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Assembly of Arena virus an Ultra structural Perspective
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Abstract: The Arenaviredae are a family of viruses whose members are generally associated with rodent transmitted
disease in humans which currently comprises 24 viral species. Arenavirus infections are relatively common in humans in
some areas of the world and can cause severe illnesses including several haemorrhagic fevers. The virus particles vary in
diameter from 60 to more than 300 nm. They are spherical and have a reported average diameter of 92 nanometres. All
are enveloped in a lipid bilayer and have a bisegmented ambisense RNA genome, but relatively little is known about how
virions are assembled and how virion structure relates to transmissibility. To investigate the role of each viral structural
protein in forming and maintaining the structure of the virion, we have imaged particles of arenaviruses LCMV, PICV
and TCRV, and compared their shape and structural characteristics to similar sized phospholipid vesicles. A very strong
association between particle size and shape was found for all arenavirus particles: small virions were significantly
rounder than vesicles of similar size, while large particles tended to be more elliptical in appearance. The natural
variation in surface glycoprotein decoration and ribonucleoprotein incorporation was then measured. From this data it
was concluded that there is no strong evidence relating particles size to decoration for arenaviruses as a group, but we
did detect significant correlations between internal density and virion shape. Overall, we are able to conclude that small
virions are round and relatively rigid compared to vesicles of the same size, while large virions are not. By comparing
relative density of the membrane- proximal region it was discovered that arenavirus shape is controlled by complexes
containing GPC, Z and NP at the surface of the virion, and that an unbroken inner shell of NP is essential for maintaining
a rigid spherical shape. Furthermore, it was revealed that the inner leaflet of intact arenaviruses has a lower density than
the inner leaflet of vesicles consistent with the interpretation that viral proteins are displaying lipid molecules from the
inner leaflet of the viral membrane.These data provide a new way of assessing the function of viral protein interactions on
virion structure and may be of use in designing antiviral drugs that act at the level of virion structure.
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Introduction: 1.1 Molecular Biology of Arenaviruses:

The genus arenavirus belongs to family Arenaviridae [1]. This family currently comprises 24 viral species as
recognized by the International Committee for Taxonomy of viruses [1].

Newly discovered arena-like viruses such as Kadoka, Morogoro, Pinhal, Chapare, Skinner Tank, Catarina and
Dandenong virus, whose taxonomic status has not yet been determined by ICTV, represent putative new species

[1]. Arenavirus can be divided into two serogroups which differ genetically and by geographical
distribution [1]. It is assumed that humans usually become infected with arenavirus by inhalation of virus in
aerosolized droplets of secretions or excretions from infected rodents [1]. The family Arenaviredae is divided
into old world and new world complexes [2]. The New World serogroups can be subdivided into three clades,
as shown in Fig. 1.1 [2]. All known arenaviruses are rodent-borne with the exception of Tacaribe virus, which
was isolated from bats [3]. Host species for arenaviruses are listed in Table 1.1[2].
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Table 1.1 List of arenavirus species and newly discovered arenavirus not yet classified, and respective

characteristics (adapted from [2])

Virus Acronym Lineage Country Host Path®
Allpahuayo ALLV NW-A? Peru Oecomys bicolor, O. paricola
Amapari AMAV NW-B Brazil onyzomys goeldi,
eacomys guianae

Bear Canyon BCNV NW-Rec2 | USA Peromyscus califoricus,

Neotoma macrotis
Catarina NA® NW-Rec USA Neotoma micropus
Chapare NA NW-B Bolvia Unknown Y
Cupixi CPXV NW-B Brazil Oryzomys capito
Dandenong NA oW Australia Unknown Y
Flexal FLEV NW-A Brazil Oryzomys spp.
Guanarito GTOV NW-B Venezuela Z_ygomtomys bre\_ncauda, Y

Sigmodon alstoni
Ippy IPPYV ow gzghrslliCAfrlcan Arvicanthus spp.
Junin JUNV NW-B Argentina Callomys musculinus Y
Kodoko NA ow Guinea Mus Nannomys minutoides
Lassa LASV ow West Africa Mastomys natalensis Y
Latino LATV NW-C Bolivia Callomys callosus
LCMV* LCMV oW Ubiquitous Mus musculus, M. Domesticus Y
Lujo LUJOV ow South Africa Unknown Y
Machupo MACV NW-B Bolivia Callomys callosus Y
Mobala MOBV ow g:gtjrgllicAfncan Praomys spp.
Mopeia MOPV ow Mozamblque, Mastomys natalensis

Zimbabwe

Morogoro NA ow Tanzania Mastomys sp.
Oliveros OLVV NW-C Argentina Bolomys spp.
Pampa NA NW-C Argentina Bolomys spp.
Parana PARV NW-A Paraguay Oryzomys buccinatus
Pichinde PICV NW-A Colombia Oryzomys albigularis
Pinhal NA NW-C Brazil Calomys tener
Pirital PIRV NW-A Venezuela Sigmodon alstoni
Sabia SABV NW-B Brazil Unknown Y
Skinner Tank NA NW-Rec USA Neotoma Mexicana
Tonto Creek NA NW-Rec USA Neotoma spp.
Tacaribe TCRV NW-B Trinidad Artibeus bat
Tamiami TAMV NW-Rec USA Sigmodon hispidus
Whitewater Arroyo WWAV NW-Rec USA Neotoma spp. ?

'New World (NW) virus clades A-C and Old World arenaviruses

2Recent New World arenavirus isolate
*Not available
“Lymphocytic Choriomeningitis Virus

*Significant human pathogens are marked “Y”

http://www.casestudiesjournal.com/

Page 43



http://www.casestudiesjournal.com/

Impact Factor 3.582 Case Studies Journal ISSN (2305-509X) - Volume 5, Issue 7-July-2016

NP P-G2
3756 SkinnerTank 6.1:Jun|n SP-G
s Tonto Creek L Machupo
57 Catarina 58] ‘ Tacaribe
82 Big Brushy Tank Sabia
100 WhitewaterArroyo ) 100 Chapare
o Tamiami Cupixi
o, - I ——
\"877 Pirital 65 Guanarito
o 1 [ Alpaluayo Bear Canyon
100 60 | - ;‘Ch'rl'de 100 Tamiami
] e — Whitewater Aoyo
100 * 81
Parana
78 Catarina
__:Olweros — Bia Brushy Tank
100 Latino 3 N sy T
Sabia 48 Skinner Tank
100 100 ., Chapare 10056 Tonte Creek
it Amapari Latine
100 Guanarito Ohvgros
Cupixi - r Flexal
5 Tacaribe e 4 Alipahuayo
100 Junin L — Parana
100 Machupo 74 ‘_I Pichinde
I~ 67— LCMV 60" Pirital
Kodoko — Dandenong
Ippy 100 Ippy
87 Lassa 25 Lassa
03 Mobala 95 Mobala
Mopeia
a8 74 Mopeia
100 Morogoro 88 Morogoro
SETE ——

0.1

Figure 1.1 Phylogenetic relationships between arenaviruses within evolutionary lineages from [2]. Red, Old
World viruses; Green, lineage A New World viruses, Blue, lineage B New World viruses; Grey, lineage C New
World viruses; Purple, recombinant New World viruses. Left panel, phylogram based on nucleoprotein amino
acid sequences, right panel, and phylogram based on concatenated signal peptide and glycoprotein two amino
acid sequences [2].

Arenavirus particles are spherical and have an average diameter of 110-130nm [4]. All are enveloped in a lipid
bilayer. Arenaviruses are enveloped and have a bisegmented ambisense RNA genome which is replicated in the
same way as negative stranded RNA virus [4]. Each RNA segment has an ambisense coding strategy, encoding
two proteins in opposite orientations, separated by an antigenic region [5-7]. The two genomic RNA segments
are designated L and S and have approximate sizes of 7.2 and 3.4 kb, respectively [4, 8, 9].

All cis-acting signals required for encapsidation and polymerase entry of negative-strand RNA viruses appeared
to be located within the 5" and 3" terminal untranslated regions (UTRs) [10]. The 3" terminus of genomic RNAs
in highly conserved among other members of the family Arenaviridae, suggesting that these 19 terminal
nucleotides (nt) may contain cis acting signals for the replication and transcription [10]. The intergenic regions
(IGRs) in both L and S segments have the potential to form stable stem-loop (hairpin) structures [7, 11, 12].
Arenavirus transcribe subgenomic messager ribonucleic acid (RNA) for each of the five viral proteins [10]. The
viral 3" ends of the mRNAs, which are nonpolyadenylated and heterologous, have been mapped to the base of
the hairpin on the distal sides of [13, 14], suggesting a possible transcriptional regulatory role of the IGR [10].

1.1.1 Arenavirus protein coding strategy:
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The S RNA directs synthesis of the four major structural proteins: the nucleoprotein, NP (ca. 63 kDa); two
mature virion glycoproteins, GP-1 (40 to 46 kDa) and GP-2 (35 kDa), that are derived by posttranslational
cleavage of a precursor polypeptide, GP-C (75 kDa) and a stable signal peptide (SSP) that functions in
membrane fusion, SSP [4, 15] (see figure 1.2). The Nucleoprotein is the most abundant viral polypeptide both
in infected cells and in virions (about 1530 NP molecules per virion particle) [16]. The NP and viral polymerase
are complexed with the genomic viral RNA to form ribonucleoprotein (RNP) complexes, which are active in
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virus transcription and replication [16].

The NP, the most abundant viral protein in virally infected cells, is associated with the viral RNA (VRNA) to
form the nucleocapsid (NC) which is the template for the viral RNA polymerase [17]. The phosphorylated
forms of the NP are usually detected at late stages of acute infection, and their abundance increases in
persistently infected cells; however, the functional implications of these changes in the stage of NP
phosphorylation have not been established [18].

Figure 1.2. Schematic illustration of the arenavirus replication process from

(http://education.expasy.org/images/Arenaviridae_genomes.jpg) accessed on 10-06-2011

adopted

The virion contains four structural proteins Glycoprotein GP-C (cleaved into Stable Single Peptide (SSP), GP-1,
GP-2), Matrix protein Z and Nucleoprotein (NP): (i) the large cleaved transmembrane glycoprotein (GP), which
is similar in organization to type | membrane fusion proteins [19]; (ii) a budding factor Z, which contains a
metal-binding RING finger domain and regulates viral transcription and translation; (iii) the RNA binding
nucleoprotein (NP), which is required for viral RNA polymerase activity; and (iv) a small, predominantly
hydrophobic structural protein, organized similarly to the alphavirus 6K protein, that serves as a cleaved signal
sequence for GP and is incorporated in the virion [20-22]. In addition, the viral replicase protein is incorporated
at a low copy number.

1.2 Glycoprotein (GP):

The product of the GPC gene encoded by the S segment is posttranslationally cleaved into three mature
proteins: SSP, GP-1 and GP-2. SSP, GP-1 and GP-2, as well as NP, L, and Z, are structural proteins present in
virions. GP-1 and GP-2 make up the spikes on the virion envelope and mediate virus interaction with host cell
surface receptor [23, 24]. Evidence indicated that GP-1 mediates virus interaction with host cell surface
receptor, which has been recently identified as a-dystroglycan [24, 25]. Tetramers of GP-1 and GP-2 make up
the spikes on the virion envelope.

The viral GPC (70-80 kDa) is posttranslationally proteolytically processed to generate the two mature virion
glycoproteins, GP-1 (40-46 kDa) and GP2 (35 kDa) [26] [27], and a 58 amino acid signal peptide (SSP) [20,
22, 28] [20, 21]. Evidence indicate that in addition to its predicted role in targeting the nascent polypeptide to
the endoplasmic reticulum, the SP of the arenavirus GPC likely serves additional roles in the biosynthesis,
trafficking, and function of the viral envelope glycoproteins [28] [22] [20, 21]. GP-1 is located at the top of the
spike, away from the membrane, and is held in place by ionic interactions with the N-terminus of the
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transmembrane GP-2 that forms the stalk of the spike [29]. GP-1 is the virion attachment protein that mediates
virus interaction with host cell surface receptors and subsequent virus cell entry via receptor-mediated
endocytosis. Cleavage of GPC into GP-1 and GP-2 is mediated by the SKI-1/S1P cellular protease to yield alph-
dystroglycan (a-DG) has been identified as the receptor for LCMV, LFV, and many other arenaviruses [30-32].
Evidence indicates that unprocessed arenavirus GPC can traffic to the cell surface, but the correct processing of
the virus GPC into GP1 and GP2 by the SKI/S1P cellular protease is strictly required for the production of
infectious particles that bud from the plasma membrane [26] [33]. Accordingly, growth of LCMV was severely
impaired in cells deficient in SK1-1/S1P. Proteolytic processing of LCMV GPC also depends on the structural
integrity of its cytoplasmic tail. Notably deletion of the three C-terminal amino acids KRR of LCMV GPC
blocked its proteolytic cleavage [34]. Sequence comparison of the cytoplasmic tails of arenaviruses revealed the
presence of a conserved three amino acid sequence WKR (Tryptophan, Lysine and Arginine) at the C terminus
of LCMV-GP and LASV-GP. WKR sequence motifs are highly conserved in signal transducers and activators
of transcription (STATS), a family of transcription factors activated in a variety of cytokine signaling pathways
[35]. WKR motifs are crucial for dimerization of STATS, a requirement for DNA binding and activity in
transcription. In analogy, WKR motifs present at the C-terminus of the GP of Old World arenavirus may play a
role in GP oligomerization and/or in binding to a yet unknown cellular or viral protein that is crucial for the
proper folding and processing of the GP [18, 35] (see figure 1.3).
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Fig 1.3 shows, in schematic presentation, the arenavirus glycoprotein expression pathway and secretary forms
[36].

According to Bowden et al [37] although the MACV GP1 used for crystallization included residues 87 to 257,
they do not see electron density for the last 20 C-terminal residues (the residues preceding the point of GP1/GP2
cleavage). MACV GP1 appears to be monomeric in the crystal. Structural database comparison [38] [39]
suggests that MACV GP1 is composed of a fold that has not been previously observed. The N and C termini
extend in the same direction, and the secondary structure consists of seven antiparallel B-strands; three a-
helices, one of which is preceded by a 33 helix; and two additional 33, helices. When looking onto the edge of
the B-sheet, the overall fold appears to be similar to the shape of a positive meniscus lens where the three large
helices protect the convex side of the B-sheet whereas the concave side of then B-sheet is largely uncovered. The
secondary structure is stabilized by four disulfide bonds which are present around the plane of the lens. Two of
these disulfide bonds appear to be conserved across the New World HF arenaviruses, a third is also found in the
GP1 of JUNV, while the fourth stabilizes a MACV-specific insertion. The presence of an additional conserved
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disulfide bond between MACV GP1 and JUNV GP1 reflects the close relationship between these two viruses
with respect to other New World arenaviruses [40] [41] [42]; thus, for the portion of the GP1 that Bowden et al
[37] have analyzed, the sequence identity is 40%, and they have therefore expected the two structures to agree
with approximately 1.2-A root mean square deviation over matching Co atoms [43]. The origins of the GPC
fold are unknown; it bears no relation to the host ligand of TfR1, transferrin [44].

1.3 Z Matrix Protein:

The arenavirus small ring finger protein Z (ca 11 kDa), has no homolog among other known negative sense
RNA viruses. Z is a structural component of the virion [45], in LCMV infected cells. Biochemical studies
suggested that Z might be the arenavirus counterpart of the matrix (M) protein found in other NS RNA viruses
[45]. The expression of Z during the progression from early to late phases of the LCMV life cycle appears to be
highly regulated, and thereby Z might play different roles during the life cycle of LCMV. Its expression at low
levels early during the life cycle could have a negative regulatory effect on RNA synthesis that might contribute
to the restricted replication and noncytopathic properties of many arenaviruses. Increased levels of Z protein
later during the LCMV life cycle could be required for virus assembly and budding.

The linear amino acid structure of Z could be seen as composed of three modules: the N-terminal part, the ring
finger domain (RD), and the C-terminal part (figure 1.4). Despite some minor differences in protein size, the
same over all structure is also seen among different arenavirus Z proteins. The Z ring domain exhibit the highest
levels of conservation. The N-terminus contains a conserved canonical myristoylation motif [46], whereas the C
terminus contains conserved proline motifs that are similar to those present within the L domains of several Gag
and matrix viral proteins and that have been identified as key functional elements during budding of enveloped
viruses from the plasma membrane [47] [48] [49] .
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Figure 1.4. shows the schematic structure of the Z protein. Figure adopted from [50].

1.4 L Protein:

The L protein is thought to be the main viral component of the arenavirus polymerase [16]. The arenavirus L
protein has the characteristic sequence motifs conserved among the RdRp (L proteins) of NS RNA virus. The
proposed polymerase module of L is located within domain 3 which contains highly conserved amino acids
within motifs designated A and C. Mutation function analysis showed that sequence SDD characteristics of
motif C of segmented NS RNA virus, as well as the presence of the highly conserved D residue within motif A
of L protein, are strictly required for the function of the LCMV polymerase [51].These studied revealed that
many of mutant L proteins exhibited a strong dominant negative under assay conditions where the wild type and
mutant L proteins did not compete for template RNA or other transacting proteins, viral or cellular, required for
polymerase activity [51].These results were highly suggestive of L-L interaction being required for LCMV
polymerase activity. Intragenic complementation has been documented for the L genes of several NS RNA
viruses [52, 53].Consistent with this, direct L-L physical interaction has been demonstrated for the
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paramyxoviruses Sendai [53] and Para influenza virus 3(PIV3) [54], this L oligomerization was required for
polymerase activity. Likewise biochemical evidence supports that the LCMV L protein also has the property of
forming oligomeric structure [51].

Detailed sequence analysis and secondary structure predictions have been documented for the LASV L
polymerase [55]. These studies unequivocally identified only one functional domain corresponding to the
putative RNA polymerase domain that exhibited a similar folding as those found in the corresponding domains
of determined crystal structures of viral RdRp. In addition, several regions, outside the polymerase region, of
strong alpha-helical content were identified, as well as putative coiled-coil domain at the N terminus. Secondary
structure-assisted alignment of the RNA polymerase region indicated that arenaviruses are most closely related
to the L protein of Nairoviruses [18].

1.5 Nucleoprotein (NP):

The Nucleoprotein (Mr 60-68kDA) is the most abundant viral polypeptide both in infected cells and in virions
(about 1530 NP molecules per virion particle) [56]. The NP is the main structural element of the viral
nucleocapsid and associates with the genome RNA to form beadlike structures [56].

The N terminal domain of NP adopts a completely novel fold not found in the Dali server. To identify the cap-
binding residues in the deep cavity of the N domain, Qi et al attempted to soak and perform co-crystallization of
LASV NP with m7GpppG, triphosphorylated, diphosphorylated or monophosphorylated ribonucleotides. They
could observe the clear density for the triphosphate and partial density for uridine from the triphosphorylated
ribonucleotide complex structures and they also visualized the structure of NP in complex with dTTP [57]. The
triphosphate group of dTTP was bound in the middle of the cavity in an identical manner as that of UTP, in
which it was anchored by salt bonds formed with the side chains of the conserved residues K309, R300, R323
and K253. In the deep end of the cavity, thymidine occupied a hydrophobic pocket that is composed of residues
F176, W164, L172, M54, L120, L239 and 1241. They proposed that this dTTP-binding pocket is the binding
site for the cap structure m7GTP and that the residues located within the pocket may have to change
conformation to accommodate the cap moiety [57]. Although the N domain of NP is not structurally similar to
any of the cap-binding proteins, its hydrophobic thymidine-binding pocket shares common features for cap
binding [58] [59]. To characterize the role of the cap-binding residues in viral RNA transcription, they [57]
examined a panel of NP mutants with alanine substitution of residues located inside and at the entrance of the
cavity and that are conserved among all known arenaviruses for their ability to mediate the cap-dependent viral
RNA transcription using the LASV mini genome replicon assay [57]. All mutant proteins were expressed at
similar levels as the wild type transfected with 15-30 ng of plasmid. Compared to the wild type, the K253A and
E266A mutants completely lost the RNA transcription activity, and the Y319A, F176A, W164A, K309A and
R323A mutants showed significantly decreased activity.

The C terminal domain of NP was reported by Qi et al to have exonuclease activity. Alanine substitution at five
putative catalytic sites, D389A, E391A, D466A, D533A and H528A, in the mammalian cell expression vectors
of either native or Myc-tagged NP gene, abolished exonuclease activity but did not affect viral protein
expression in a minigenome system [60] [57] [57].

It was also examined by Qi et al whether the exoribonuclease activity is required for NP’s function in the
suppression of the interferon response [60, 61] [57]. As expected, wild type NP strongly inhibited Sendai-virus-
induced interferon [beta] B activation by a promoter assay, whereas all the catalytic mutants D389A, E391A,
D466A, D533A and H528A showed a complete loss of function at a low level of transfected expression vectors
(10 ng) and showed various levels of deficiency at higher levels [57]. Their results confirm a previous study
showing that the D389 residue of LASV NP, as well as its corresponding residue D382 in the prototypic
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arenavirus lymphocytic choriomeningitis virus (LCMV), is required for IFN suppression but not for viral RNA
transcription [62] [57]. In summary, these data provide strong genetic evidence for an important role of the NP
exoribonuclease activity in suppressing interferon induction [57] (figure 1.5).

Figure 1.5. The crystal structure of LASV NP protein. a, Cartoon diagram of the LASV NP protomer. The N
domain is in cyan with the cyan sphere indicating the N terminus; the C domain is in orange with the orange
sphere indicating the C terminus.The black and blue spheres indicate the position of manganese and zinc ions
respectively. The dotted lines represent the disordered loops. b, The ring-shaped structure of LASV NP trimer.
The first protomer is coloured as in a, the second protomer is in blue and the third is in magenta. The groove
and the interface are indicated by arrows. c, Electrostatic surface potential map of the NP protomer. The
entrance of the cap-binding cavity is shown as a white dotted circle. The blue area represents positively charged
residues and the red area represents negatively charged residues. d, Electrostatic surface potential map of the
39-59 exoribonuclease cavity. The black sphere represents Mn?*. Figure adopted from Qi et al [57].
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1.6 Replication:

Replication of arenavirus (figure 1.6) and influenza A virus appear to be similar so here a review of the better
characterized influenza A virus replication is given. As in all negative-sense RNA viruses, the viral genomic
RNA (VRNA) of influenza A virus is complexed with an RNA dependent RNA polymerase (comprising PB1,
PB2, and PA subunits) and nucleoprotein (NP) into active viral ribonucleoprotein (VRNP), which serves as a
template for both transcription and replication [63]. Whereas mRNA transcription requires capped RNA primers
snatched from host pre-mRNA and premature poly (A) termination of transcripts, genome replication is primer
independent and generates full-length cRNA. cRNA subsequently serves as the template for synthesis of
progeny VRNA. Early studies [64] [65] [66] [67] suggested that replication requires de novo protein synthesis,
and it was proposed that a “switch” regulates the transition from transcription to replication, but the molecular
mechanism for such a switch has remained elusive despite more than two decades of research [66] [67].
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FIGURE. 1.6. Models for switching between influenza A viral transcription and replication. (A) Classical
model. Early in infection, VRNA is transcribed to mRNA (primary transcription). Expression of NP switches
primary transcription to replication (synthesis of cRNA and vVRNA) and subsequent secondary transcription.

In arenavirus, the two RNA genomes are encapsidated by the NP, which is the most abundant protein in virions
and infected cells, and act as templates for two fundamentally different processes, RNA replication and
transcription. During RNA replication, the L protein first binds to the 39-end of RNA templates and reads them
from end to end to direct the synthesis of encapsidated full-length anti-genomes [68]. During transcription, the
RdRp stops RNA synthesis at a pause site located near the IGR [69]. The newly synthesized mRNA molecules
have a nonpolyadenylated 3’ end with a heterogeneous sequence mapped within the ]predicted hairpin in the
IGR [70]. Furthermore, non-template-directed sequences have been identified at the 5 end of the subgenomic
MRNA [71]. These sequences are variable in length [70] [71] [72] and terminate with a 5’-cap structure, which
suggests the presence of a cap-snatching mechanism for arenaviruses. In this process, originally described for
influenza viruses [73] [74] and bunyaviruses [75], the viral RdRp binds cellular mRNAs caps and ‘steals’ them
using an endonuclease activity, located in the influenza PA subunit [76] [77], and presumably in L protein of
bunyaviruses and arenaviruses. These short capped RNAs are then used as primers for mMRNA synthesis.

The arenavirus L protein is an essential element in genome replication and transcription [78]. It is the largest
viral protein composed of approximately 2200 amino-acid (aa) residues, and sequence analysis using
homologous proteins led to the prediction of several conserved domains [79] [55]. A biological function can be
inferred for the L3 domain containing conserved and typical RdRp signature sequence motifs [55] [80]. For
Tacaribe virus, both domains L1 and L3 interact with the Z protein [81]. By analogy with influenza and
bunyaviruses, the L protein may also carry activities and domains responsible for a cap-snatching mechanism
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that would account for the sequence diversity found at the 5’-end of RNA transcripts [68]. The expression and
purification of such a large viral polymerase is problematic and has not been documented.

The N-terminal domain of the LCMV L protein has been shown to bind nucleotides, with a preference for UTP,
and RNA. Structural comparison with the N-terminal part of the influenza virus PA protein unambiguously
characterizes the domain as an endonuclease. Sequence and secondary structure analysis of L proteins from
various Bunyaviridae family members predict that their N-terminal end carries a similar endonuclease activity,
which has been demonstrated for Toscana virus (TOSV; genus Phlebovirus, family Bunyaviridae) [68] (figure
1.7).
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Figure 1.7 NL1 structure and comparisons with the influenza PAy structure. A, Cartoon-representation of the
NLL1 structure. B, Electrostatic surface representation showing NL1 in the same orientation as in panel (A). The
arrow indicates the putative RNA binding groove and the active site crevice. Negative charges are in red and
positive charges in blue and neutral in white. C, Superimposition (view in the same orientation as in A) of the
structures of NL1 (grey) and PAy (PDB code:2W69, cyan) highlighting their shared structural core as well as
variations in the form of an extra loop only present in the PAN structure (circled). The two Mn2+ ions in the
PAN structure active site are depicted as green spheres. D, Topology diagrams of the NL1 (left) and PAy (right)
structures. Alpha-helices are represented as yellow tubes and beta-strands are blue arrows. Figure from Morin et
al [68].
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1.7 Budding:

The arenavirus Z protein is located on the inner side of the viral envelope, and despite being the smallest of the
arenavirus proteins, with a size of only 90 to 99 amino acids, Z has been demonstrated to take part in a number
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of processes and interactions [82]. It was first identified as a regulator of genome transcription and replication
[83] [78] and has been shown to interact directly with the polymerase [84] [81]. Additional studies have shown
numerous other interactions with cellular partners, including eukaryotic translation initiation factor 4E,
promyelocytic leukemia protein, and the ribosomal protein [23] [85]. In addition to these regulatory functions,
the Z protein of arenaviruses has, for several species, been shown to function as a matrix protein [86] [87] [47]
[49] [88]. Characteristic for such proteins is the ability to mediate their own release in the form of virus-like
particles (VLPs), which resemble virus particles in their morphology but lack the genomic segments [89]. Early
studies suggested a role of Z in arenavirus transcriptional regulation [83]. However, it has been shown that Z is
not required for virus RNA replication and transcription [90] [78]; rather, it exhibits a dose-dependent inhibitory
effect on RNA synthesis mediated by the arenavirus polymerase [91] [78].

Both LCMV and LFV Z proteins exhibit self-budding activity [47] [49] and substituted efficiently for the late
domain present in the Gag protein of Rous sarcoma virus [47]. These results indicate that Z is competent for
both targeting to the plasma membrane and budding activities [47]. Consistent with its key role in arenavirus
budding, Z accumulates near the inner surface of the plasma membrane [47]. Strong interaction of Z with
cellular membranes has been observed [47] [49]. However, the mechanisms by which Z interacts and associates
with the plasma membrane of the cell have not been determined.

Z is myristoylated at a conserved glycine found at position 2. A wide range of viruses express proteins that are
myristoylated (reviewed in reference [92]). Myristoylation of N-terminal glycine residues of cellular and viral
proteins changes the lipophilicity of these proteins and facilitates their interactions with membranes and
hydrophobic protein domains. N-terminal sequence motifs that direct incorporation of fatty acids into proteins
are necessary for targeting of these proteins to membranes and also have been shown to be required for the
acquisition of the viral envelope by several RNA and DNA viruses [92]. The non-reversible covalent
attachment of myristate, a 14-carbon saturated fatty acid, to the N-terminal glycine of myristoylated proteins is
catalyzed by the myristoyl-coenzyme A:protein N-myristoyltransferase (NMT) [93] and occurs usually
cotranslationally following removal of the initiator methionine by a methionine aminopeptidase [94]. Data from
studies on both sequence of known myristoylated proteins and sequence requirements for NMT activity indicate
that the N terminal acceptor amino acid is always a G residue [95]. Myristoylation alone does not meet the
requirements for protein membrane targeting. Additional factors, such as the presence of basic amino acid
residues that facilitate electrostatic interactions with membrane lipids, contribute to membrane association of
myristoylated proteins [94]. Notably, comparison of 17 arenavirus Z protein sequences, including LCMV Z and
those of HF arenaviruses, revealed the presence of a conserved glycine (G) residue on position 2 in the context
of a consensus myristoylation signal [94]. In addition, clusters of basic amino acid residues are found within the
N termini of arenavirus Z proteins [47].

It has been shown for many viruses including arenaviruses that the matrix protein is functionally dependent on
the presence of late-domain motifs for self-budding activity (reviewed in references [96] [97] [48]. To date,
four late-domain sequences have been reported, PPxY, PT/SAP, YxxL, and ePxV (where x is any amino acid
and e is a hydrophobic amino acid) [97] [98]. This also seems to be the case for several arenaviruses, although
the number and sequence (s) of the late domains within Z vary. For the Old World arenavirus LCMV, a single
C-terminal PPxY motif was shown to be responsible for budding [47], while for LASV both a PTAP motif and
a PPxY motif were involved, with PPxY playing a dominant role [49]. In both cases, this process was
dependent on the ESCRT (endosomal sorting complex required for transport) pathway [47] [99]. For the New
World arenaviruses, a PT/SAP motif is present in all species, except for TCRV, in which only an ASAP motif is
found at the corresponding position. It has been shown that JUNV Z is capable of mediating the production of
chimeric VLPs containing both TCRV NP and JUNV GP and that budding of these particles is largely, although
not entirely, dependent on the PTAP motif [86]. However, it remains to be shown whether these observations
will hold true during the budding of nonchimeric VLPs made up of only TCRV or only JUNV proteins [82].
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Interestingly, the TCRV ASAP motif was recently shown not to play a role in TCRV Z budding, although this
process is still dependent on the ESCRT pathway [88]. In addition, New World arenaviruses also contain a
YxxL motif, but to date, no function has been associated with this sequence; indeed, a recent report indicates
that for TCRV, mutation of this motif has no effect on budding [88]. Cumulatively, these observations have led
to the conclusion that TCRV seems to employ a budding strategy distinct from that of other arenaviruses via a
process that seems to be independent of known late domains. Therefore, It has been compared the budding of
JUNV and TCRYV Z alone and in the presence of other viral proteins in order to identify their contributions to
budding and provide new insight into the mechanism of budding in TCRV [82].

It has been postulated that NP may influence the formation of conformations of Z that are capable of budding
more efficiently or may be required for efficient transport of Z to the budding site. Mutations in the ASAP and
YxxL motifs of TCRV had been shown to be unimportant for budding of TCRV Z alone [88]. However, it has
been shown that Z and NP together are necessary for efficient budding of TCRV. This is in contrast to the
budding of closely related JUNV, which appears to be representative of the budding strategy of all other New
World arenaviruses, as indicated by their common late-domain motif arrangement. It has been proposed that the
ASAP motif, and the proline residue in particular, may be important for enhancement of TCRV Z budding by
NP, possibly via interaction with NP [82] (figure 1.8).

Figure 1.8 shows a photograph of a budding arenavirus particle.
http://instructl.cit.cornell.edu/research/whittakerlab/projects.html accessed on 21st June, 2011.

1.8 Structure of Virion:

All known animal viruses with helical nucleocapsids, such as arenavirus are enveloped [100, 101]. Arenavirus
enveloped particles vary in diameter from 60 to more than 300 nm, with an average size of about 92 nm [100].
The virions consist of an envelope and a nucleocapsid [100, 101]. Electron cryomicroscopy (cryo-EM) has
revealed that pleomorphic enveloped viruses have a roughly spherical appearance, studded with projections that
correspond to oligomers of the attachment and fusion proteins. Examples include influenza virus [102] [103]
[104]; several retroviruses, such as foamy virus [105], human immunodeficiency virus [106] [107] [108] [109]
[110], murine leukemia virus [111], and Rous sarcoma virus [112] [113]; La Crosse virus [114] [115]; Sendai
virus [116]; and transmissible gastroenteritis coronavirus [117].

Data Collection Methodology

Images of purified arenaviruses were generated prior to the inception of this project. Growth, purification,
electron microscopy and images was carried out as described previously [120]. These methods are described
briefly below.
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2.1 Virus growth:

Arenaviruses were grown in Baby hamster kidney (BHK-21) cells (American Type Tissue Culture Collection);
a virus stock, devoid of DI virus, was used in all experiments. BHK-21 cells were maintained as monolayer
cultures in Dulbecco modified Eagle medium (DMEM), containing 20% fetal calf serum, 100 IU penicillin/ml,
and 100 pg of streptomycin/ml (DMEMZ20).This all was done with the help of Dr John Burns [120]. JUNV-
candid #1 was grown as described previously by Neuman et al [149].

2.2 Virus Purification:

Viruses were purified according to the method of Neuman et al [150]. Virions were harvested from infected cell
culture medium by precipitation with 10% polyethylene glycol (PEG-8000). The PEG pellet was resuspended in
0.9% NaCl with 10 mM HEPES and that was applied to a 10 to 30% sucrose density gradient. Final purification
was achieved by ultracentrifugation at 27,500 rpm for 2 h at 5°C. Virus particles were resuspended in HEPES-
buffered saline which then were cryopreserved immediately (LCMV, PICV and TCRV), or fixed with 10%
formalin overnight at 4°C prior to cryopreservation (JUNV) [120].

2.3 Fusion Activation (Removal of GP-1 from intact virions):

According to Neuman et al [120] purified 35S-labeled or unlabelled LCM, PICV, or TCRV virions
resuspended in TNE (10 mM Tris-HCI, 100 mM NaCl, 1 mM EDTA [pH 7.4]) were pelleted at 4°C in an
Airfuge centrifuge (Beckman Instruments, Palo Alto, Calif.) for 13 min at 22 Ib/in2 (~100,000 xg). The pellets
were resuspended in 1 M LiCl (pH 7.4) or 1 M NaCl (pH 5.0) and incubated for 1 h at 37°C. Control virus
preparations were resuspended in TNE and incubated in parallel with the high-salt preparations. The virus
samples were then loaded onto continuous 5 to 50% sucrose density gradients, and ultracentrifugation was
performed in an SW 50.1 rotor for 18 h at 40,000 rpm. Gradients were fractionated by bottom puncture, and
300-pl fractions were collected. Gradient profiles were established by counting the radioactivity in aliquots of
each fraction in scintillation fluid with a Beckman LS 1801 liquid scintillation counter. The protein composition
of each fraction was determined by using sodium dodecyl sulfate-10% polyacrylamide reducing gels [151]
[152] [120].

2.4 Small unilamellar vesicle preparation and microscopy:

Images of small unilamellar were measured as described in Neuman et al [149]. Small unilamellar vesicles
(SUV) (DOPC/DOPG/DSPE-PEG2000-biotin/ C18-DiO, 87:10:2:1) DOPC (dioleoyl-sn-glycero-3-
phosphocholine), DOPG 1,2-Dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)],1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[biotinyl (polyethylene glycol)2000] (ammonium salt) (DSPE-PEG2000-biotin) 3,39-
Dioctadecyloxacarbocyanine perchlorate (C18-DiO) [153].

The SUV sample was vortexed and pre extruded once through a polycarbonate membrane filter (pore size 400
nm) and subjected to several freeze/thaw cycles according to previous published protocols [154]. The sample
was divided into two separate populations, which were extruded 11 times through a polycarbonate membrane
filter with pore size 100 nm (SUV100) or 200 nm (SUV200) at pressures of 200 psi and 100 psi, respectively.
Multilamellarity of the vesicle preparations was assayed using cryoTEM and yielded 8% of total preparation.

2.5 Cryo-Electron Microscopy:

According to Neuman that Low-dose Cryo-EM was performed at 120 kV and great care was taken to avoid the
damage of specimen by reducing electron dose. Two methods were applied for the capturing of digital images
of Cryo-EM. Virus particle negatives were digitized using a Zeiss SCAI microdensitometer and all other had
been stored and captured directly via a CCD image sensor at a final resolution of 2.26 A/pixel using Leginon
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[155]. The signal strength and signal-to-noise ratio differed subtly depending on recording methodology. Image
contrast was inverted so that protein density should appear white. The density histogram for each image was
normalized to a common median gray value prior to analysis [120].

Results

2.10 MEASUREMENT METHOD AND ANALYSIS OF ARENAVIRUS AND VESICLES
STRUCTURE.

Each virion was measured using the Eman program. Circumference of round and elliptical particles was
calculated according to the method of Ramanujan namely. This method of computing @ is given by great
mathematician Ramanujan. Ramanujan gave his own formula to calculate the value of T using circle. The
method is given below : Let PQR be a circle with center O of which a diameter is PR. Bisect PO at H and let T
is the point of trisection OR nearer R. Draw TQ perpendicular to PR and place the chord RS = TQ. Join PS, and
draw OM and TN parallel to RS. Place a chord PK = PM, and draw the tangent PI = MN. Join RL, RK and KL.
Cut off RC = RH. Draw CD parallel to KL meeting RD at D. Then the square on RD will be equal to circle
PQR approximately.

»

J

Longestdiameter

Shortestdiameter

Figure 2.1. Size was taken as the circumference divided by 7 . The Ratio of the longest and shortest diameter
tells about the shape of particles. Vesicle images courtesy of A. Kunding and D. Stamou, University of
Copenhagen.

To make size data more readily comprehensible, the Ramanujan circumference was divided by 1 to convert
circumference data to the effective particle diameter, if that particle was spherical. To calculate virus particle
shape, the longest diameter was divided by the shortest, and the result was taken as a size-independent
representation of virion shape.

Figure 2.1 illustrates the principle of virion measurement. By taking the measurement of the virion diameter in
two places at right angles to each other the characteristic shape of the virion can be established.

2.11 Reproducibility of Measurement:

LCMV, PICV, TCRV, JUNV, and DOPC Vesicles were measured 2-4 times to quantify measurement variation.
Standard deviation and standard error of both the data sets were calculated. The standard deviation Individual
measurements were consistently ~8A (about two image pixels). While the standard deviation for whole version
measurements were ~1nm.
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2.12  Measurement of Viral Glycoprotein (GP) spacing:

The estimated value of the average spacing distance between each GP was manually measured from the cryo-
microscopic photographs by making use of the computer program EMAN [156].

From the analyzed results it was possible to extract the values for each GP density with respect to the specific
diameter of a virion.

2.13 Glycoprotein (GP) Counting: GPs were counted using the EMAN program [156]. Each visible GP on
visible outer edge of the virion was counted. This method was used for counting on all of virions of LCMV,
TCRV, PICV and JUNV as well. By comparing the observed GP count to the theoretical number of GPs on a
virion of a given size. It was possible to express GP coverage as a percent of the theoretical maximum.

2.14 Statistical tests used to analyze arenavirus data

2.15 Analysis of Variance (ANOVA):

Analysis of variance (ANOVA) is a collection of statistical models and their associated procedures in which the
observed variance is partitioned into components due to different explanatory variables [159]. Simply ANOVA
gives a statistical test of whether the means of several groups are equal, and therefore generalizes student’s
two-sample t-test to more than two groups [160]. ANOVAs are helpful because they possess a certain
advantage over a two-sample t-test. Doing multiple two-sample t-tests would result in a largely increased
chance of committing a 1 type error. For this reason, ANOVA are useful in comparing three or more means
[159-161].

2.16 T Test: The t-statistic was introduced in 1908 by William Sealy Gosset, a chemist working for the
Guinness brewery in Dublin Ireland ("Student™ was his pen name ) [162] [163] [164] Gosset had been hired
due to Claude Guinness's policy of recruiting the best graduates from Oxford and Cambridge to apply
biochemistry and statistics to Guinness' industrial processes [163].Gosset devised the t-test as a way to cheaply
monitor the quality of stout. He published the test in Biometrika in 1908, but was forced to use a pen name by
his employer, who regarded the fact that they were using statistics as a trade secret. In fact, Gosset's identity was
known to fellow statisticians [165]. A two sample location test of the null hypothesis that the means of two
normally distributed populations are equal. All such tests are usually called Student's t-tests, though strictly
speaking that name should only be used if the variances of the two populations are also assumed to be equal; the
form of the test used when this assumption is dropped is sometimes called Welch’s t-test. These tests are often
referred to as "unpaired"” or "independent samples" t-tests, as they are typically applied when the statistical units
underlying the two samples being compared are non-overlapping and were extensively used in this analysis
[166].

2.17 Correlation coefficient (Pearson r):

It is widely used in the science as a measure of the strength of linear dependence between two variables [167]. It
was developed by Karl Pearson from a similar but slightly different idea introduced Frances Galton in the 1880s
[167]. In statistics the Pearson product- movement correlation coefficient is a measure of the correlation (linear
dependence) between two variables X and Y, giving a value between +1 and -1 inclusive. The correlation
coefficient is sometimes called "Pearson's r”” [167, 168].

Conclusion: Simply ANOVA gives a statistical test of whether the means of several groups are equal, and
therefore generalizes student’s two-sample t-test to more than two groups [160]. ANOVAs are helpful because
they possess a certain advantage over a two-sample t-test. Doing multiple two-sample t-tests would result in a
largely increased chance of committing a 1 type error. For this reason, ANOVA are useful in comparing three or
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more means [159-161]. The t-statistic was introduced in 1908 by William Sealy Gosset, a chemist working for
the Guinness brewery in Dublin Ireland ("Student” was his pen name ) [162] [163] [164] Gosset had been hired
due to Claude Guinness's policy of recruiting the best graduates from Oxford and Cambridge to apply
biochemistry and statistics to Guinness' industrial processes [163].Gosset devised the t-test as a way to cheaply
monitor the quality of stout. He published the test in Biometrika in 1908, but was forced to use a pen name by
his employer, who regarded the fact that they were using statistics as a trade secret. In fact, Gosset's identity was
known to fellow statisticians [165]. A two sample location test of the null hypothesis that the means of two
normally distributed populations are equal. All such tests are usually called Student's t-tests, though strictly
speaking that name should only be used if the variances of the two populations are also assumed to be equal; the
form of the test used when this assumption is dropped is sometimes called Welch’s t-test.
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