis-identified as involved in cap-binding to provide 

host-derived primers for initiation of transcription by the viral polymerase. 

Later research cleared up this mis-conception and showed that the NP-

cap-binding domain actually corresponds to the NP RNA binding site and 

the true cap-binding domain was located within the C-terminal part of the 

arenavirus L protein (Hastie et al., 2011c, Morin et al., 2010, Lehmann et al., 

2014, Reguera et al., 2016, Vogel et al., 2019). In arenavirus NP, the RNA 

binding site is covered by two α-helices (α5, and α6) and a loop (coloured 

as orange in figure 5.5 C). The RNA binding site alters structural 

conformation in the presence of ssRNA and the α5 and α6 helices create a 

cleft to accommodate the RNA with the α6 helices being observed to have 

up to 7 different positions when RNA is bound (Hastie et al., 2011c). The 

creation of the cleft due to RNA binding causes the C-terminal domain to 

reposition although this has not yet been structurally characterised. 
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Figure 5.5A) Schematic of LASV NP structure. The colours correspond to the domains in the protein 
cartoons. At the N-terminal end of LASV NP there is a domain comprised of two α-helices involved in 
multimerization followed by another region of two α-helices and a loop region involved in RNA gating. 
The N-terminal core domain of LASV NP is connected to the C-terminal Exonuclease domain by a 
linker domain. B) Cartoon representation of the LASV NP protein highlighting the N-terminal 
multimerization in cyan and the C-terminal ExoN domain in pink. C) cartoon representation of LASV 
NP which highlighting in orange the α-helices and loop region involved in RNA gating mechanisms.  

 

Arenavirus NP contains a 3’-5’ exonuclease domain within its C-terminal 

region that has specificity to dsRNA and which functions to interfere with 

the IFN-I immune response (Martínez-Sobrido et al., 2009). It has been 

shown that this C-terminal exonuclease domain isn’t required for viral 

genome replication or transcription in most arenavirus strains although in 

LASV, PICV, and LCMV NP mutated to lack exonuclease activity this resulted 

in greatly impaired replication (Huang et al., 2015b, Carnec et al., 2011). 

The 3’-5’ exonuclease domain (ExoN) is a member of the DEDDH family 

which is a family of nucleases known to process and cleave ssRNA or DNA 

through a two-metal-ion catalytic mechanism. Although LASV NP utilises 
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its 3’-5’ exonuclease to cleave dsRNA. This two-metal-ion mechanism 

involves the two ions being coordinated by residues of the ExoN motif 

(Steitz and Steitz, 1993). The ExoN domain has a fold characteristic of the 

DEDDH family comprised of two β-sheets with two antiparallel strands and 

six mixed strands, and eight α-helices connected via a series of loops. The 

structural arrangement of these secondary structures form a central β-

sheet surrounded on one side by three α-helices and seven on the opposite 

side with a zinc binding site, all of these structure usually have one metallic 

ion present in the catalytic site with the second metallic ion, which allows 

the catalytic reaction to initiate, comes from the RNA to be cleaved by the 

ExoN  (Jiang et al., 2013, Zhang et al., 2013, Hastie et al., 2012). Within the 

LASV NP ExoN there are two flexible regions; the basic loops (residues 514-

526aa) which sometimes structures itself as two anti-parallel strands 

located above the active site and the C-terminal arm (residues 549-570aa).  

 

5.1.3 Arenavirus NP core domain and research focus 

The decision to focus on the NP N-terminal core domain for interaction 

studies with TRIM25 was made because of the role this domain has in RNA 

binding, a characteristic shared with the TRIM25 CC-PRYSPRY domain. 

Similarly, the TRIM25 CC-PRYSPRY domain was chosen because not only is 

it involved in the RNA binding activity of TRIM25 but the CC-PRYSPRY 

domain has been shown to be the domains through which TRIM25 interacts 

with many other proteins, including viral, and recognises substrates 

(Koliopoulos et al., 2018). Examples of this include TRIM25 interactions 

with Influenza A NS1 in which interaction occurs at the TRIM25 CC domain 

and can disrupt formation of the CC-PRYSPRY complex formation 

subsequently inhibiting TRIM25 antiviral activity through RIG-I pathway 

induction (Koliopoulos et al., 2018). The SARS-CoV-2 N protein has also 

been shown to target TRIM25 to inhibit RIG-I activation and suppress innate 

immune antiviral responses. The interaction between the SARS-CoV-2 N 
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protein and TRIM25 has been shown to occur as the SPRY domain of TRIM25 

(Gori Savellini et al., 2021).  

Whilst published crystal structures for full length LASV NP and the TRIM25 

CC-PRYSPRY construct exist, thus far no crystal structures for full length 

LUJV or MOPV NP have been determined experimentally. The ExoN domain 

of MOPV has been determined in complex with various metal ions, (Yekwa 

et al., 2017, Nguyen et al., 2022) but not the N-terminal core domain. Due 

to this lack of published experimental structural data, predictive modelling 

with techniques such as Alphafold3 must be utilised to gain insight into the 

potential structures of these NP domains. Figure 5.6 B and C depict the 

Alphafold3 predictions for the LUJV- and MOPV NP N-terminal core 

domains respectively. The colouring in the figure has been chosen to ease 

differentiating and comparing the tertiary and overall structures of the 

different NP N-terminal core domains. Figure 5.6 A shows the LASV NP N-

terminal core domain fragment from the solved and published crystal 

structure (3MWP on PDB) (Qi et al., 2010b). Comparisons between the 

protein cartoon models shows that the main differences are in the location 

of the α-helix coloured in bright green which appears to be helix-α6 as 

depicted in orange in Figure 5.5 C. As expected due to the high genetic 

similarity between LASV and MOPV, there is little difference in the overall 

structure except for a difference in length of the helix in dark blue. LUJV 

displays a much different structure for the helix-α6. Whilst this difference is 

a possibility that it is due to limitations in the Alphafold3 prediction of very 

flexible regions such as the loops connecting the helix-α6, it has been 

shown in LASV NP that this helix-α6 has a different conformation when 

bound to RNA (Hastie et al., 2011c). This conformation closely matches 

that seen in the LUJV structure which is also likely to have different 

conformations to enable RNA binding. 
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Figure 5.6 Cartoon representations of Arenavirus NP N-terminal core domain fragments visualised 
in PyMOL. A) LASV NP (PDB: 3MWP (Qi et al., 2010b)) B) LUJV NP C) MOPV NP 

 

Chapter Objectives: 

This chapter aimed to: 

1. Structurally characterize the molecular interaction between 

arenavirus nucleoprotein (NP) and TRIM25. 

2. Purify the specific protein domains hypothesized to mediate this 

interaction: the TRIM25 CC-PRYSPRY domain and the NP N-terminal 

core domain. 

3. Define the molecular envelopes of individual protein domains and 

the NP-TRIM25 complex using SEC-SAXS. 

4. Validate the structural models by fitting AlphaFold3 predictions and 

available crystal structures to the experimentally determined SAXS 

envelopes. 

5. Integrate computational modelling with experimental data to 

elucidate the binding interface and structural basis of TRIM25-

mediated restriction of arenavirus replication. 

6. Establish a structural framework for understanding how TRIM25 

recognizes and binds arenavirus NPs across different viral strains 

(LASV, LUJV, and MOPV). 
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5.2 Results 

5.2.1 TRIM25 CC-PRYSPRY and LASV NP N-terminal fragment 

complex prediction using Alphafold3 

AlphaFold analysis of the  TRIM25 CC-PRYSPRY construct and the LASV NP 

N-terminal core domain (Abramson et al., 2024) predicted protein-protein 

interaction to occur at the TRIM25 PRYSPRY domain and at the C-terminal 

end of the NP core domain (Figure 5.7).  

 

Figure 5.7 Alphafold3 prediction of complex formation between LASV NP N-terminal region residues 
1-340aa and the TRIM25 CC-PRYSPRY domain residues 189-630aa. pLDDT is the predicted local 
difference test and is a per-reside measure of local confidence on a scale from 1-100. Higher pLDDT 
scores indicate higher confidence and this often correlates to a more accurate prediction (Abramson 
et al., 2024). the predicted template modelling (pTM) score and the interface predicted template 
modelling (ipTM) score are both derived from a measure called the template modelling (TM) score. 
This measures the accuracy of the entire structure, A pTM score above 0.5 means the overall 
predicted fold for the complex might be similar to the true structure. ipTM measures the accuracy of 
the predicted relative positions of the subunits within the complex. Values higher than 0.8 represent 
confident high-quality predictions, while values below 0.6 suggest likely a failed prediction. The ipTM 
score for this prediction = 0.2 and the pTM = 0.46.  

ipTM = 0.2 

pTM = 0.46 
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Based on the predicted pose, the RNA binding region of NP faces the 

TRIM25 PRYSPRY domain (Figure 5.8) and that the C-terminal end of the NP 

is stretching towards the TRIM25 PRYSPRY. The CC-domain is not involved 

in any direct interaction with NP based on this prediction. 

 

Figure 5.8 Alphafold3 prediction of complex formation with distinct colouring. Complex formation 
between LASV NP N-terminal region residues 1-340aa and the TRIM25 CC-PRYSPRY domain 
residues 189-630aa. The LASV NP N-terminal core domain follows the same colouring in figure 5.5 
with the helices involved in RNA binding coloured orange and the RNA gating loop in yellow and the 
rest of the protein in grey. TRIM25 PRYSPRY has had the loops coloured magenta, the α-helices in 
cyan and the β-sheets in red. TRIM25 CC domain has been coloured in dark blue. This was done in 
PyMOL. 

A closer view of the predicted protein-protein interaction can be seen in 

Figure 5.9. Although, it may appear as though only the C-terminal end of the 

NP fragment was involved in the predicted interaction with the TRIM25 

PRYSPRY domain,  Figure 5.9 A shows that when the surface structure is 
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visualised,  the N-term domain of NP binds into TRIM25 PRYSPRY domain 

pocket. .The RNA binding region of the NP N-terminal core domain is shown 

to be involved in the interaction with the PRYSPRY domain. Utilising the 

ability to visualise protein bonds that PyMOL offers gives a more detailed 

picture of the nature of the protein-protein interaction occurring. Figure 5.9 

D shows which amino acid residues are involved in this predicted 

interaction.  

 

 

 

 

 

A 
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Figure 5.9 Alphafold3 prediction of complex formation showing interaction specifics. Complex  
between LASV NP N-terminal region residues 1-340aa and the TRIM25 CC-PRYSPRY domain 
residues 189-630aa. A) This depicts the PyMOL predicted surface structure of the NP-TRIM25 
complex. B) amino acid side chains have been shown in PyMOL C) Surface structure prediction 
showing TRIM25 binding pocket and C-terminal end of NP core domain sitting in pocket. D) Just the 
amino acid residues represented as sticks showing the binding pocket of TRIM25 in which NP 
appears to insert 

 

D 
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From the Alphafold3 prediction it appears as though the LASV NP N-

terminal core domain binds to TRIM25 PRYSPRY in a pocket formed by 

amino acid residues Lys469, Tyr497, Cys498, Ser499, Phe523, Arg541, 

Phe554, Trp616, and Phe618. The region of LASV NP which appears to be 

bound in this pocket is a 5aa long chain at the C-terminal end of the domain 

spanning residues Val336, Asp337, Leu338, Glu339, and Ser340. It also 

appears that the LASV NP N-terminal core domain RNA binding region is 

involved in the predicted complex interaction point as seen in the surface 

model in Figure 5.9. Whilst LASV NP binds within a pocket in the TRIM25-

PRYSPRY domain, the outer regions also interact to bind the proteins 

together. The outer region of the LASV NP binding to the outside of the 

pocket formed by TRIM25 is made up of the amino acid residues, Iso89, 

Arg91, Val92, Ser97, Asp98, Leu101, Glu108,and Lys111 and the surface 

structure for these is shown in Figure 5.9 C in cyan. 

 

5.2.2 Full length TRIM25 and LASV NP complex prediction using 

Alphafold3 

 

Based on the predicted pose for the interaction between the full-length 

proteins, the interaction occurring between LASV NP and TRIM25 is via the 

CC domain and the N-terminal core domain (Figure 5.10). Interestingly, the 

PRYSPRY domain is not involved in any direct interaction with NP in this 

prediction unlike that for the fragment interaction between the NP N-

terminal core domain and the TRIM25 CC-PRYSPRY fragment. The RNA 

binding region of NP also appears not to be involved in the interaction based 

on this prediction. 
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Figure 5.10  Alphafold3 prediction for complex formed by full length wild type LASV NP and full-
length wild type TRIM25. 

 

Figure 5.11 Alphafold3 prediction for complex formed by full length wild type LASV NP and full-length 
wild type TRIM25. The different domains of each protein have been coloured. The C-terminal ExoN 
domain of LASV NP is in light pink, The N-terminal core domain is in grey with the RNA binding domain 
in orange. The CC domain of TRIM25 is in dark blue and the RING and B-box domains in green. The 
PRYSPRY domain is coloured in red (β-sheets), cyan (α-helices), and pink (loops). the predicted 
template modelling (pTM) score and the interface predicted template modelling (ipTM) score are 
both derived from a measure called the template modelling (TM) score. This measures the accuracy 
of the entire structure. A pTM score above 0.5 means the overall predicted fold for the complex might 
be similar to the true structure. ipTM measures the accuracy of the predicted relative positions of the 
subunits within the complex. Values higher than 0.8 represent confident high-quality predictions, 
while values below 0.6 suggest likely a failed prediction. The ipTM score for this prediction = 0.14 and 
the pTM = 0.38. 

 

ipTM = 0.14 

pTM = 0.38 

 

ipTM = 0.14 

pTM = 0.38 
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Figure 5.12 Surface structure prediction by PyMOL for complex of full length LASV NP and TRIM25 

following the same colouring as in figure 5.12 

 

 The interaction in the Alphafold3 predicted pose occurs between LASV NP 

residues Lys33, Ala37, His40, Gly41, Asp43, Glu72, Ala73, Asp76, Leu77, 

Glu79, Lys81. And between TRIM25 CC domain Arg203, His204, Leu206, 

Thr207, Tyr210, Ser211, Ile213, Asn214, Ser217, Arg218. The interaction 

appears to be occurring between the CC domain of TRIM25 and the α2-, and 

α4-helix of the LASV NP N-terminal core domain Figure 5.13.  
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Figure 5.13 Close-up view of the predicted region of interaction between full length LASV NP and full 
length TRIM25. The amino acid residues involved in the interaction have been coloured in according 
to element colour and the non-interacting protein for both LASV NP and TRIM25 has been coloured 
grey. The surface prediction has also been visualised. 
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5.2.1 Protein Purification and SEC 

5.2.1.1 LASV NP 

 

The LASV NP fragment 1-340aa was expressed and purified according to 

Materials and Methods sections 2.5.1 Protein expressions and Purification 

and 2.5.2 IMAC, resulting in an SEC profile seen in Figure 5.14 A. A different 

buffer set was used compared to the LUJV and MOPV NP fragments due to 

storage issues once purified and the tendency of the LASV NP fragment to 

precipitate out of solution in the Tris-HCL buffer but not in the sodium 

phosphate buffer. The molecular weight of the fragment based upon the 

amino acid sequence is 37.68kDa. SDS-PAGE analysis of the samples 

across the purification stages, shows a predominant  band at the expected 

size for the LASV NP fragment in the elution lane indicating successful 

purification by IMAC resin. Figure 5.14 A shows that the SEC chromatogram 

exhibited multiple peaks suggesting that the N-terminal LASV NP fragment 

is not monodisperse in solution and tends to form oligomers and/or 

aggregates.  Protein eluted from 8 to 18 mL elution volume (Ve) in SEC 

10/300 (Fig. 5.14), with multiple peaks indicating lack of monodispersion 

and aggregation and/or potential oligomerisation as 8mL corresponds to 

the void volume (Vd, ~ 8mL). A single peak at ~16mL Ve indicated isolation 

of LASV NP monomer based on the calibration of SEC 10/300 (16mL 

corresponds to Ovalbumin, as globular protein of 44kDa, from  Cytiva 

calibration source). Although the SEC profile shows a non-monodisperse 

profile, samples were pooled in order to achieve the minimum protein 

concentration required for SEC-SAXS. As the protein sample would undergo 

another round of SEC during the SEC-SAXS run, the peaks produced will be 

analysed separately based on oligomeric state. Protein samples from C8 to 

E5 were pooled, as they eluted around the expected molecular weight for 

the protein as shown by SDS-PAGE analysis in figure 5.14 C. 
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Figure 5.14  LASV NP fragment purification  A) SEC graph of UV 280nm from AKTA created using 
PyCORN-Web. 500µl of purified LASV NP N-terminal fragment 1-340 was run through a Superdex 200 
Increase 10/300 GL column (GE Healthcare) using a buffer of 50mM NaH2PO4 pH 8, 500mM NaCl B) 
Coomassie of LASV NP purification stages C) Coomassie of LASV NP fractions after SEC to identify 
which fractions contain pure LASV NP fragment to use for SEC-SAXS. (n = 1) 
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5.2.1.2 LUJV NP 

The LUJV NP fragment 1-340aa was expressed and purified according to 

Materials and Methods sections 2.5.1 Protein expressions and Purification 

and 2.5.2 IMAC resulting in an SEC profile seen in Figure 5.15 A. The 

predicted molecular weight of this LUJV fragment made up of residues 1-

344 based upon the amino acid sequence is 37.5kDa. Figure 5.15 B depicts 

the Coomassie of stages of the protein purification process and shows that 

a protein at the predicted molecular weight is well eluted from the resin 

used in the metal affinity chromatography. Figure 5.15 A show that the SEC 

chromatogram which exhibits only a single clear peak at Ve 12.5-14mL. This 

suggests that the N-terminal LUJV NP fragment might stay monomeric. 

SDS-PAGE analysis shown in Figure 5.15 C shows the Coomassie of the 

fractions from SEC corresponding to the peaks seen in A. Protein samples 

from C1 to C6 were pooled, as they eluted around the expected molecular 

weight for the protein. 
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Figure 5.15 LUJV NP fragment purification. SEC graph of UV 280nm from AKTA created using 
PyCORN-Web. 500µl of purified LUJV NP N-terminal fragment 1-340 was run through a Superdex 200 
Increase 10/300 GL column (GE Healthcare) using a buffer of 50mM Tris-HCL pH 7.2, 150mM NaCl 
B) Coomassie of LUJV NP purification stages C) Coomassie of LUJV NP fractions after SEC to identify 
which fractions contain pure LUJV NP fragment to use for SEC-SAXS (n = 1). 
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5.2.1.3 MOPV NP 

 

The MOPV NP fragment 1-340aa was expressed and purified according to 

Materials and Methods sections 2.5.1 Protein expressions and Purification 

and 2.5.2 IMAC resulting in an SEC profile seen in Figure 5.16 A. The 

predicted molecular weight of the fragment based upon the amino acid 

sequence is 37.95kDa. Figure 5.16 B depicts the Coomassie of stages of the 

protein purification process and shows that a protein at the predicted 

molecular weight at around a 35kDa has been eluted from the resin. This 

Coomassie image also includes the dialysed protein, in which some of the 

MOPV NP fragment appears to have been lost to the overnight dialysis 

process. Figure 5.16 A show that the SEC output exhibited multiple peaks 

suggesting that the N-terminal MOPV NP fragment might be producing 

oligomers. Four elution peaks can be clearly distinguished at Ve 8-10mL 

(peak 1), 12 mL  (peak 2), 15 mL (peak 3) and a broad 20-28 mL (peak 4). 

Interestingly, as expected,  the Ve for peak 2  is the same as in LASV NP.  

Although the SEC profile shows a non-monodisperse profile, samples were 

pooled in order to achieve the minimum protein concentration required for 

SEC-SAXS. As the protein sample would undergo another round of SEC 

during the SEC-SAXS run, the peaks produced will be analysed separately 

based on oligomeric state. Protein samples from B5 to C8 were pooled, as 

they eluted around the expected molecular weight for the MOPV NP 

fragment as shown by SDS page analysis in figure 5.16 C. 
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Figure 5.16 MOPV NP fragment purification.  SEC graph of UV 280nm from AKTA created using 
PyCORN-Web. 500µl of purified MOPV NP N-terminal fragment 1-340 was run through a Superdex 
200 Increase 10/300 GL column (GE Healthcare) using a buffer of 50mM Tris-HCL pH 7.2, 150mM 
NaCl B) Coomassie of MOPV NP purification stages C) Coomassie of LASV NP fractions after SEC to 
identify which fractions contain pure MOPV NP fragment to use for SEC-SAXS (n = 1). 
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5.2.1.4 TRIM25  

 

The TRIM25 CC-PRYSPRY fragment 189-630aa was expressed and purified 

according to Materials and Methods sections 2.5.1 Protein expressions and 

Purification and 2.5.2 IMAC resulting in the SEC profiles seen in Figure 5.17 

A due to multiple runs being required. The predicted molecular weight of 

the fragment based upon the amino acid sequence is 50.22kDa. Figure 5.17 

B depicts the SDS-PAGE and Coomassie of stages of the protein 

purification process and shows that a protein at the predicted molecular 

weight appears just under the ladder band for 55kDa and has been eluted 

from the resin used in the metal affinity chromatography. A significant 

amount of the TRIM25 fragment is present in the wash stages of 

purification. Figure 5.17 A shows that the SEC output exhibited multiple 

peaks suggesting that the TRIM25 fragment might be producing oligomers 

or aggregating, as the column void is ~ 8mL. It has been shown 

experimentally that the TRIM25 CC-PRYSPRY domain dimerises so an 

additional peak should be expected, and it is likely the unexpected extra 

peaks are due to bacterial protein contaminants in the sample. Figure 5.17 

C shows the Coomassie of the fractions from SEC corresponding to the 

peaks seen in A. These fractions have the expected molecular weight we 

predict for the domain at 50kDa but also contain a high content of 

impurities as seen by the extra bands present in the elution lane at above 

100kDa, at 70kDa, 35kDa, and 25kDa. The fractions with the lowest amount 

of impurity and high concentration of target protein were taken and collated 

and concentrated. These fractions were taken from fourth peak in the SEC 

graph seen in Figure 5.17 A which correlate to protein samples from E1 and 

E2 which were pooled , as they eluted with a predominant band at around 

the expected molecular weight for the TRIM25 CC-PRYSPRY fragment as 

shown by SDS page analysis in figure 5.17 C. 

All of the protein samples purified from SEC analysis were flash cooled in 

liquid nitrogen after pooling and concentrating by centrifugation. The aimed 
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for concentration for SEC-SAXS was 8mg/ml and a minimum volume of 

40µl. Due to the low concentration of some of the samples, the purity 

stringency applied to samples such as the LASV NP fragment and TRIM25 

CC-PRYSPRY fragment was relaxed to ensure an appropriate concentration 

was achieved. These samples were then transported on dry ice for analysis 

at the B21 beamline at the Oxford DLS synchrotron (see methods and 

materials section 2.5.5). 
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Figure 5.17 TRIM25 CC-PRYSPRY fragment purification. A) SEC graphs of UV 280nm from AKTA 
created using PyCORN-Web. 500µl of purified TRIM25 CC-PRYSPRY was run on a Superdex 200 
Increase 10/300 GL column (GE Healthcare) using a buffer of 20mM HEPES pH 7.5, 100mM NaCl, 
and 500µM TCEP with 1% glycerol. Due to the high concentration of the sample (8mg/ml) it was 
diluted to 4mg/ml and run twice. Due to the number of peaks seen in run 1, the flow rate for run 2 was 
altered to improve resolution B) Coomassie of TRIM25 fragment purification stages C) Coomassie of 
TRIM25 fragment fractions after SEC to identify which fractions contain pure TRIM25 CC-PRYSPRY 
fragment to use for SEC-SAXS. Samples from both SEC runs were taken and run on the same gel (n = 
1).  
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5.2.2 SEC-SAXS  

5.2.2.1 LASV NP 

 

SCATTER and subsequent ATSAS CHROMIX/PRIMUS assessment of the 600 

data frames generated from SEC-SAXS analysis of the LASV NP N-terminal 

core domain (1-340aa) identifies an envelope for a much larger than 

expected globular protein.    Figure 5.18 A shows the SEC graph of the 600 

data points or frames from the sample. The data points highlighted in black 

represent the buffer and the sample data selection was done by method of 

fine slicing from sections of the large peak observed. Analysis performed on 

the left, middle, and right sides of the peak gave results for proteins of 

significantly different molecular weights; the left side of the peak resulted 

in a protein with a molecular weight of around 318 kDa in size, whereas that 

from both the middle and right side of the peak gave a globular protein of 

about 200 kDa. Although upon further comparisons of the envelopes 

generated from these peak sections, the smaller protein from the middle 

and right peaks did not pass the χ2 or the CorMap statistical tests. Analysis 

of the proteins forming these sections of the peak actually produced a 

protein envelope with larger dimensions than expected despite the smaller 

molecular weight. Thus, analysis on the larger globular protein from the left 

side of the peak was used for LASV NP which passed all of the statistical 

testing. Analysis was also performed on the small peak seen from frames 

560-600 although this did not yield any useful results and predicted a 

protein with a molecular weight of 0.35 kDa. From the left side of the large 

peak, which was selected for analysis, only frames with high similarity were 

chosen; frames 427-452. This similarity is indicated through SCATTER 

analysis which matches frames with high similarity. SCATTER performed 

merge analysis on this frame set using the selected buffer frames as 

background. The aggregation of samples seen on the far-left side of the 

graph in Figure 5.18 B is noise generated from damage caused by the X-rays 

so these samples will need to be trimmed prior to analysis. Further noise 
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builds in the graph as the graph curve progresses indicating either further X-

ray damage to samples or a lack of similarity between sample frames. 

Figure 5.18 C shows the table for Durbin Watson and Shapiro Wilks tests 

(Grant et al., 2015, Gräwert and Svergun, 2020) for statistical analysis of the 

merged buffer and sample frames. Each frame undergoes statistical 

testing, and these are represented on the graph. The result from the 

statistical tests is used to inform Figure 5.18 B. The frame points on the 

graph do not have totally random distribution and does appear to possess 

a slight trend. This may indicate either some radiation damage to the 

samples or a lack of similarity. In Figure 5.18 D the I(0)  trends towards 

decreasing as the sample frames measured progress indicating that the 

sample frames selected here have actually have lower radiation damage 

and as expected, the I(0) is decreasing as the particle is eluted as the 

concentration decreases. E shows only marginal displacement between 

the black and cyan curves indicating good buffer subtraction. 
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Figure 5.18 LASV NP fragment SCATTER SEC-SAXS analysis  A. SEC-SAXS Signal Plot. Each point 
represents the integrated area of the ratio of the sample SAXS curve to the estimated background. 
The frames used as the buffer background are gray with the average represented as the gray 
horizontal line. The frames and peak region selected for subsequent analysis is highlighted in the 
green box in (A). Elevation of the baseline after peak elution suggests capillary fouling. B. Overlay of 
SAXS curves of subtracted frames. Each frame is colored based on the following table. C. Durbin-
Watson and Shapiro-Wilks tests examining the distribution of the residuals between two frames. In 
this case, comparisons are made in reference to the first frame. Radiation damage or lack of 
similarity can be observed as a trend in either statistic across the frame set. Likewise, similarity is 
demonstrated by a random distribution of the statistics. D. Double Y plot with I (0), orange, and Rg, 
cyan, estimated from the Guinier region for each subtracted frame. For a single concentration 
measurement made over several frames, radiation damage will be observed as an increase in I (0) 
and Rg. For SEC-SAXS, I (0) should change with the concentration of the particle during elution. E. 
Log 10 intensity plot of subtracted and merged SAXS frames. Black represents averaged buffer 
frames subtracted from averaged sampled frames. Cyan represents the median of the buffer frames 
subtracted from the averaged sample frames. Poor buffer subtraction leads to a displacement 
between the two curves at high-q. 
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The SAXS intensity vs scattering vector graph seen in Figure 5.19 A shows a 

relatively sharp drop in I(q) indicating a large structure identified. This 

agrees with the large Dmax value observed. Figure 5.19 B shows the Kratky 

plot which is sensitive to the overall protein morphology and compactness 

and informs on the final shape of the protein. The shape of this plot 

indicates that the protein is globular and potentially partially folded. This is 

confirmed by the intersection with the crosshair marks indicating the 

Guinier-Kratky point. In Figure 5.19 C, the majority of data points are at 

positive intensities as indicated by the line above the X-axis. This indicates 

that there has not been over-subtraction of background. Figure 5.19 D has 

a shape with multiple peaks and a large Dmax value which suggests a large, 

multidomain protein.  

 

Figure 5.19 A) LASV NP fragment SCATTER SEC-SAXS analysis summary Log10 SAXS intensity versus 
scattering vector, q. Plotted range represents the positive only data within the specified q-range. B. 
Dimensionless Kratky plot. Crosshair marks the Guinier-Kratky point (1.732, 1.1), the main peak 
position for globular particles. C. Total scattered intensity plot. Plot readily demonstrates negative 
intensities at high-q. Over-subtraction of background leads to significant negative intensities. 
Likewise, under-subtraction can be observed as an elevated baseline at high-q. Horizontal line is 
drawn at y=0. D. Pair-distance, P(r), distribution function. Maximum dimension, dmax, is the largest 
non-negative value that supports a smooth distribution function. 
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Processed data from SCATTER was used to inform data selection in the 

ATSAS suite of programs used for modelling of the SAXS data into a final 

protein envelope (point to materials and methods). This final envelope for 

the LASV NP fragment is shown in Figure 5.20. Processed data from 

CHROMIX was analysed in ATSAS PRIMUS which was used for calculation 

of molecular weight and for dummy atom modelling used to generate the 

envelopes. Molecular distances were determined using UCSF Chimera 

1.18. Interestingly, the molecular weight calculated from the data is 

318.45kDa whereas the predicted molecular weight for the LASV NP 

fragment is 37.68kDa. This suggests that the LASV NP N-terminal fragment 

is forming oligomers, potentially as large as an octamer. ATSAS PRIMUS 

statistical analysis of the SEC data used to generate the envelope for the 

LASV NP N-terminal core domain fragment seen in Figure 5.20 had a 

reduced χ2 p value of 0.0855 when modelling as a globular protein 

indicating that this is the correct shape of the LASV NP structure identified 

during SEC-SAXS.  
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Figure 5.20 LASV NP N-terminal protein molecule envelope as predicted from SAXS data. Data were 
trimmed and refined in SCATTER prior to processing in ATSAS and PRIMUS from the CHROMIX suite. 
Dummy atom modelling processing performed to generate 10 fits, which were averaged into a 
DAMSTART global fit and imported into UCSF Chimera 1.18 to generate a 3 D envelope. n.  B. Post 
processing in ATSAS and PRIMUS interface showing calculated molecular weight of the predicted 
protein molecule from SAXS data. 

 

Because the calculated molecular weight of the LASV NP envelope is 

318.45kDa and the envelope has a much larger than expected size and 

shape this suggests that LASV NP may be forming large oligomers. To 

determine whether this is true and if so, which oligomer is being formed, 

analysis of oligomers has been performed in Figure 5.21. This shows 

different LASV NP oligomers generated in PyMOL using Alphafold3 

predictions for the complexes making up the LASV NP oligomers. The LASV 

NP N-terminal core domain oligomer comparison has been made between 

only the larger oligomers that might match the size and shape of the 

envelope generated from SAXS, although the monomeric protein fragment 

has been included for reference. Interestingly each of the oligomers 

appears to take on very different final conformations, each of which would 

drastically affect the shape of the protein envelope from SAXS data. Whilst 
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the size of the protein from the SAXS data most closely matches the 

molecular weight of the octamer, it is possible that due to the star-like 

shape of the hexamer (Figure 5.21 B) that this might also be a fit. However, 

model fitting between the envelope seen in Figure 5.20 and the oligomers in 

Figure 5.21 has been omitted due to the noise in the calculated envelope.  

 

 

A B 
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Figure 5.21 Monomer and Oligomers of LASV NP N-terminal protein residues 1-340 generated using 
an Alphafold3 prediction imported into PyMOL for visualisation and generation of surface structures. 
Each monomer making up an oligomer has been defined as a different distinct colour.  A. Monomeric 
protein B. Hexameric protein. C. Heptameric protein. D. Octameric protein 

 

5.2.2.2 LUJV NP 

 

SCATTER analysis of the SEC-SAXS data generated by the LUJV NP N-

terminal fragment generated the data seen in figure 5.22. The data points 

highlighted in black in Figure 5.22 A represent the buffer and the sample 

data was selected from the middle of the first peak, of which only frames 

with high similarity were chosen (frames 466-494). SCATTER performed 

merge analysis on this frame set using the selected buffer frames as 

background, generating Figure 5.22. Figure 5.22 B shows that the data is 

very noisy meaning that across multiple reads of similar frames there is a 

lot of difference. Figure 5.22 C shows the table for Durbin Watson and 

Shapiro Wilks tests for statistical analysis of the merged buffer and sample 

C D 
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frames. The frame points on the graph do not have totally random 

distribution in either statistical test and both also appear to possess a trend 

indicating either some radiation damage to the samples or a lack of 

similarity. Figure 5.22 D shows no data despite numerous attempts at re-

analysing the data or even selecting different data sets from the same 

sample, this either means the calculations to generate the data points on 

this graph failed or evidence of radiation damage was not detected. Figure 

5.22 E shows a reasonably high amount of displacement between the black 

and cyan curves indicating that buffer subtraction has not been ideal. 

Figure 5.22A shows that there is a lot of difference between each buffer 

sample frame and this could be the cause of the disparity seen in E, this 

could indicate that buffer optimisation is required for this specific sample. 
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Figure 5.22 LUJV NP fragment SCATTER SEC-SAXS analysis . LUJV NP A) SEC-SAXS Signal Plot. Each 
point represents the integrated area of the ratio of the sample SAXS curve to the estimated 
background. The frames used as the buffer background are gray with the average represented as the 
gray horizontal. The frames and peak region selected for subsequent analysis is highlighted in the 
green box in (A). Elevation of the baseline after peak elution suggests capillary fouling. B) Overlay of 
SAXS curves of subtracted frames. Each frame is colored based on the following table. C) Durbin-
Watson and Shapiro-Wilks tests examining the distribution of the residuals between two frames. In 
this case, comparisons are made in reference to the first frame. Radiation damage or lack of 
similarity can be observed as a trend in either statistic across the frame set. Likewise, similarity is 
demonstrated by a random distribution of the statistics. D) Double Y plot with I(0), orange, and Rg, 
cyan, estimated from the Guinier region for each subtracted frame. For a single concentration 
measurement made over several frames, radiation damage will be observed as an increase in I(0) 
and Rg. For SEC-SAXS, I(0) should change with the concentration of the particle during elution. E) Log 
10 intensity plot of subtracted and merged SAXS frames. Black represents averaged buffer frames 
subtracted from averaged sampled frames. Cyan represents the median of the buffer frames 
subtracted from the averaged sample frames. Poor buffer subtraction leads to a displacement 
between the two curves at high-q. 
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The SAXS intensity vs scattering vector, also known as the Guinier 

approximation, seen in Figure 5.23A shows no anomalies or extra peaks in 

the graph and the I(q) value drops slowly as the q value progresses 

suggesting a small and monomeric protein. This data is in agreement with 

the lower Dmax value observed. Figure 5.23 B shows the Kratky plot which is 

sensitive to the overall protein morphology and compactness and informs 

on the final shape of the protein; the shape of this plot indicates that the 

protein is globular and potentially fully folded as the Y value does go to zero. 

That the protein is globular is confirmed by the intersection with the 

crosshair marks indicating the Guinier-Kratky point. In Figure 5.23 C, the 

overall majority of data points are at positive intensities as indicated by the 

line above the X-axis, although there are still a significant number of data 

points at negative intensities. This indicates that whilst there has not been 

a significant over-subtraction of background, the threshold for this has 

nearly been reached indicating a potential issue with the buffer. Figure 5.23 

D has a shape with multiple peaks although it has a much lower Dmax value 

than seen for the LASV NP fragment. Whilst this may suggest a multidomain 

protein, this needs further investigation albeit it also suggests a globular 

protein.  
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Figure 5.23  LUJV SEC-SAXS data summary plots ; Log10 SAXS intensity versus scattering vector, q. 
Plotted range represents the positive only data within the specified q-range. B. Dimensionless Kratky 
plot. Crosshair marks the Guinier-Kratky point (1.732, 1.1), the main peak position for globular 
particles. C. Total scattered intensity plot. Plot readily demonstrates negative intensities at high-q. 
Over-subtraction of background leads to significant negative intensities. Likewise, under-
subtraction can be observed as an elevated baseline at high-q. Horizontal line is drawn at y=0. D. 
Pair-distance, P(r), distribution function. Maximum dimension, dmax, is the largest non-negative 
value that supports a smooth distribution function. 

 

The final protein envelope produced from processing the SAXS data for the 

LUJV NP fragment suggests that this protein fragment is a monomer  in 

solution. SCATTER analysis resulting in Figure 5.24 A depicts just the 

envelope surface at different rotations and with the calculated molecular 

distances. Figure 5.24 B shows the fit of the predicted LUJV NP fragment 

generated from Alphafold3 into the envelope. The predicted protein shows 

a near perfect fit to the envelope, and this is further confirmed by Figure 

5.24 C. By modelling the Alphafold3 prediction surface and fitting this to the 

envelope the match becomes even closer and is a remarkable fit indicating 
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that this is the true structure and envelope for the LUJV NP fragment and 

that this fragment remains as a monomer. 

 

Figure 5.24 LUJV NP N-terminal protein molecule envelope predicted from SAXS data. Data trimmed 
and refined in SCATTER prior to processing in ATSAS and PRIMUS from the CHROMIX suite. Dummy 
atom modelling processing performed to generate 10 fits which were averaged into a DAMSTART 
global fit and imported into UCSF Chimera 1.18 for visualisation. Envelope generated using the 
command molmap #0 15 and molecule distances calculated between selected atoms using in-built 
program functions. A. Shows just the surface of the envelope and overall shape with height/width of 
envelope depicted in angstroms. B. A structure for LUJV NP N-terminal fragment residues 1-344 was 
created using Alphafold3 predictions and imported into UCSF Chimera 1.18 where a map fit was 
performed to match the predicted protein shape to the envelope generated from SAXS data. C. This 
depicts the envelope matched to the surface structure of the Alphafold3 LUJV NP prediction. The 
surface of the LUJV NP protein has been generated using UCSF Chimera 1.18. 
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5.2.2.3 MOPV NP 

 

SEC-SAXS data analysis performed using SCATTER in conjunction with 

ATSAS CHROMIX and PRIMUS reveals a large, potentially multidomain 

protein envelope for the MOPV NP N-terminal core domain fragment. Figure 

5.25 shows graphs generated from analysing the MOPV NP fragment SEC-

SAXS data in SCATTER. Figure 5.25 A shows the SEC graph of the 600 data 

points or frames from the same sample. The data points highlighted in black 

represent the buffer and the sample data was selected from the large peak, 

of which only frames with high similarity were chosen which in this case 

were frames chosen were from 442-452. Other peaks were analysed such 

as around frame 460 which returned similar protein envelopes as the 442-

552 frame peak, but the statistical testing didn’t return as good values. 

SCATTER performed a merged analysis on this frame set after background 

subtraction. This generated the SCATTER report seen in Figure 5.25. Figure 

5.25 B shows the overlay of SAXS curves of selected frames and also 

informs us about how “noisy” the data set is and how much trimming and 

data refinement may be required. The aggregation of samples on the far-left 

side of the graph could be attributed to  noise that is most likely due to 

damage caused by the X-rays, so frames selection needs to be reduced  

prior to analysis. A lot of noise builds in the graph as we move from X to Y in 

the curve which indicates either further X-ray damage to samples or a lack 

of similarity between sample frames which will also need trimming and 

refinement. Figure 5.25 C shows the table for Durbin Watson and Shapiro 

Wilks tests for statistical analysis of the merged buffer and sample frames. 

Each frame undergoes statistical testing, and these are represented on the 

graph. The result from the statistical tests is used to inform Figure 5.25 B. 

The frame points on the graph do not have totally random distribution and 

does appear to possess a slight trend. This also indicates either some 

radiation damage to the samples or a lack of similarity. In Figure 5.25  D the 

I(0)  trends towards decreasing as the sample frames measured progress 
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indicating that the sample frames selected here have actually have lower 

radiation damage and as expected, the I(0) is decreasing as the particle is 

eluted as the concentration decreases. Figure 5.25 E shows only marginal 

displacement between the black and cyan curves indicating good buffer 

subtraction. 
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Figure 5.25 MOPV NP N-terminal fragment SEC-SAXS. A. SEC-SAXS Signal Plot. Each point 
represents the integrated area of the ratio of the sample SAXS curve to the estimated background. 
The frames used as the buffer background are gray with the average represented as the gray 
horizontal line. The frames and peak region selected for subsequent analysis is highlighted in the 
green box in (A). Elevation of the baseline after peak elution suggests capillary fouling. B. Overlay of 
SAXS curves of subtracted frames. Each frame is colored based on the following table. C. Durbin-
Watson and Shapiro-Wilks tests examining the distribution of the residuals between two frames. In 
this case, comparisons are made in reference to the first frame. Radiation damage or lack of 
similarity can be observed as a trend in either statistic across the frame set. Likewise, similarity is 
demonstrated by a random distribution of the statistics. D. Double Y plot with I(0), orange, and Rg, 
cyan, estimated from the Guinier region for each subtracted frame. For a single concentration 
measurement made over several frames, radiation damage will be observed as an increase in I(0) 
and Rg. For SEC-SAXS, I(0) should change with the concentration of the particle during elution. E. Log 
10 intensity plot of subtracted and merged SAXS frames. Black represents averaged buffer frames 
subtracted from averaged sampled frames. Cyan represents the median of the buffer frames 
subtracted from the averaged sample frames. Poor buffer subtraction leads to a displacement 
between the two curves at high-q. 
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The SAXS intensity vs scattering vector for the MOPV NP fragment sample 

shows a good scattering profile indicating that the sample was pure and 

that our buffer selection suitable (Figure 5.26 A). Figure 5.26 B shows the 

Kratky plot which is sensitive to the overall protein morphology and 

compactness and informs on the final shape of the protein. The shape of 

this plot indicates that the protein is globular although could be potentially 

partially folded. The amount of noise as the graph progresses makes it hard 

to confirm whether the value would have reached zero on the  Y axis as the 

full trend cannot be seen. That the protein is a globular protein is confirmed 

by the intersection with the crosshair marks indicating the Guinier-Kratky 

point. In Figure 5.26 C, the majority of data points are at positive intensities 

as indicated by the line above the X-axis. This indicates that there has not 

been over-subtraction of background. Figure 5.26  D has a shape with 

multiple peaks and a large Dmax value which suggests a multidomain protein 

or aggregation, likely to hamper the generation of a reliable envelope. 

Although the Dmax is lower than that for the LASV NP fragment. 
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Figure 5.26 MOPV NP N-terminal fragment SEC-SAXS summary plots | A. Log10 SAXS intensity versus 
scattering vector, q. Plotted range represents the positive only data within the specified q-range. B. 
Dimensionless Kratky plot. Crosshair marks the Guinier-Kratky point (1.732, 1.1), the main peak 
position for globular particles. C. Total scattered intensity plot. Plot readily demonstrates negative 
intensities at high-q. Over-subtraction of background leads to significant negative intensities. 
Likewise, under-subtraction can be observed as an elevated baseline at high-q. Horizontal line is 
drawn at y=0. D. Pair-distance, P(r), distribution function. Maximum dimension, dmax, is the largest 
non-negative value that supports a smooth distribution function. 

 

Processed data from SCATTER was used to inform data selection in the 

ATSAS suite of programs used for modelling of the MOPV NP fragment SAXS 

data into a final protein envelope which is shown in Figure 5.27. Processed 

data from CHROMIX was analysed in ATSAS PRIMUS which was used for 

calculation of molecular weight and for dummy atom modelling used to 

generate the envelopes. Molecular distances were determined using UCSF 

Chimera 1.18. The reduced χ2 p value of the data processed in ATSAS 

PRIMUS was 0.104 indicating that this shape given for the MOPV NP N-

terminal core domain is correct and suggesting that the fragment 

oligomerises.  
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Figure 5.27 MOPV NP N-terminal protein molecule envelope predicted from SAXS data. Data 
trimmed and refined in SCATTER prior to processing in ATSAS and PRIMUS from the CHROMIX suite. 
Dummy atom modelling processing performed to generate 10 fits which were averaged into a 
DAMSTART global fit and imported into UCSF Chimera 1.18 for visualisation. Envelope generated 
using the command molmap #0 15 and molecule distances calculated between selected atoms 
using in-built program functions. Post processing in ATSAS and PRIMUS interface showing 
calculated molecular weight of the predicted protein molecule from SAXS data. 

 

Because the calculated molecular weight of the MOPV NP envelope is 

130.875kDand the envelope has a much larger than expected size and 

shape this suggests that MOPV NP may be forming an oligomer. To 

determine whether this is true and if so, which oligomer is being formed, 

analysis of oligomers is necessary. Figure 5.28 shows different MOPV NP 

oligomers generated in PyMOL using Alphafold3 predictions for the 

complexes making up the MOPV NP oligomers. The calculated molecular 

weight from the SAXS data divided by the predicted molecular weight of the 

MOPV NP fragment (37.95kDa) gives a value of 3.45 which suggests that 

MOPV may be forming either a trimer or a tetramer. However, due to the 

noise in the calculated envelope, model fitting has been omitted.  
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Figure 5.28 Monomer and Oligomers of MOPV NP N-terminal protein residues 1-340 generated using 
an Alphafold3 prediction imported into PyMOL for visualisation and generation of surface structures. 
Each monomer making up an oligomer has been defined as a different distinct colour.  A. Monomeric 
protein B. Dimeric protein. C. Trimeric protein. D. Tetrameric protein 

 

5.2.2.4 TRIM25 

 

Due to the lack of sample purity for the TRIM25 CC-PRYSPRY fragment, this 

sample would not normally be suitable for analysis by SEC-SAXS. However, 

as this protein was critical for research of potential complexes, it was 

decided to attempt SEC-SAXS analysis anyway. It was hoped that further 

runs of SEC would allow for what TRIM25 CC-PRYSPRY was in the sample 

to be isolated enough for subsequent SAXS data to yield goo results. From 

the analysis, none of the peaks, or slices of individual peaks seen in Figure 

5.29 A yielded any sensible results. The extra peaks that were not selected 

for analysis in the SEC graph are most likely data from the impurities in the 

sample seen from Figure 5.17. From the selected peak (highlighted in green 

in Figure 5.29 A), only frames with high similarity were chosen which in this 

case included only two frames (433 and 434). That only a small number of 

frames displayed high enough similarity to warrant choosing coupled with 

the multiple peaks observed in Figure 5.29 A correlates with the impurity of 

the sample seen in Figure 5.17. SCATTER performed merge analysis on this 

frame set using the selected buffer frames as background. This generated 

the SCATTER report seen in Figure 5.29 and despite only working from a 
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small set of two frames, the data appears to be good. Figure 5.29 B shows 

the overlay of SAXS curves of selected frames and tells us that there is a 

moderate amount of noise to the data and that some degradation may have 

occurred due to damage from the X-rays. Figure 5.29 C shows the table for 

Durbin Watson and Shapiro Wilks tests for statistical analysis of the merged 

buffer and sample frames. Due to the low number of frames this graph does 

not tell us too much as there are not enough data points for any trend to 

form or for distribution to be judged as random or not. Therefore, the 

amount of radiation damage or similarity between sample frames cannot 

be determined. The same can be said for the data shown in Figure 5.29 D 

where the lack of data makes inferring from the graph somewhat dubious. 

Although, the I(0)  does trend towards significantly decreasing across the 

two sample frames measured indicating that the frames selected here have 

lower radiation damage and that the particle is eluted as the concentration 

decreases. Figure 5.29 E shows almost total fit with no displacement early 

on in the curve and as the graph curve progresses, only then do we start to 

see  displacement between the black and cyan curves. This indicates very 

good buffer subtraction. 
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Figure 5.29| TRIM25 CC-PRYSPRY fragment SCATTER SEC-SAXS analysis. A. SEC-SAXS Signal Plot. 
Each point represents the integrated area of the ratio of the sample SAXS curve to the estimated 
background. The frames used as the buffer background are gray with the average represented as the 
gray horizontal line. The frames and peak region selected for subsequent analysis is highlighted in 
the green box in (A). Elevation of the baseline after peak elution suggests capillary fouling. B. Overlay 
of SAXS curves of subtracted frames. Each frame is colored based on the following table. C. Durbin-
Watson and Shapiro-Wilks tests examining the distribution of the residuals between two frames. In 
this case, comparisons are made in reference to the first frame. Radiation damage or lack of 
similarity can be observed as a trend in either statistic across the frame set. Likewise, similarity is 
demonstrated by a random distribution of the statistics. D. Double Y plot with I(0), orange, and Rg, 
cyan, estimated from the Guinier region for each subtracted frame. For a single concentration 
measurement made over several frames, radiation damage will be observed as an increase in I(0) 
and Rg. For SEC-SAXS, I(0) should change with the concentration of the particle during elution. E. Log 
10 intensity plot of subtracted and merged SAXS frames. Black represents averaged buffer frames 
subtracted from averaged sampled frames. Cyan represents the median of the buffer frames 
subtracted from the averaged sample frames. Poor buffer subtraction leads to a displacement 
between the two curves at high-q. 
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The SCATTER analysis resulting in the SAXS intensity vs scattering vector 

seen in Figure 5.30 for the TRIM25 CC-PRYSPRY fragment sample indicates 

a larger than monomeric and rod-like protein envelope. This graph shows a 

good scattering profile despite the impurity of the initial sample indicating 

that the sample still contained TRIM25 CC-PRYSPRY at high enough 

concentration and that a suitable buffer was selected. Figure 5.30 B shows 

the Kratky plot which is sensitive to the overall protein morphology and 

compactness and informs on the final shape of the protein. The shape of 

this plot indicates that the protein is potentially globular although the peak 

does not match the crosshair marks indicating the Guinier-Kratky point so 

could actually possess a different shape. In Figure 5.30 C, the majority of 

data points are at positive intensities as indicated by the line above the X-

axis.as expected for adequate background subtraction. Figure 5.30  D has a 

shape with multiple peaks and a large Dmax value which suggests a 

multidomain protein.  
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Figure 5.30 |TRIM25 CC-PRYSPRY fragment SEC-SAXS summary plots. A. Log10 SAXS intensity 
versus scattering vector, q. Plotted range represents the positive only data within the specified q-
range. B. Dimensionless Kratky plot. Crosshair marks the Guinier-Kratky point (1.732, 1.1), the main 
peak position for globular particles. C. Total scattered intensity plot. Plot readily demonstrates 
negative intensities at high-q. Over-subtraction of background leads to significant negative 
intensities. Likewise, under-subtraction can be observed as an elevated baseline at high-q. 
Horizontal line is drawn at y=0. D. Pair-distance, P(r), distribution function. Maximum dimension, 
dmax, is the largest non-negative value that supports a smooth distribution function. 

 

The final protein envelope for the TRIM25 CC-PRYSPRY fragment generated 

from the SAXS data is shown in Figure 5.31 A. This also displays the height 

and width of the envelope, and Figure 5.31 also shows the calculated 

molecular weight as 88.325kDa. The generated envelope is a rod or 

ellipsoid shape. Although the ATSAS PRIMUS analysis passed on the 

Anderson-Darling statistical test (indicating that the sample of data is 

drawn from a population of data with a normal distribution) with a p-value 

of 0.0517, it failed the gold standard of the reduced χ2 test and the Cormap 
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test to test the randomness of the residuals and indicate location of non-fit 

for the envelope.  

 

 

Figure 5.31 TRIM25 CC-PRYSPRY protein molecule envelope predicted from SAXS data. Data 
trimmed and refined in SCATTER prior to processing in ATSAS and PRIMUS from the CHROMIX suite. 
Dummy atom modelling processing performed to generate 10 fits which were averaged into a 
DAMSTART global fit and imported into UCSF Chimera 1.18 for visualisation. Envelope generated 
using the command molmap #0 15 and molecule distances calculated between selected atoms 
using in-built program functions. A. Shows just the surface of the envelope and overall shape with 
height/width of envelope depicted in angstroms. B. A structure for TRIM25 CC-PRYSPRY has been 
solved by X-ray crystallography (PDB 6FLN) (Koliopoulos et al., 2018) and this was imported into 
UCSF Chimera 1.18 where a map fit was performed to match the predicted protein shape to the 
envelope generated from SAXS data. C. This depicts the envelope matched to the surface structure 
of the solved TRIM25 CC-PRYSPRY domain. The surface of the protein has been generated using 
UCSF Chimera 1.18. D. Molecular weight predictions from CHROMIX PRIMUS in Daltons.  
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The molecular weight calculated is higher than that of the TRIM25 CC-

PRYSPRY monomeric form (50.22kDa), the value is almost double 

suggesting potential dimerisation of the TRIM25 CC-PRYSPRY fragment. 

Due to this the solved crystal structure for the TRIM25 CC-PRYSPRY dimer 

was chosen for the protein to envelope map comparison (PDB: 6fln) 

(Koliopoulos et al., 2018). This comparison of the envelope from SEC-SAXS 

and the solved TRIM25 CC-PRYSPRY dimer is shown in Figure 5.32. 

 

 

Figure 5.32  Side-by-side view of the solved crystal structure for the TRIM25 CC-PRYSPRY dimer 

(PDB: 6fln) (Koliopoulos et al., 2018) next to the SEC-SAXS envelope.  
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5.2.3 Complex formation 

Analysis of complex formation between the TRIM25 CC-PRYSPRY domain 

and the arenavirus NP N-terminal core domain was not possible from the 

SEC-SAXS data. The SEC traces displayed multiple peaks, none of which 

appeared to correspond the expected elution volume for the complex. It 

was possible to extract data on individual proteins such as the LASV, LUJV, 

and MOPV NP N-terminal core domains from the complex data but none of 

the analysis passed any statistical test requirements nor produce any 

shape that  were in agreement with the Alphafold3 prediction, which in itself 

can be a limiting factor. Alphafold3 works by using machine learning to 

predict a protein’s 3D structure based upon previously identified 

structures; if there are structural aspects to the TRIM25-NP complex which 

are novel, Alphafold3 is unlikely to be able to predict this as it would not fit 

previous models it has been trained on. Therefore, the predicted structure 

from Alphafold3 may itself be inaccurate.   

 

5.3 Discussion 

This chapter has described the purification strategy of the LASV, LUV, and 

MOPV N-terminal core domains and subsequent analysis by SEC-SAXS to 

identify the protein envelopes formed by these proteins in solution. The 

nature of how these protein fragments behave in isolation has been further 

characterised; the SEC-SAXS data shows that the LASV NP fragment forms 

a large oligomer which supports published data that the full length wild type 

LASV NP can form oligomers as large as hexamers and can also elute from 

SEC columns as monomer and trimer (Hastie et al., 2011c, Brunotte et al., 

2011a). It is interesting that the NP core domain  appears to form even larger 

oligomers based on our SAXS data. For the LASV NP fragment, further SAXS 

analysis is required to validate these findings. The LUJV and MOPV NP 

fragments underwent two separate SEC-SAXS runs, which both led to two 

similar results in term of  structure envelopes. This validation indicates that 
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the data for the LUJV NP fragment suggesting it stays as a single monomer 

is correct. It is curious whether this difference in behaviour to the LASV NP 

fragment might have implications in differences in pathogenicity between 

the viruses. Information on how the full-length wild type LUJV NP including 

the ExoN domain behaves is required for further analysis and would be an 

aim of any future structural research into arenavirus NP, as would 

investigation into the full length MOPV NP . Whether these observed 

differences in NP domain behaviour affect interactions such as RNP 

formation would be an interesting avenue for future research. The MOPV NP 

N-terminal core domain fragment, similar to LASV NP, formed a larger 

structure envelope than expected for a single monomer. Both the SCATTER 

and ATSAS analysis of the SEC-SAXS data indicate that this MOPV NP 

fragment forms either a trimer or a tetramer. 

This chapter also described the purification of the TRIM25 CC-PRYSPRY 

domain which proved difficult despite numerous attempts at optimising 

factors such as the vector the fragment was in; both pET15b and pET28b 

were tested with pET15b both transforming and expressing better in culture. 

Different buffer compositions for lysis, wash, elution, dialysis, and AKTA 

buffers were tested. This protein was recalcitrant  to several attempts to 

purify it from more than 2.5g of pelleted bacterial culture at a time meaning 

that each purification yielded low concentrations of the construct. As SEC-

SAXS performs better with higher protein concentrations this was not ideal 

for further analysis. Much of the protein was often present in wash stages 

during purification and what was successfully eluted contained 

contaminants. As this was the pivotal protein for all of the complexes this 

meant that successful analysis of any TRIM25-NP complex was unable to 

be achieved. Despite this, SEC-SAXS analysis did yield a shape which 

roughly fitted the published structure for a TRIM25 CC-PRYSPRY dimer, 

although statistical analysis suggests this may be an improper fit likely due 

to the sample impurities preventing robust analysis. It is important to note 

that any data input into the SEC-SAXS analysis, regardless of quality, will 
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generate an envelope. Future research would focus on further improving 

and optimising purification of this TRIM25 CC-PRYSPRY domain, including 

exclusion at the first SEC of any oligomer. Changes and optimisations were 

made to the bacterial expression protocols, in which both small scale 

cultures and larger scales fermentation were tested. Different buffer sets 

were also tested, none of which performed as well as Bugbuster, indicating 

that the protein is sensitive to mechanical lysis. The IMAC protocol was 

adjusted to see if incubation with resin overnight or increasing the volume 

of resin used made a difference to the purification process to improve 

recovery. None of these optimisations were able to fully eliminate 

contaminants or completely prevent loss of target protein during IMAC 

wash stages. A major difference in protocol to consider would be utilising 

an insect expression system similar to the successfully published crystal 

structure (Koliopoulos et al., 2018), rather than the bacterial expression 

system used here. Whilst bacterial systems provide high protein yields, and 

do so in the shortest amount of time, insect expression systems are often 

more suitable for expressing intracellular proteins and multi-protein 

complexes and allow proteins to maintain their functional activity (Verma 

et al., 1998). Because the success of SEC-SAXS demands monodisperse 

(high purity) samples at high concentrations, (6-10mg/mL), ensuring the 

purity of the TRIM25 protein is paramount for any future attempts at 

characterising the biophysical properties and interactions of this TRIM25 

CC-PRYSPRY domain. 

Interestingly, Alphafold3 predictions for full length wild type TRIM25 and 

LASV NP showed a different result than that for the TRIM25 CC-PRYSPRY 

fragment complexed with LASV NP N-terminal core domain. Whilst the NP 

N-terminal core domain is still implicated, a different region is shown to be 

involved in the interaction; the RNA binding region does not appear to play 

any role at the binding interface between the two full length proteins. This 

contradicts the fragment complex prediction in which the RNA binding 

domain of LASV NP appears to be the crucial for the binding of LASV NP to 
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the pocket created by the TRIM25 residues labelled in figure 5.9D. 

Importantly the main difference between the two predicted complex 

models is the TRIM25 domain implicated, with the full length complex 

predicting a CC domain interaction and the fragment predicting the 

PRYSPRY domain. This difference in predicted model would not have 

affected the design of the structural study as all domains predicted to be 

involved were included in fragments (NP N-terminal core domain and 

TRIM25 CC-PRYSPRY). Currently there is no way to directly computationally 

analyse the likelihood of each predicted complex and the only way to infer 

which complex may be more accurate is in comparing the confidence 

Alphafold3 has in predicted conformation of the structures involved in the 

interface regions. A comparison between the fragment prediction (figure 

5.7) and the full length prediction (figure 5.10) indicates that the structures 

involved in interaction between fragments has lower confidence of the 

predicted conformation C-terminal end of the NP fragment which is the 

section binding within the TRIM25 PRYSPRY pocket; whereas in the full 

length prediction, all residues and conformations involved along the NP N-

terminal core domain and the TRIM25 CC domain are predicted with high 

confidence. The results of the co-immunoprecipitation between MOPV NP 

and TRIM25 mutants (figure 4.22) and the infection assay (figure 4.23) do 

support the fragment model over the full-length model as the SPRY domain 

is heavily implicated in the TRIM25-NP interaction as shown by the recovery 

of viral replication for the ∆SPRY mutant. Although further research would 

need to include a ∆CC domain mutant if structurally viable. The inability to 

gauge which of the predicted complex conformations has higher accuracy 

and confidence further highlights the need for high resolution crystal 

structures for the TRIM25-NP complex. 

The next step in this investigation would be to utilise X-ray crystallography 

of these NP and TRIM25 protein fragments to obtain high resolution 

complex structures to determine the protein-protein interface. This would 

eliminate the need of utilising  predictive modelling such as those from  
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Alphafold3, with their intrinsic limitation, especially for protein complexes, 

given the limited representation in the training databases. This information 

would also render the need for SEC-SAXS data redundant although high 

resolution structural data would allow for validation of SEC-SAXS data. 
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Chapter 6 

Thesis conclusion 
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6 Thesis Conclusion 

 

The main objective of this thesis was to identify host restriction factors of 

Old-World group arenavirus nucleoproteins through the use of BioID-

derived proximity labelling and investigate their effectiveness as anti-

arenaviral proteins. For this to be achieved, three main research objectives 

outlined in section 1.5 were established. Of these objectives, two were 

successfully completed.  The third research objective focussing on 

structural and biophysical interactions between TRIM25 and arenavirus NP, 

whilst not achieved in totality, this research did yield successful and 

informative results and optimised the experimental and analytical 

processes involved to form a strong foundation for future research 

attempts.   

Identification of the host interactome of Old-World arenavirus 

Nucleoproteins  

Old world pathogenic arenaviruses such as LASV display a broad range of 

symptoms in individuals infected. Symptoms can range from completely 

asymptomatic to fatal viral haemorrhagic fever. Of the four proteins 

comprising arenaviruses, NP is the most abundant and the most 

multifunctional. NP plays critical roles in viral pathogenicity, including 

immune evasion and immune suppression, making it a key determinant of 

the virus's ability to establish and sustain infection. The interactions that 

arenavirus NP has with the infected host are poorly understood and 

previously, no proteomic data of the host interactomes of LASV, LUJV, or 

MOPV NP existed. Likewise, there is little research into the differences 

between human pathogenic arenaviruses such as LASV and LUJV and non-

human pathogenic such as MOPV. Research elucidating these differences 

is key to further understanding of the mechanisms behind arenavirus 

pathogenicity. The first step in the research comprising this thesis was 

successfully utilising BioID2 based proteomic screens in tandem with mass 
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spectrometry analysis to identify those host proteins in close proximity with 

LASV, LUJV, and MOPV arenavirus NP. This data was then used to build host 

interactomes for each arenavirus NP investigated and identify the key 

immunological networks enriched by host interaction with NP. Although 

many protein networks and biological functions were identified for each 

interactome, the main proteins that stood out for potential future research 

were zinc antiviral protein (ZAP) and TRIM25. These two proteins were 

conserved across host interactomes for all three of the OW group 

arenavirus NPs of interest and had already been identified as antivirals for 

EBOV and Influenza.  

Validation of host proteins interacting with arenavirus NP as potential host 

restriction factors of arenavirus infection. 

For this research it was necessary to understand how the proteins involved 

behave within the cell. To achieve this immunofluorescence was used to 

show the localisations of LASV, LUJV, and MOPV NP within the cell and 

comparisons were able to be made. LASV and MOPV NP localise similarly 

as is expected due to the genetic similarity although LASV exhibits a more 

diffuse cytoplasmic distribution whilst MOPV displays some perinuclear 

speckling. LUJV exhibits more intense perinuclear speckling and also 

displays the same cytoplasmic distribution seen in the two other NPs. The 

localisations of endogenous TRIM25 and ZAP were shown, both displaying 

diffuse cytoplasmic distribution, and that they co-localise was also shown. 

Co-transfection of TRIM25 and either ZAP-Long or ZAP-Short was used to 

show that TRIM25 changes its normal localisation to match that of ZAP. This 

interaction between both ZAP isoforms and TRIM25 was experimentally 

confirmed through co-immunoprecipitation, validating previously 

published data that ZAP and TRIM25 are co-factors. Interactions between 

endogenous ZAP and TRIM25 with LASV, LUJV, and MOPV NP were also 

shown by co-immunoprecipitation.  

Infection assays using MOPV showed that both ZAP and TRIM25 play crucial 

roles in the host innate immune response against arenavirus infection and 
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both are potent inhibitors of arenavirus replication. TRIM25 has been 

identified as a more potent host restriction factor compared to ZAP in the 

context of arenaviruses. Due to the decreased frequency of CpG 

dinucleotides in the arenavirus genome, it was hypothesised that ZAP-Short 

would be the more important isoform for ZAP-mediated arenavirus 

inhibition. The Long isoform utilises the PARP-like domain to target CpG rich 

regions on viral RNA to mark them for degradation. Due to the lack of these 

regions in arenavirus sequences, ZAP-Long ought not to be as effective and 

the ZAP-Short isoform, displaying different cellular localisation and thus 

suggesting an ability to reach different pools of viral RNA to target might be 

more involved. MOPV infection preferentially induced ZAP-Short isoform 

expression although infection assays did  not show a significant difference 

in the effectiveness of either isoform as arenavirus restriction factors, with 

both displaying equal levels of potency.  

Through the use of TRIM25 mutants, the SPRY domain was implicated in the 

TRIM25-NP interaction. When TRIM25 was missing the SPRY domain, the 

∆SPRY mutant, MOPV replication was significantly enhanced, almost to the 

same extent as seen in total TRIM25 knockout cells.  

Experimental and theoretical biophysical and structural methods to 

elucidate the molecular details of the interactions of NP with identified host 

factors  

In the absence of X-ray crystallography data to provide crystal structures for 

individual proteins and complexes, the use of predictive modelling software 

such as AlphaFold3, combined with experimental techniques like SEC-

SAXS, offers increasingly valuable insights. Given the constraints of time 

and challenges in achieving successful protein purification, these methods 

were employed as alternative approaches to characterize the structural 

and biophysical properties of the studied proteins. 

The focus of this research was on both the individual and complex-

formation SEC-SAXS analysis of LASV, LUJV, and MOPV NP N-terminal core 
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domain fragments, and the TRIM25 CC-PRYSPRY fragment. From the SEC-

SAXS which generated an envelope for a very large globular protein of about 

318kDa, it has been shown that the LASV NP fragment is likely forming large 

oligomers, with the maximum likely being that of an octamer. This research 

supports previous findings that wild type LASV NP forms hexamers (Hastie 

et al., 2011c).  

For the LUJV NP fragment, SEC-SAXS suggested that this remained as a 

single monomeric unit. The protein envelope generated from the research 

was a near perfect fit for the Alphafold3 predicted LUJV NP fragment 

structure. Although an experimentally determined crystal structure for the 

N-terminal core domain of LUJV NP is not yet available, the strong 

agreement between the Alphafold3 predicted structure and the SEC-SAXS 

envelope supports not only the accuracy of the prediction but the power of 

combining both of these theoretical and experimental techniques. 

The MOPV NP fragment behaved in a similar way to the LASV NP fragment 

in that SEC-SAXS analysis generated a larger than expected envelope. The 

size and shape of the envelope suggests that the MOPV NP fragment forms 

either trimers or tetramers. The differences in behaviour observed between 

the different NP N-terminal core domains raises questions about the 

mechanisms underpinning the observed differences in pathogenicity of 

these viruses. Research into how NP domain behaviour influences factors 

such as RNP formation, or accessibility to different pools of host RNA may 

expand upon current understanding of what affects arenavirus 

pathogenicity.  

The difficulties faced in successfully purifying the TRIM25 CC-PRYSPRY 

fragment hindered research into the nature of the interaction between 

TRIM25 and arenavirus NP. Some of the purification challenges 

encountered included multiple attempts with different expression systems 

such as pET15b and pET28b vectors, standard small-scale culture, and 

large-scale fermentation, different buffer compositions for lysis and IMCA, 

and AKTA settings. Despite these attempts at optimisation, the TRIM25 CC-
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PRYSPRY fragment yielded low protein concentrations containing 

contaminants. Whilst SEC-SAXS analysis generated a shape resembling a 

dimer, robustness was lacking due to initial sample impurities and so the 

confidence in the accuracy of this data is low. Unfortunately, this also 

rendered any of the data produced for the TRIM25 CC-PRYSPRY complex 

formation with arenavirus NP N-terminal core domains impossible to 

analyse. Future research will have to first focus on improving the 

purification protocols to achieve monodisperse, highly concentrated 

samples for SEC-SAXS or X-ray crystallography. Insect expression systems 

could be a consideration due to their proven success in purifying this 

fragment (Koliopoulos et al., 2018).  

X-ray crystallography was an ambition of this research, time and 

experimental difficulties meant this was not achievable. In future, high-

resolution structural studies are needed to determine the exact protein-

protein interfaces between TRIM25 and arenavirus NP, and also to not only 

validate SEC-SAXS findings, but also eliminate the reliance on predictive 

models such as Alphafold3. To ensure this is possible, high-purity samples 

are required to improve the accuracy and robustness of biophysical and 

interaction analyses. 

In conclusion, the research results presented in this thesis have advanced 

the understanding of host interactions with arenavirus NP and have also 

identified a number of potential targets for antiviral strategies and future 

research. The host interactomes identified through the use of BioID2 

proximity labelling have highlighted key immunological pathways functions 

that NP targets and to better understand the mechanisms behind the broad 

multifunctionality. Host proteins which have highly conserved interaction 

across multiple arenavirus NPs (including New World) have been identified 

such as DDX1, TRIM25, and ZAP, providing targets for potential 

therapeutics. This work also confirmed that TRIM25 and ZAP play pivotal 

roles in restricting arenavirus replication as demonstrated through infection 

assays. Experimental results provided significant insight into the 
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localisation and interaction dynamics of ZAP and TRIM25 with arenavirus 

NPs and the SPRY domain of TRIM25 was identified as critical to interaction 

with NP. Structural studies employing the use of SEC-SAXS have provided 

preliminary insights into the behaviour of NP N-terminal core domain 

fragments, revealing interesting differences in oligomerisation states 

across LASV, LUJV, and MOPV NP. Although challenges in protein 

purification prevented full characterisation of the TRIM25 CC-PRYSPRY and 

NP interaction, optimisation efforts and initial SEC-SAXS results have laid 

the foundations for future structural and biophysical investigations.  

The research comprising this thesis successfully identified for the first time 

that TRIM25 and ZAP inhibit arenavirus replication, with both having well 

established roles in the human innate immune response to infection. Much 

needed therapeutic strategies for arenavirus infection could leverage this 

knowledge by enhancing the activity or expression of TRIM25 and ZAP. This 

could be achieved through using small molecules/drug compounds that 

stabilise these proteins or boost their antiviral functions. Additionally, 

understanding the mechanisms by which arenaviruses evade TRIM25, and 

ZAP could guide the design of viral inhibitors that block evasion. This host-

targeted approach may reduce the likelihood of resistance, making it a 

promising avenue for developing broad-spectrum antivirals against 

arenaviruses and other similar pathogens. 
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7 Supplementary Data  
 

7.1 List of proteins identified as interacting with MOPV NP 
from the University of Birmingham AMSF  

CYP51A1 Lanosterol 14-alpha demethylase 

AAAS Aladin 

ABCB7 
ATP-binding cassette sub-family B member 7, 
mitochondrial 

ACTBL2 Beta-actin-like protein 2 

ACTR1A Alpha-centractin 

ACTR2 Actin-related protein 2 

ADRM1 Proteasomal ubiquitin receptor ADRM1 

AKAP1 A-kinase anchor protein 1, mitochondrial 

ALYREF THO complex subunit 4 

ARPC3 Actin-related protein 2/3 complex subunit 3 

ATXN2L Ataxin-2-like protein 

BCAS2 
BCAS2, pre-mRNA processing factor; Pre-
mRNA-splicing factor SPF27 

BLVRA Biliverdin reductase A 

BMS1 Ribosome biogenesis protein BMS1 homolog 

BZW1 
Basic leucine zipper and W2 domain-
containing protein 1 

C2orf44 WD repeat and coiled-coil-containing protein 

CCAR2 Cell cycle and apoptosis regulator protein 2 

CDK4 Cyclin-dependent kinase 4 

CDKN2A Cyclin-dependent kinase inhibitor 2A 

CENPF Centromere protein F 
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CENPM Centromere protein M 

CEP68 Centrosomal protein of 68 kDa 

CERS6 Sphingoid base n-palmitoyltransferase 

CHERP 
Calcium homeostasis endoplasmic reticulum 
protein 

CHTOP Chromatin target of PRMT1 protein 

CIRH1A 
U3 small nucleolar RNA-associated protein 4 
homologue 

CKAP5 Cytoskeleton-associated protein 5 

CNP 2',3'-cyclic-nucleotide 3'-phosphodiesterase 

COMMD4 COMM domain-containing protein 4 

CPSF3L Integrator complex subunit 11 

CPSF7 
Cleavage and polyadenylation specificity 
factor subunit 7 

CUL3 Cullin-3 

CXXC1 CXXC-type zinc finger protein 1 

CYFIP2 Cytoplasmic FMR1-interacting protein 2 

DCTN1 Dynactin subunit 1 

DDB1 DNA damage-binding protein 1 

DDX1 ATP-dependent RNA helicase DDX1 

DDX47 Probable ATP-dependent RNA helicase DDX47 

DDX50 ATP-dependent RNA helicase DDX50 

DHFR Dihydrofolate reductase 

DLST 
2-oxoglutarate dehydrogenase E2 component 
(dihydrolipoamide succinyltransferase) 

DNAJB1 
Dnaj heat shock protein family (hsp40) 
member b1 

DNTTIP2 
Deoxynucleotidyltransferase terminal-
interacting protein 2 
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DPM1 
Dolichol-phosphate mannosyltransferase 
subunit 1 

DUT 
Deoxyuridine 5'-triphosphate 
nucleotidohydrolase, mitochondrial 

DVL2 
Segment polarity protein dishevelled homolog 
DVL-2 

DVL3 
Segment polarity protein dishevelled homolog 
DVL-3 

ECHS1 Enoyl-CoA hydratase, mitochondrial 

EIF2B1 
Translation initiation factor eIF-2B subunit 
alpha 

EIF2B2 
Translation initiation factor eIF-2B subunit 
beta 

EIF2S2 
Eukaryotic translation initiation factor 2 
subunit 2 

EIF4B Eukaryotic translation initiation factor 4B 

EIF5 Eukaryotic translation initiation factor 5 

ELP5 Elongator complex protein 5; 

ETF1 
Eukaryotic peptide chain release factor 
subunit 1 

FAM162A Family with sequence similarity 162 member a 

FAM50A Family with sequence similarity 50 member a 

FANCI Fanconi anemia group I protein 

FHL2 Four and a half LIM domains protein 2 

FITM2 
Fat storage-inducing transmembrane protein 
2 

G6PD Glucose-6-phosphate 1-dehydrogenase 

GEMIN2 Gem-associated protein 2  

GFM2 Ribosome-releasing factor 2, mitochondrial 

GINS2 DNA replication complex GINS protein PSF2 

GLMN Glomulin, fkbp associated protein 

GTF3C1 General transcription factor 3C polypeptide 1 
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H1F0 H1 histone family member 0 

HADHB 
hydroxyacyl-CoA dehydrogenase trifunctional 
multienzyme complex subunit beta  

HDLBP High density lipoprotein binding protein 

HGH1 Protein HGH1 homologue 

HIST1H1D Histone cluster 1 h1 family member d 

HSDL1 
Inactive hydroxysteroid dehydrogenase-like 
protein 1 

HSPA1L Heat shock 70 kDa protein 1-like 

HSPA2 Heat shock-related 70 kDa protein 2 

HSPB1 Heat shock protein family b (small) member 1 

HSPE1 Heat shock protein family e (hsp10) member 1  

ILVBL Acetolactate synthase-like protein 

INTS7 Integrator complex subunit 7 

IPO7 Importin-7 

IPO9 Importin-9 

IRF2BP1 Interferon regulatory factor 2-binding protein 1 

KRT15 Keratin, type I cytoskeletal 15 

LANCL2 LanC-like protein 2 

LARP4B La-related protein 4B 

LIG3 DNA ligase 3 

LONP1 Lon protease homolog, mitochondrial 

LYPLA1 Acyl-protein thioesterase 1 

MAVS Mitochondrial antiviral-signaling protein 

MCM2 
Minichromosome maintenance complex 
component 2 
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MRPS14 28S ribosomal protein S14, mitochondrial 

MRPS2 28S ribosomal protein S2, mitochondrial 

MRPS9 28S ribosomal protein S9, mitochondrial 

MSN Moesin 

MT-CO2 
Mitochondrially encoded cytochrome c 
oxidase ii 

MT-ND5 NADH-ubiquinone oxidoreductase chain 5 

NAP1L4 Nucleosome assembly protein 1-like 4 

NCBP1 Nuclear cap-binding protein subunit 1 

NDRG1 N-myc downstream regulated 1 

NDUFA13 
NADH dehydrogenase [ubiquinone] 1 alpha 
subcomplex subunit 13 

NDUFB10 
NADH dehydrogenase [ubiquinone] 1 beta 
subcomplex subunit 10 

NIF3L1 NGG1 interacting factor 3 like 1 

NOP56 Nucleolar protein 56 

NT5DC2 5'-nucleotidase domain-containing protein 2 

NUP133 Nuclear pore complex protein Nup133 

OSBPL6 Oxysterol-binding protein-related protein 6 

OTUB1 Ubiquitin thioesterase OTUB1 

PATL1 Protein PAT1 homolog 1 

PCBP3 Poly(rc)-binding protein 3/4 

PDHB 
Pyruvate dehydrogenase E1 component 
subunit beta, mitochondrial 

PGRMC2 
Membrane-associated progesterone receptor 
component 2 

PHF6 PHD finger protein 6 

PICALM 
Phosphatidylinositol-binding clathrin 
assembly protein 
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PITPNB 
Phosphatidylinositol transfer protein beta 
isoform 

PLD3 Phospholipase D3 

POLR2B DNA-directed RNA polymerase II subunit RPB2 

PPP1CB 
Serine/threonine-protein phosphatase PP1-
beta catalytic subunit 

PRKAG1 
5'-AMP-activated protein kinase subunit 
gamma-1 

PSAT1 Phosphoserine aminotransferase 

PSMA1 Proteasome subunit alpha type-1 

PSMA4 Proteasome subunit alpha type-4; 

PSMB2 Proteasome subunit beta type-2 

PSMB4 Proteasome subunit beta type-4 

PSMC2 26S proteasome regulatory subunit 7 

PSPC1 Paraspeckle component 1 

PUS10 Putative tRNA pseudouridine synthase Pus10 

PYCR1 
Pyrroline-5-carboxylate reductase 1, 
mitochondrial 

PYGB Glycogen phosphorylase, brain form 

PYGL Glycogen phosphorylase, liver form 

RAB35 
RAB35, member RAS oncogene family; Ras-
related protein Rab-35 

RAB3C Ras-related protein Rab-3C 

RANBP10 Ran-binding protein 10 

RAP1B Ras-related protein Rap-1b 

RBM27 RNA-binding protein 27 

RDX Radixin 

RELA 
Rela proto-oncogene, nf-kb subunit; 
Transcription factor p65 
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RNMTL1 
16S rRNA (guanosine(1370)-2'-O)-
methyltransferase 

RUVBL1 RuvB-like 1 

RUVBL2 RuvB-like 2 

SCD5 Stearoyl-coa desaturase (delta-9 desaturase) 

SEC24B Protein transport protein Sec24B 

SF1 Splicing factor 1 

SKIV2L2 Superkiller viralicidic activity 2-like 2 

SLC25A1 Tricarboxylate transport protein, mitochondrial 

SLC7A5 
Large neutral amino acids transporter small 
subunit 1 

SMC1A 
Structural maintenance of chromosomes 
protein 1A 

SMC2 
Structural maintenance of chromosomes 
protein 2 

SNRPA U1 small nuclear ribonucleoprotein A 

SNX27 Sorting nexin family member 27 

SPEN Msx2-interacting protein 

SSR1 Translocon-associated protein subunit alpha 

STAG2 Cohesin subunit SA-2 

STAU1 
Double-stranded RNA-binding protein Staufen 
homolog 1 

STIP1 Stress-induced-phosphoprotein 1 

SYNGR2 Synaptogyrin-2 

TACO1 
Translational activator of cytochrome c 
oxidase 1 

TCOF1 Treacle ribosome biogenesis factor 1 

TEN1-CDK3 TEN1-CDK3 readthrough (NMD candidate) 

THG1L Trna-histidine guanylyltransferase 1 like 
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TIMM44 
Mitochondrial import inner membrane 
translocase subunit TIM44 

TJP1 Tight junction protein ZO-1 

TJP2 Tight junction protein ZO-2 

TK1 Thymidine kinase, cytosolic 

TMEM167A Transmembrane protein 167a 

TMEM263 Transmembrane protein 263  

TOMM20 
Mitochondrial import receptor subunit TOM20 
homolog 

TOMM7 
Mitochondrial import receptor subunit TOM7 
homolog 

TP53 Cellular tumor antigen p53 

TRIM25 E3 ubiquitin/ISG15 ligase TRIM25 

TRIP13 Pachytene checkpoint protein 2 homolog 

TSPO Translocator protein 

TSR3 
TSR3, acp transferase ribosome maturation 
factor 

TTF2 Transcription termination factor 2; 

TTLL12 Tubulin--tyrosine ligase-like protein 12 

UBR4 E3 ubiquitin-protein ligase UBR4 

UCHL3 
Ubiquitin carboxyl-terminal hydrolase isozyme 
L3 

UGP2 UTP--glucose-1-phosphate uridylyltransferase 

VCL Vinculin 

VPS33A 
Vacuolar protein sorting-associated protein 
33A 

VPS35 Vacuolar protein sorting-associated protein 35  

YES1 
Yes proto-oncogene 1, src family tyrosine 
kinase 

YTHDC1 YTH domain-containing protein 1 
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YWHAE 14-3-3 protein epsilon 

YWHAG 14-3-3 protein gamma 

ZC3HAV1 Zinc finger CCCH-type antiviral protein 1 

ZNF326 DBIRD complex subunit ZNF326 

ZNF512 Zinc finger protein 512;  

Table 7.1 List of proteins identified as interacting with MOPV NP from the University of Birmingham 
AMSF  
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