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Abstract

The members of Orbivirus genus within the Reoviridae family are arthropod-borne viruses which
are responsible for high morbidity and mortality in ruminants. Bluetongue virus (BTV) which
causes disease in livestock (sheep, goat, cattle) has been in the forefront of molecular studies for
the last three decades and now represents the best understood orbivirus at a molecular and
structural level. The complex nature of the virion structure has been well characterised at high
resolution along with the definition of the virus encoded enzymes required for RNA replication;
the ordered assembly of the capsid shell as well as the protein and genome sequestration required
for it; and the role of host proteins in virus entry and virus release. More recent developments of
Reverse Genetics and Cell-Free Assembly systems have allowed integration of the accumulated
structural and molecular knowledge to be tested at meticulous level, yielding higher insight into
basic molecular virology, from which the rational design of safe efficacious vaccines has been
possible. This article is centred on the molecular dissection of BTV with a view to under- standing
the role of each protein in the virus replication cycle. These areas are important in themselves for
BTV replication but they also indicate the pathways that related viruses, which includes viruses
that are pathogenic to man and animals, might also use providing an informed starting point for
intervention or prevention.
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1 Introduction

Bluetongue virus (BTV) is a complex, non-enveloped, double stranded RNA (dsRNA) virus
and is the archetypal member of the genus Orbivirus of the family Reoviridae. The family
Reoviridae comprises of segmented dsSRNA viruses, possessing icosahedral non-enveloped
capsids with a double-layered architecture. This large group of dsSRNA viruses represent the
causative agents of several economically and medically significant diseases and as such
present a great challenge in virological understanding.

BTV, the prototype of the Orbivirus genus is a pathogen of livestock and is common
throughout the world including Europe, causing serious periodic outbreaks. Consequently it
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has been studied extensively as a model system for related viruses and substantial progress
has been achieved in sequence, biochemical and structural studies of BTV. Indeed, BTV was
the first virus of this genus to be characterised at a genetic level and in its structure and
replication.

Through the testing study of this virus many innovations have been achieved which have
now become the standard tools of molecular virology. BTV provided the first whole genome
sequence of a dsRNA virus and the first virus-like particle (VLP), a game changing
discovery, now in widespread use for many viruses both for vaccine development and as a
tool for basic research. Indeed VLP based assay system has facilitated to dissect the
structure of BTV and the virus assembly pathway. Simultaneously, the structure of an
integral virus core protein was solved, which became a paradigm in the field. The structure
was the first for a large RNA virus and was later merged with cryo-electron microscopy
(cryo-EM) data to give a unique high-resolution 3D image of the viral core. This structure
constituted the first complex viral capsid and biological assembly to be solved at atomic
resolution. Latterly the virus replication cycle, notably virus entry, replication and egress
have been examined. Recent significant developments include the first helper virus free, /in
Vitro T7 reverse genetics system for dsSRNA viruses, which will allow major studies of how
the virus causes disease (and generation of new vaccines), and the development of an /in vitro
cell-free assembly system which gives rise to infectious virus particles in the absence of
cellular factors. Further the first 3D image of the whole virus has been obtained, illustrating
how BTV may enter into the host cells.

These breakthroughs have provided the initial model system from which the understanding
of the Orbivirus genus as a whole and to some extend the other members of the family has
been possible. This review is focused on the molecular biology of the current understanding
of BTV replication, the role of each viral protein in virus replication, the basic virological
study of which has allowed rational designing of highly attenuated efficacious vaccines
against BTV infection. This article summarises the current understanding of BTV
replication at molecular and structural levels.

2 The virion structure

The structure and function paradigm of biological assemblies dictates that in order to
comprehensively understand the biology of the virus, it is informative to know the structure
and organisation of the virus. To this effect, significant progress has been made to identify
the organisation of BTV at an atomic level. Initial transmission electron microscopy (TEM)
of purified virus particles and density migration of chemically treated virions indicated an
icosahedral double shelled structure of the virus particle, existing as both whole particles
and cores from which the outer layer proteins were removed (Huismans et al., 1987b; Martin
and Zweerink, 1972; Van Dijk and Huismans, 1980). Indeed, from the expression of
individual subsets of structural proteins, using a recombinant baculovirus system, it was
possible to reconstitute particles dis- playing the biophysical characteristics of particles
obtained from virus preparations (French and Roy, 1990; French et al., 1990; Loudon and
Ray, 1991). From this and protein profiling of purified particles and cores, the order and
organisation of the virion has been established.(Matsuo and Roy, 2013).
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The particle consists of seven structural proteins three of which (VP1, VP4 and VP6) are
minor components having low relative concentrations in the particle in relation to the major
components of VP2, VP3, VP5 and VP7 (Fig. 1A). These minor components are not
necessary to reconstitute virus-like and core-like particles (CLP) by recombinant baculovirus
expression, indicating that they are not components of the protein capsid and serve as
encapsidated cargo.

The core particle itself comprises of VP3 and VVP7 which encapsidate the ten genomic
dsRNA segments (Fig. 1B) along with minor protein components. The core is then decorated
with a further protein capsid layer to form mature virus. This constitutes VP2 and VP5,
which act as outer capsid proteins and are surface exposed to a varying extent (Fig. 2A and
B). Higher resolution cryo-EM (Hewat et al., 1994; Nason et al., 2004; Prasad et al., 1992)
and X-ray crystal structure (Grimes et al., 1998) of the core particle revealed the finer
organisation of the core at this level. These show that the core is comprised of a T2 sub-core
composed of 60 dimers of VP3 (Fig. 2D). Upon this a T = 13 arrangement of 260 VVP7
trimers is supported through hydrophobic interactions, with an asymmetric unit consisting of
five quasi equivalent trimer positions denoted P, Q, R, S and T (Fig. 2C). The core exhibits
multiple solvent channels one at each fivefold axis and 120 shared amongst the six-fold axis
(Grimes et al., 1997, 1998; Prasad et al., 1992).

Cryo-EM utilising differential density mapping using cores and CLPs has revealed a flower-
like structure that sits beneath each fivefold axis. This is believed to represent the replication
complex composed of VP1, VP4 and VVP6 of which the precise structural nature remains to
be revealed (Nason et al., 2004). Biochemical data however, supports a model in which
dimers of VP4 associate with a molecule of VP1 and an undefined stoichiometry of VP6
(Ramadevi et al., 1998b). The structure of the dSRNA genome segments is also apparent
through similar methods, with stacked lines of density lying parallel to the capsid structure.
Tentatively this suggests a model in which each genome segment is associated with a single
replication complex present at each five-fold vertex. The genomic dsRNA coiled around
these complexes and concentrically towards the centre of the virion. It is likely however, that
icosahedral aver- aging in image reconstruction masks the finer detail of genome packaging
and interaction with the inner VVP3 subcore layer (Gouet et al., 1999; Nason et al., 2004). A
similar model has been proposed for rotavirus, another member of the family, based on cryo-
EM data in which interaction of genomic segments with the inner subcore layer and
replication complex causes concentric ordering at the icosahedral fivefold axis (Pesavento et
al., 2001; Prasad et al., 1996).

Due to the intrinsic instability of the outer capsid protein layer, which is easily dissociated
by proteolysis and mildly acidic conditions (Verwoerd et al., 1972), a high resolution view
of its structural organisation has proved challenging. Initially it was revealed by a 40
angstrom (A) and subsequently 22 A cryo-EM density map that two density forms are
present with this layer, sail-like structures forming triskelions assigned to be VP2 and
globular-like densities localised beneath predicted to be VVP5 (Hewat et al., 1992a; Nason et
al., 2004).
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Recent progress in cryo-EM density reconstitution techniques have allowed for a refinement
of the resolution to 7 A, enabling finer detail of the outer capsid to be revealed (Zhang et al.,
2010). The 60 trimers of VP2 of the outer most proteins exposed to the solvent environment
under which 120 trimers of VVP5 are arranged (Fig. 2A). Unlike Reovirusand Rotavirus,
these outer capsid proteins do not assimilate the under lyingT-13 arrangement of VVP7 sub
shell, displaying an arrangement that is unique to BTV (Settembre et al., 2011; Zhang et al.,
2010). The high resolution density map revealed features of VP2, which exhibits an L
shaped profile with the base forming a hub domain of the triskelion trimers. This region
exhibit sa galectin-like fold similar to that of the \VP8* cleavage product of Rotavirus\VP4
(Dormitzer et al., 2002). The upward arm of the L represents a tip domain which projects
from the surface of the virion and is highly solvent accessible exhibiting a p-sheet rich fold
(Zhang et al., 2010). The VP2 triskelions make contact with the underlying VVP7 trimers
through projections from the tip and hub domains.

The arrangement of VPS5 is also unique, with trimers surrounding the VP2 trimers and
positioned underlying the gaps in the triskelion arms of VP2 (Fig. 2A). The trimers possess a
highly compact globular fold predominated by a-helices with a central coiled-coil motif
facilitating trimerisation, analogous to membrane viral fusion proteins such as the stalk of
Human immune deficiency virus (HIV) gp41 (Chan et al., 1997; Zhang et al., 2010).
Interaction between VP5 trimers and VVP7 sub shell are predicted to be weak owing to small
density “fingers’ of contact, additionally Interactions between VP2 and VP5 are of a
similarly density weak nature (Zhang et al., 2010). The paucity of inter-trimer contacts of
the outer capsid corresponds well with its observed fragility.

In summary the virion is a non-enveloped icosahedral particle consisting of a genome of ten
dsRNAs that are closely associated with replication complexes of three minor proteins.
These are encapsidated by a double-shelled particle of protein layers of varying structural
stability. The inner core comprises VP3 and VP7 that are strongly associated and the outer
capsid layer, which displays weak interactions, is composed of VP2 and VP5.

3 Overview of the replication cycle

BTV and related orbiviruses constitute the only non-membrane mammalian viruses to be
vectored by an insect species, the biting midge genus Culicoides (Mellor et al., 2000). Virus
is inoculated into the host bloodstream by Culicoides saliva during a blood meal. Upon
which it disseminates leading to primary infection in endothelial cells and mononuclear
phagocytes, namely dendritic cells present in the lymph node draining the site of inoculation
(Barratt-Boyes and MacLachlan, 1994).

The virus life cycle is classical in the sense that it follows well characterised, discrete steps
of replication comprehensively described in other viruses i.e. entry, replication, assembly
and egress. Fig. 3 depicts an overview of this process. Infection occurs by cell adhesion via
binding to surface glycoproteins owing to the reported hemagglutination activity (Eaton and
Crameri, 1989), bound virus is internalised by the host cell endocytic machinery, through
which the virus translocates into the cytoplasm shedding its outer capsid and subsequently
becoming transcriptionally active (Huismans et al., 1987b).
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Ten viral single-stranded RNAs (ssRNA) are produced by transcription of genomic segments
(Fukusho et al., 1989). These are then translated by host cell ribosomes yielding the seven
viral structural proteins VP1 through to VP7 and three or four non- structural proteins, NS1,
NS2, NS3 and NS4 (Mertens et al., 1984; Ratinier et al., 2011). NS1 preferentially promotes
translation of BTV ssRNAs enhancing viral titre (Boyce et al., 2012). NS2 forms viral
inclusion bodies (VIBs) which recruit viral sSSRNAs and viral protein components required
for genomic packaging, replication and core assembly (Kar et al., 2007). Upon assembly
cores are released from VIBs and enter into the exocytosis pathway, facilitated by NS3,
whereby the outer capsid proteins VVP5 and VP2 are acquired and the mature virion particles
egress from the host cell to propagate infection (Beaton et al., 2002; Wirblich et al., 2006).

This over view describes the key features of BTV life cycle however, each process requires a
multitude of complex biological and biochemical interactions within viral components and
with host cell components. The characterisation of some of these processes have provided an
overall understanding of BTV assembly, replication and trafficking processes at a molecular
level, allowing not only effective vaccine design but also offering insight into the general
biology of dsRNA viruses as a whole. To this extent the following discusses the molecular
details of BTV replication cycle in finer detail.

4 Virus entry and the outer capsid proteins

41 VP2

VP2 is the most solvent-exposed protein of the outer capsid (Fig. 2A, green trimers) and is
therefore the protein that primarily interacts with the environmental medium of the virus
(Hassan et al., 2001; Hassan and Roy, 1999; Zhang et al., 2010). Pertaining to this, a high
antigenic selection pressure is imposed upon VP2 by the host humoral immune response.
Extensive sequencing data and immunological profiling has demonstrated that VP2 is highly
variable and falls into 25 (possibly 26) distinct serotypes with specific serotypes exhibiting
geographical partitioning (Maan et al., 2007, 2011). Sequence alignments of VP2
demonstrate regions of higher sequence variation suggesting specific regions of VP2 protein
are subject to higher selection pressure (Ghiasi et al., 1987). With the availability of a 7 A
structure it is possible to speculate that these regions could comprise the highly solvent-
exposed tip domain (see Fig. 4A), however without a higher resolution structure to map
sequence to structure this remains unsubstantiated.

As discussed the outer surface location of VP2 exposes it to the environment, which imposes
antigenic selection pressure, this surface positioning however allows it to act as an
environmental sensor which can mediate the initial contact between virus and host cell, thus
facilitating entry. Indeed neutralising antibodies can be generated solely using purified VP2
from virions or recombinant protein (Huismans et al., 1987a; Inumaru and Roy, 1987). Viral
entry is predominantly modelled to occur first through cell attachment, followed by
induction of virus particle uptake by the cell.

Initial cell attachment is believed to occur through non-specific interactions between virions
and cell surface molecules, due to the intrinsic physical properties of the virus such as
charge and hydrophobicity. The generalised receptor heparan sulphate has been proposed to
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mediate initial cell contact for mammalian non-enveloped viruses of the Picornaviridae
(Spillmann, 2001). However, this is based on the electrostatic potential of the capsid surface
which can be mapped owing to high resolution crystal structures for these viruses (Fry et al.,
1999). In the absence of high resolution structure of mature BTV patrticle, the role of
heparan sulphate, or other non-specific cell surface factors, in viral ‘surfing’ remains
speculative.

Aside the exact mechanism of initial cell contact, once the BTV particle has been localised
at the host cell surface, specific receptor interactions occur between the viral receptor
binding protein and the cell surface receptor. BTV has long been demonstrated to exhibit
hemagglutination activity and this activity maps to purified VP2 which has been shown to
interact with glycophorin A in vitro (Hassan and Roy, 1999).

The 7 A structure of VP2 reveals structural features that facilitate this activity. The hub
domain, as discussed in virion structure, exhibits a galectin-like fold shared with that of the
sialic acid binding domain VP8*, the cleavage product of Rotavirus VVP4. This protein has
been demonstrated both structurally and functionally to bind sialic acid (Isa et al., 1997;
Kraschnefski et al., 2009). The hub domain of VP2 is thus likely to bind sialic acid of an as
yet unidentified cell surface glycoprotein (Fig. 4A), with each VP2 triskelion possessing
three binding sites, one from each VP2 hub domain monomer. Biochemical analysis reveals
that VP2 binds type 2 oligosaccharide structures (Galp1-4GIcNAcB1-3) in glycan arrays
(Bhattacharya and Roy, 2010).

This data has been recapitulated /n vivo through cell culture, which demonstrates a tenfold
loss in virus titre when cells are pre-treated with sialic acid binding wheat germ agglutinin
(Fig. 4B). This suggests sialic acid interaction is necessary but not sufficient for cell entry,
indicating a role of an unidentified co-receptor in the entry process (Zhang et al., 2010). This
co-receptor could potentially be bound by the projection of the tip domain (Fig. 4A).

Alternatively the tip domain could act to sterically inhibit anti- body access to the receptor
binding region located in the triskelion hub. The strategy of burial of receptor binding sites
has been adopted by other non-enveloped viruses, for example Poliovirus in which receptor
binding occurs within a deep ‘canyon’ like feature near the fivefold axis of the capsid
surface (Harber et al., 1995; Rossmann, 1989). Notwithstanding the specific mechanism of
cell surface attachment a wealth of evidence supports VP2 may facilitate a similar process.

Subsequent to cell attachment, the virion must enter the cell through host cell pathways
(Marsh and Helenius, 2006). The mechanism of BTV internalisation has been interrogated
in cell culture. Initially, specific RNA interference knockdown of the p2 subunit of the
pathway essential clathrin-AP2 adaptor complex in HeLa cells, indicated that BTVs cell
entry is mediated by the clathrin coated pit pathway (Forzan et al., 2007). In addition the
clathrin specific inhibitor Chlorpromazine, significantly reduced BTV replication (Forzan et
al., 2007). Taken together this data strongly suggests that BTV utilises the clathrin mediated
endocytotic pathway for cell entry.

Moreover, inhibition of vacuolar H+ ATPase by Bafilomycin Al significantly reduces virus
titre, indicating that not only is endocytosis required for productive infection but entry into
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an acidifying environment is essential (Forzan et al., 2007). This draws parallels with the
mechanism of entry of non-enveloped viruses such as Influenza virus, in which clathrin
mediated endocytosis delivers the virus into an acidic microenvironment. This enables a pH
mediated conformational change of Haemagglutinin (HA) fusion protein causing the
membrane fusion necessary for delivery of the RNA genome into the host cell and
productive replication (Guinea and Carrasco, 1995).

The mechanism by which clathrin mediated endocytosis is induced remains unclear, as
binding to a receptor seems insufficient to induce pit formation and clathrin recruitment.
Speculatively, the solution may lie in the multiplicity of binding sites of the virion surface, it
has been observed that Influenza virus particles do not bind to pre-formed pits but induce pit
formation around the curvature of the virion (Rust et al., 2004). This could partly be a result
of the clustering of receptor molecules due to the high density of binding sites of the virion
surface, which in turn could trigger signalling events to induce pit formation.

Confocal microscopy has revealed that once endocytosed BTV migrates to the early
endosome where by VP5 and VP7 become separately localised, indicating uncoating of the
virion and dissemination of the core into the cytoplasm (Forzan et al., 2007). This process is
not well understood, however, it must be mediated by components of the viral outer capsid.

Experimental evidence shows VPS5 acts as a fusion protein. The recombinant protein is toxic
when expressed in Spodoptera frugiperda (Sf9) cells and can mediate cell toxicity by
membrane permeablisation in culture (Hassan et al., 2001). Additionally, this protein
functions as a membrane fusion protein when linked to a transmembrane domain, causing
syncytial formation in Sf9 cells upon acidic pH shock (Forzan et al., 2004).

Analysis of the sequence of VVP5 shows the archetypal features characterised for membrane
fusion proteins. The N-terminus exhibits a 30 residue amphiphilic helix which is preceded
by a long heptad repeat stretch predicted to form trimeric coiled- coils, indicative of a fusion
protein like function. Interestingly, sequence homology indicates that the N-terminal helix is
more closely related to antimicrobial peptides than viral fusion proteins, possibly suggesting
a novel mode of action (Hassan et al., 2001). This N-terminal coiled domain is followed by a
highly a-helical C-terminal globular domain which may facilitate attachment of the protein
to the VVP7 core layer (Zhang et al., 2010). Owing to the high a-helical content of this
protein it is tempting to suggest that it falls into the class I category of fusion proteins such
as Orthomyxovirus HA and Paramyxovirus F proteins (Colman and Lawrence, 2003) and as
such may demonstrate similarity in its mechanism of action.

As a general model fusion proteins are expressed as a precursor that requires proteolytic
processing to form a molecule that is kinetically trapped in a metastable high energy state.
The process of cell entry through receptor binding, acidification, further proteolysis or a
combinatorial effect relieves the kinetic barrier allowing conformational change of the
protein to its lowest energy state, thus enabling membrane fusion as a consequence.
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This activity has been well characterised structurally and biologically for fusion proteins of
enveloped viruses (Kielian and Rey, 2006; Weissenhorn et al., 2007; White et al., 2008),
however this model also seems true for non-enveloped fusion proteins. The fusion processes
have been characterised for Reovirus 1 and Rotavirus VP4, both of which require
proteolytic processing. In the case of Reovirus, pl is cleaved to form an N-terminal
myristoylated fusion peptide u1N and C-terminal p1C. In the case of VP4, priming for
fusion occurs by proteolytic cleavage to VP8*, the receptor binding domain and VP5 which
acts as the fusion protein, much in analogy to enveloped virus fusion proteins (Dormitzer et
al., 2002; lvanovic et al., 2008; Liemann et al., 2002; Yoder et al., 2009).

To date no evidence suggests that BTV VP5 is proteolytically processed and consequently
must fold into a metastable conformation upon translation. It must, therefore, be tightly
regulated in its conformational change to a lower energy state and fusion process.

Recombinant VP2 has been shown to inhibit fusiogenic activity and cell toxicity of VP5 in
culture, it is likely that interactions with VP2 in the outer capsid act to control the fusion
activity of VP5 (Forzan et al., 2004; Hassan et al., 2001). In this scenario, in variation to
membrane fusion proteins in which receptor binding and fusion domains are covalently
linked, the receptor binding and fusion functions of BTV are encoded in separate
polypeptides that are associated in a non-covalently linked lattice.

Thus VP2 has an additional role as sensor, acting as a regulatory molecule that modulates
the activity of VP5 in the correct environment. The structure of the virion as discussed above
supports a model in which VP2 triskelions sterically inhibit VVP5, lying on top of VP5
trimers partially occluding them (Zhang et al., 2010). It is necessary therefore, for VP2 to
undergo a conformational change in order to reveal VVP5 and abrogate inhibition. It is
plausible that the combination of receptor binding and the acidic environment of the early
endosome may mediate this process. Notably, it has been demonstrated that partial
proteolysis of VP2 occurs in saliva of Culicoides and mammalian derived blood (Darpel et
al., 2011; Marchi et al., 1995). This susceptibility to proteolysis may be an additional
mechanism by which VP5 activation is induced.

Endosomal cathepsins cause the proteolytic activation of membrane fusion proteins such as
Ebola virus GP2 and Paramyxoviruses Hendra and Nipha (Pager and Dutch, 2005; Pager et
al., 2006; Schornberg et al., 2006). Cathepsins may act upon VP2 in the endo- some thereby
partially degrading the structure to activate VP5. Regardless of the precise mechanism, VP5
fusogenic activity must be activated when membrane proximal. VP2 must play a role in
anchoring the virion to the endosomal membrane through receptor binding whilst other
environmental factors modify its structure to activate VP5.

The manner in which VP5 enables membrane penetration of the core without the presence of
a viral membrane with which to fuse has proven enigmatic. Recombinant VVP5 is clearly able
to form pores in membranes as demonstrated in cell culture toxicity assays (Hassan et al.,
2001). It may be that initial pore formation occurs via individual trimers through insertion of
amphiphilic helices. Pore expansion is then driven by the curvature of the virion via the
protein coat model in which curvature of the protein network interacting with the membrane
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drives viral budding (Kozlov and Chernomordik, 2002), inducing curvature stress, leading to
membrane scission. Once released into the cytoplasm the membrane coat containing VP5
and VP2 are shed from the core, which is then primed for transcription.

In summary, VP2 acts as a receptor binding protein attaching the virion to cell surface by
interaction with glycoproteins. This induces clathrin mediated endocytosis of the virus
particle. The virus is then delivered to the early endosome where acidity, proteolysis and
receptor interaction induce VP2 conformational change inducing VP5 membrane
permeablisation activity. This process facilitates core egress from the endosome.

Whilst discussion has been made on the entry of mammalian cells, BTV is vectored by
Culicoides and has been shown to replicate in insect cells in culture and in whole insect
models. Experimental evidence indicates that the core is the more infectious species to
Culicoides derived KC cells (Mertens et al., 1996). This suggests that that the core itself is
able to interact with the insect cell surface and facilitate its’ own entry in to the insect cell
cytosol. An RGD motif in VP7 that maps to a solvent exposed loop in its upper domain has
been implicated in the core interaction with insect cells. Mutations of this tri-peptide
significantly affect the interaction of CLPs with KC cell surface (Tan et al., 2001).

RGD motifs have been shown in other viruses such as Foot and Mouth disease virus to
mediate cell attachment and internalisation due to interaction with integrins (Fox et al.,
1989; Mason et al., 1994). The same could apply for BTV cores, however this remains to be
tested by mutational analysis of replicating virus genome. Once internalised, the process by
which the core translocates into the insect cell cytosol remains unknown.

5 Viral genome transcription and replication

As discussed the core consists of the dSRNA genome and replication complexes
encapsidated by VP3 dimer and VVP7 trimer layers. This assembly exhibits multiple solvent
accessible channels that vary in depth and occur as three different types based on symmetry
locations (Prasad et al., 1992). Type | channels are found at the icosahedral fivefold axis
under which replication complexes are located, type Il channels localise around the fivefold
axis and type 11 at the three fold axis (Fig. 2C). Cryo-EM and X-ray crystal structures reveal
that some of these channels penetrate through to the interior of the core (Grimes et al., 1997,
1998; Nason et al., 2004; Prasad et al., 1992).

X-ray structural analysis using crystal soaks with various substrates has revealed that
penetrating channels act as entry and exit sites for the substrates and products required and
formed during genome transcription and replication (Diprose et al., 2001). Furthermore,
crystal soaking revealed that the fivefold channel is enlarged in the presence of Mg2*. The
removal of the outer capsid layer during entry reveals translocation channels when the core
is in the cell cytosol thus activating transcription when the necessary substrates are available.
Transcriptase activity can be reconstituted /n7 vitro by removal of the outer capsid layer
through proteolysis and exposure to Mg?*, additionally MnZ* has been shown to increase
transcriptase activity (Van Dijk and Huismans, 1980).
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The stimulatory activity of divalent cations could simply be by acting as cofactors for the
transcription and capping reactions. However, this could in addition be mediated through
allosteric regulation of the replication complex, by inducing conformational changes in the
core itself, influencing the enzymatic activity of the transcription enzymes.

BTV cores produce ten positive sense sSRNA transcripts corresponding to each of the ten
dsRNA segments (Fukusho et al., 1989). These vary in sizes from 3944 base pairs (bp) for
segment 1 down to 833 bp for segment 10 (values for BTV serotype10). Each possess a 5’
cap 1 structure and lack polyadenylation at their 3" terminus (Ramadevi et al., 1998a).
Transcripts are released from the core particle into the host cell cytoplasm where they act as
templates both for translation and for negative strand viral RNA synthesis to generate
genomic dsRNAs (Mertens et al., 1984; Van Dijk and Huismans, 1980, 1988).

The current view supposes that transcripts are extruded from Class | pore at the icosahedral
fivefold axis. Indeed as mentioned above, these pores undergo conformational enlargement
in the presence of Mg2* and crystal soaks with a sSDNA oligomer corresponding to the 5’
sequence of segment 7 show density localisation of the oligomer at these channels (Diprose
etal., 2001). Cryo EM of actively transcribing rotavirus particles displays a similar model in
which extra density is seen at the fivefold vertex indicative of release mRNA at type |
channels (Lawton et al., 1997). Additionally antibodies that bind VP8, the surface protein of
the double layer particles (DLPs), and occlude these channels inhibit transcriptional
competency of closely related rotavirus (Lawton et al., 1999).

Recent experimental data using Rotavirus has demonstrated that for DLPs segments are not
promiscuous, in that each segment is associated with a specific channel and thus replication
complex (Periz et al., 2013). Due to the highly similar architecture of BTV cores and
Rotavirus DLPs the same singular association of segments with replication complex and
fivefold vertex is likely to be true. Whilst this demonstrates singularity of association of
segments with transcription complexes, it will be of great insight to deter- mine whether the
overall organisation and association of segments with pores within the core is identical in
each virion particle, providing clues to as to the nature of the assembly process. Additionally
as BTV displays only 10 genomic segments there remain 2 vertices for which this model is
ambiguous. It is possible that they remain unoccupied due to steric constraints of genome
packaging, in which case it is likely that they are devoid of replication complexes to prevent
competition between complexes. Alternatively, they may be filled with an additional
segment however this is less likely given the observed experimental data.

5.1 The replication complex

The replication complex consists of VP1, VP4 and VP6 (reviewed Roy, 2008). A wealth of
biochemical data from expression and purified recombinant proteins has elucidated the
function of each component.

5.2 The RNA polymerase VP1

V/P1, the largest (150 kDa) protein of BTV, has been shown to act as an RNA dependent
RNA polymerase (RdRp) when expressed as a recombinant protein (Boyce et al., 2004;
Urakawa et al., 1989). Recombinant VVP1 can copy each of the positive sense SSRNA
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segments fully in a single /7 vitro reaction to produce a dsSRNA duplex that is RNase |
resistant, RNase 111 sensitive (Boyce et al., 2004). This replicase activity is independent of
other core proteins unlike that of Rotavirus VP1 which requires the presence of VP2 (Patton
etal., 1997). Additionally dsRNA synthesis has been demonstrated to occur de novo without
self-priming, through production of single genomic unit length sSRNA upon denaturation of
dsRNA product (Boyce et al., 2004). This suggests BTV VP1 possesses a high intrinsic
polymerase priming and processivity allowing priming independent dsRNA synthesis unlike
the reliance on dinucleotide priming observed for Reovirus A3 and Rotavirus VP1 (Chen
and Patton, 2000; Tao et al., 2002).

Further studies /n vitro revealed that dinucleotide priming can enhance replication rate
suggesting that this step is rate limiting for de novo synthesis of RNA (Matsuo and Roy,
2011). More interestingly a degree of specificity of replicase activity has been observed.
VP1 can synthesise dsSRNA from BTV and Rotavirus ssRNA transcripts but not from non-
virally derived sequences unless fused with BTV sequences at 5" and 3" termini (Matsuo
and Roy, 2011). This implies common secondary structural elements are required for RdRp
replication, present in members of the Reoviridae family. This structural dependency may
prove a mechanism by which interferon response is controlled by BTV minimising VP1
synthesised nonspecific dsRNA.

Whilst a high resolution structure is lacking, VP1 has been modelled based on the available
Reovirus A 3 structure which has revealed a typical RdRp organisation with a central
polymerase domain, an N-terminal domain and a C-terminal domain, this model is
supported by mutagenesis combined with dissection of biological activity of each domain
(Wehrfritz et al., 2007). This data suggest a common organisation to RdRps of the
Reoviradae, however finer structural differences could facilitate the observed biochemical
discrepancies in processivity and priming.

5.3 The capping enzyme VP4

As identified 7n vitro VVP1 produces dsRNA from ssRNA templates, however these are not
capped in discrepancy to core transcripts, as such capping activity lies in a separate protein.
Recombinant VP4 (76 kDa) alone synthesises cap 1 structures on ssRNA species /17 vitro,
that are identical to those found on authentic BTV mRNA (Martinez-Costas et al., 1998;
Ramadevi and Roy, 1998; Ramadevi et al., 1998a). Thus complete capping is achieved by a
single viral protein. This is notably different to other viral capping enzymes, e.g. those of
Vaccinia virus, where capping is dependent on a complex of three proteins that carry out
separate catalytic steps along the capping pathway (Venkatesan et al., 1980).

The formation of cap structure requires three key enzymatic activities. Firstly an RNA
triphosphatase (RTase) function is required to prepare the RNA substrate for capping via
removal of the O phosphate of the 5" terminal ribonucleobase of the RNA template.
Secondly a guanylyltransferase (GTase) activity caps the formed 5” diphosphate with
guanylymonophosphate (GMP) via a 5’-5" phosphodiester linkage. Third and finally a
guanine- N7-Methyltransferase (N7MTase) function methylates the N7 position of the
capping guanosine using an S-adenosylmethionine cosubstrate. An additional nucleoside-2”
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-O-methyltransferase (2’ OMTase) is also required for BTV and Reovirus transcripts, to
methylate the 2" -hydroxyl group of the ribose of the first nucleotide to form cap 1 structure.

The X-ray crystal structure of VP4 reveals the molecular detail that allow this protein to
perform the entire capping process, the structure possesses an elongated hourglass
morphology with defined domains along the length of the protein (Sutton et al., 2007). Two
of these domains map to folds with significant structural homology to known methyl
transferases and have been assigned OMTase and N7MTase based on their structural
similarity to Vaccinia virus VP39 (OMTase) and Ecm1 (MRNA cap N7MTase) respectively
(Fabrega et al., 2004; Hodel et al., 1996). A C-terminal domain of unique architecture is
putatively assigned the GTase domain.

An additional domain with kinase-like structural homology is present at the N-terminus
which lacks catalytic residues and kinase P-loop. In conjunction to this it demonstrates
higher sequence variation across serotypes, and as such it is speculated to play a scaffolding
role in the protein structure, possibly mediating an interaction with VVP1 to feed the nascent
RNA chain into the capping catalytic assembly within VP4. Whilst informative this
structural analysis does not account for an RTase function and assignments of function
require functional validation both in vivo and /n vitro.

The helicase VP6: The dsRNA genome of BTV imposes constraints on template
accessibility for transcription. It is necessary, therefore, for the virus to encode a helicase to
allow for unwinding of the dsRNA duplex ahead of the polymerase and to dissociate the
transcripts from template RNA.

The remaining minor protein of the replication complex is that of VP6, which is
significantly smaller than VP1 and VP4 with Mr of 36 kDa. Sequence alignments suggest
that VP6 possess some of the hall marks of DEAD box class helicases with a Walker A and
DEAD box like motifs, however this is highly speculative as motifs are non-canonical (Kar
and Roy, 2003). /n vitro characterisation of recombinant protein demonstrates VP6 has high
affinity for both ssRNA and dsRNA and possesses a nucleotide triphophatase activity
(Stéuber et al., 1997). Further, in an /n vitro helicase assay VP6 is able to unwind dsRNA
duplexes uni-directionally, with a preference for duplexes with 5" and or 3" ssSRNA
overhangs (Stauber et al., 1997). Size exclusion chromatography, in addition to
sedimentation analysis using a glycerol gradient, demonstrated that VP6 can form hexamers
with ring-like structures visible under TEM (Kar and Roy, 2003).

Similar hexameric morphology has been characterised for viral DNA helicases such as SV40
large T antigen and T7 gp4 (Singleton et al., 2000; Wessel et al., 1992) as well as RNA
helicases such as P4 of bacteriophage ¢ 6 (EI Omari et al., 2013). It is interesting to note that
VP6 has no homologues displaying a unique sequence to BTV and as such could plausibly
present a new structural class of helicase.

The use of recently developed RG for BTV has allowed further /in vivo characterisation of
VP6. It was shown to be an essential component of the primary replication complex which is
the minimum genes required to stimulate efficient rescue upon subsequent transfection of
ten ssSRNA genome segments (Matsuo and Roy, 2009, 2013). Thus, VP6 is key to
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preliminary transcription of assembled replicase particles, alluding to its role as a helicase.
Additionally, virus grown in complementary cell lines that are defective in this protein
produce empty particles upon infection of native BSR cells and is unable to replicate
(Matsuo and Roy, 2013). This supports the essential nature of this protein and suggests a
potential role in genome packaging.

Using RG this property of VP6 has been exploited to develop replication deficient viruses
that are only viable in trans complementary cell lines (Matsuo and Roy, 2009). This has
enabled the development of the first disabled infectious single cycle (DISC) vaccines for a
dsRNA virus (Matsuo et al., 2011). These next generation vaccines elicit a robust immune
response due to their single infectivity. The segmented nature of the BTV genome allows for
the rapid production of serotype specific vaccines using this system (Celma et al., 2013)
which can be achieved with relative ease in comparison to VLP technology.

6 Expression of viral proteins

The ten ssRNA transcripts synthesised by the core particle encode the viral proteins and are
translated by the host cell machinery. These proteins are essential to viral assembly
maturation and release. Twelve proteins are expressed upon translation of viral sSRNA,
seven of which are structural.

Transfection of mammalian cells with 7n vitro derived BTV transcripts also leads to
generation of viral proteins and infectious virus particles as demonstrated by the passage of
infectivity in BSR cells (Boyce and Roy, 2007). These findings have allowed the
development of a helper virus-independent RG system for BTV and other orbiviruses and
for the generation of targeted mutant viruses (Boyce et al., 2008; Kaname et al., 2013;
Matsuo et al., 2010).

Each segment encodes a single protein, with the exceptions of segment 9 which encodes two
proteins (VP6 and NS4) each in different reading frames (Belhouchet et al., 2011; Ratinier et
al., 2011) and segment 10 which encodes two isoforms of the same protein (NS3 and NS3A)
through alternative translation start sites (French et al., 1989; Mertens et al., 1984). Table 1
outlines the proteins encoded by each segment.

BTV-specific proteins are detectable within 2 to 4 hrs post infection and the rate of protein
synthesis increases rapidly until 11 to 13 hrs post infection (Eaton et al., 1990; Verwoerd et
al., 1972). Infection induces apoptosis via multiple signalling pathways (Mortola et al.,
2004; Stewart and Roy, 2010) and morphological changes in host cell cytosol are apparent
over this period, with the formation of tubules and dense globular structures which have
been attributed to the non-structural proteins NS1 and NS2 respectively (Brookes et al.,
1993; Eaton et al., 1990; Huismans and Els, 1979).

6.1 NSI1 and tubule structures in infected cells

NS1 is a highly conserved 64 kDa tubule forming protein which is synthesised in the
infected cell cytoplasm (Fig. 5A, left panel) from very early stage of virus replication at a
high level (Roy, 1989). The expression of recombinant protein in Sf9 cells has confirmed the
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multimeric nature of this protein (Fig. 5A middle panel), forming large tubule structures in
the cytosol (Urakawa and Roy, 1988). Cryo-EM reveals a structure comprised of coils of
NS1 dimers (Hewat et al., 1992b) (Fig. 5A, right panel).

Initially the function of NS1 during viral replication remained largely unknown with
evidence pointing to a role in viral morphogenesis, due to its association with virions both
during purification and intracellularly (Eaton et al., 1988; Owens et al., 2004). However,
more recent studies showed that NS1 is able to specifically promote the expression of BTV
encoded proteins, acting as a positive regulator of translation (Boyce et al., 2012). A
luciferase reporter segment exhibited specific up regulation of expression upon co-
expression of NS1, and it appears NS1 enhances BTV protein synthesis by specifically
interacting with the ACUUAC hexanucleotides of 3" untranslated region (UTR) of BTV
sSRNA transcripts (Boyce et al., 2012). Further, it has been shown that NS1 is one of the
components of primary replication of the bi-phased replication cycle of BTV (Matsuo and
Roy, 2013).

Together these data suggest NS1 plays a crucial role in regulation of viral gene expression
allowing preferential expression of BTV transcripts by interacting with conserved sequence
at their 3" terminus. Thus NS1 could act analogously to host polyA binding protein which
has been demonstrated for NSP3 of closely related Rotavirus (Vende et al., 2000), however
this function is ambiguous as another report indicates it is not required for protein synthesis
(Montero et al., 2006). Since BTV has been demonstrated to elicit substantial interferon
response and by which, may induce host cell shutoff of protein synthesis via PKR activation
(Jameson et al., 1978; Ruscanu et al., 2012). NS1 could act to enable BTV transcripts to
overcome this response by specifically promoting their expression in a host cell senescent
background.

If this model is the case, the functional unit of NS1 is likely to be the soluble dimer form and
not that of the tubular multi- mer. The role tubules play in infection is not apparent. They
could act as a repository of NS1, through sequestration via multimerisation and thereby
controlling the level of soluble NS1.This may be relevant to orchestrate controlled regulation
of translation. How- ever an unrelated role of this NS1 structural form cannot be ruled out.

6.2 NS2 and inclusion bodies

The second cellular morphological change upon BTV infection presents with the formation
of punctate densities, which localise to form large perinuclear globules (Brookes et al., 1993;
Eaton et al., 1987, 1990) (Fig. 5B, left & right panels). These have been termed viral
inclusion bodies (VIBs) and have been viewed as the site of viral assembly (Brookes et al.,
1993; Kar et al., 2007; Modrof et al., 2005).

The non-structural protein NS2 is both necessary and sufficient for VIB formation in both
Sf9 cell and mammalian cell expression, forming VIBs with similar morphology to BTV
infection when singly expressed (Kar et al., 2007; Thomas et al., 1990). NS2 can recruit
proteins required for core assembly to the VIB. In culture NS2 colocalises with VP1, VP3,
VP4, and VP6 when co-expressed. The core surface protein VP7, however, required the co-
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expression of VVP3 to be recruited (Kar et al., 2007). It is plausible that the attachment of
VP7 to formed sub-cores may act as a mechanism to modulate their release from VIB.

NS2 RNA binding: NS2 is a 42 kDa protein, it is highly charged and forms multimers
(Fukusho et al., 1989) and possesses both ssRNA binding and NTPase activity (Horscroft
and Roy, 2000; Taraporewala et al., 2001; Thomas et al., 1990). Dissection of the sSSRNA
binding regions using deletion analysis has revealed three sites of sSSRNA interaction, an N-
terminal region of residues 1-7, a middle region residues 153-166 and a C-terminal region
residues 274-286 (Fillmore et al., 2002). Initial evidence suggested this binding was non-
specific, however competition assays show a higher affinity for BTV derived sSRNA
(Lymperopoulos et al., 2003, 2006; Modrof et al., 2005). This could be due to different
binding modes of NS2 for ssSRNA species as a result of multiple binding regions. Indeed
BTV ssRNA must be specifically recognised in order to be recruited for packaging.

BTV genome segments possess conserved features, most prominently and common to other
members of the Reoviridae, hexanucleotide sequences are present at extreme 5" and 3’
termini (Fukusho et al., 1989). It is logical to hypothesise that these are determinants for
specific VIB recruitment, however deletion analysis proves these unnecessary for NS2
interaction, with transcripts lacking these features displaying similar affinity as wild-type
(WT) BTV transcripts by electro mobility shift assay (EMSA) (Markotter et al., 2004;
Theron and Nel, 1997).

In the absence of sequence specificity it is therefore likely that distinct secondary structural
elements are required to instill specific recruitment. Inverted repeat sequences present at 5’
and 3’ termini are an additional conserved feature of BTV RNA segments. Removal of these
regions significantly influences EMSA NS2 inter- action /n vitro (Markotter et al., 2004),
however the predicted RNA secondary structures formed by these deletions are drastically
different from that of WT RNA segments and as such more supporting data is required.

Further studies demonstrate a specific stem-loop secondary structure present in the coding
region of S10 (99-170) mediates a strong interaction with NS2 as well as various fragments
of S10 possessing this structural motif (Lymperopoulos et al., 2003). Chemical foot printing
confirmed this predicted structure /n vitro and mutagenesis revealed this structure to be
important in facilitating S10-NS2 interaction (Lymperopoulos et al., 2003, 2006).
Additional ssSRNA transcripts (S6, S8 and S9) were dissected for NS2 interaction regions in
this manner. This study demonstrated that (i) sSRNAs form secondary structures within
coding regions that mediate high affinity interactions with NS2 and that (ii) these regions
display secondary structure unique to each segment (Lymperopoulos et al., 2006).
Furthermore, competition experiments with S9 and S10 suggest that at least for these sSSRNA
segments NS2 possesses differential binding sites (Lymperopoulos et al., 2006).

Taken together, the emerging model presented by this data indicates that NS2 consists of
different independent binding modes to unique secondary structures within BTV ssRNA
segments. Whether this is true for all ten RNA segments remains to be validated.
Nevertheless, given the small size of the protein it is unlikely that even an oligomeric form
could present ten specific binding sites, and it may be that certain RNA segments initially
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interact with NS2 and nucleate interactions with the remainder by forming RNA-RNA
interactions.

In spite of the exact mechanism of sSRNA binding, this activity suggests this protein is able
to bind BTV ssRNA transcripts concentrating them within the VIB and, additionally, may
couple this to energy transduction via NTPase activity (Horscroft and Roy, 2000;
Taraporewala et al., 2001). The role of NTPase activity is not certain however it may
modulate sSRNA binding and release.

6.3 NS2 structure

A crystal structure for the N-terminal region 1-182 has been solved, revealing a p-sandwich
fold, which forms a spiral helix of dimers in the crystal form (Butan et al., 2004). It is
proposed that this is the mode of oligomerisation forming a helical channel with ten
monomers per turn lined by residues binding ssSRNA with the missing C-terminus
accommodated on the helical surface (Butan and Tucker, 2010; Mumtsidu et al., 2007).

Whilst appealing /n vivo data validating this model is lacking. Complete structures of related
P9-1 (Rice black streak dwarf virus) and NSP2 (Rotavirus) VIB proteins of other members
of the family have been solved (Akita et al., 2012; Jayaram et al., 2002). Interestingly
despite low sequence homology they also demonstrate oligomeric ring-like structures;
however rings are closed, not helical and composed of octamers. Thus the interpretation of
the NS2 crystal structure may be un-valid, as the oligomeric state may be an artefact of
crystal packing constraints and may not faithfully represent full-length protein. Similarly it
cannot be ruled out that NS2 diverges from the structural architecture presented by these two
proteins due to a differential mechanism of action, as indicated by its singular role in VIB
formation unlike that of NSP2 (Fabbretti et al., 1999).

NS2 phosphorylation: NS2 has been shown to be phosphorylated /n vivo and is the only
BTV protein to do so (Modrof et al., 2005; Thomas et al., 1990). Alanine substitution
mutagenesis maps this modification to serines 249 and 259, which are substrates for
phosphorylation by casein kinase Il (Modrof et al., 2005). The phosphorylation state of these
residues is key in controlling VIB morphogenesis, single and double alanine substitutions at
these positions failed to form larger aggregates characteristic of VIBs, demonstrating a
dispersed granular appearance in culture (Modrof et al., 2005). However a mutant with
aspartic acid substations at these positions demonstrated wild type morphology. This
indicates that it is the charge at these positions that modulates VIB formation. Indeed
immunoprecipitation showed the phosphorylation inhibited double alanine mutant forms
smaller aggregates /n vivo but was not affected in its sSSRNA binding capacity by EMSA
(Modrof et al., 2005).

Phosphorylation could act as a molecular switch controlling the stability of interaction of the
NS2 matrix. Speculatively, the region of serines 249 and 259 could lie at an interface
between NS2 monomers with charge modulation regulating the strength of surface
interaction. It is plausible that dephosphorylating of NS2 within VIB facilitates the exit of
assembled cores by forming channels of disaggregated NS2 as observed by TEM (Kar et al.,
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2007). The manner in which this process is controlled remains elusive as the process of NS2
dephosphorylation remains unresolved.

In summary, NS2 acts to form a VIB viral assembly matrix, by recruiting BTV core proteins
and the ten ssSRNA transcripts and possible host factors. Thus, NS2 plays a vital role in
modulating core assembly /n vivo and releasing the assembled cores into the cytosol.

6.4 NS3 and NS3A

6.5 NS4

BTV encodes a third non-structural protein, which occurs in two isoforms, full length NS3
(229 aa) and N-terminally truncated NS3A (216 aa) arising from an alternative translation
start site. These proteins are produced at a relatively minor amount in comparison to NS1

and NS2, however, both proteins play an essential role in intracellular trafficking and host
cell egress of the mature virions, which is discussed in detail in the section of virus egress.

An additional non-structural protein, NS4, has recently been identified for BTV. It is
produced from an alternative reading frame in segment 9, interestingly for a group 1 virus,
this protein has a nucleolar localisation, and associates with the cell lipid droplet
(Belhouchet et al., 2011; Ratinier et al., 2011). Whilst at present a conclusive role for this
protein has yet to be established initial studies demonstrate it may play a role in viral fitness
to the interferon response (Ratinier et al., 2011).

7 Assembly

NS2 recruits and concentrates the components required for assembly of cores, however these
components must assemble into the complex layered structure of BTV cores, encapsidating
the ten dSRNA segments. The process by which this occurs has been studied using
recombinant protein expression although much still remains to be clarified in detail. It is
noteworthy that in absence of NS2, co-expression of structural proteins can enable assembly
into core-like (CLPs) and virus-like (VLPs) particles which lack an encapsidated genome,
demonstrating that these proteins have an intrinsic self-assembly pathway (French and Roy,
1990; French et al., 1990; Loudon and Roy, 1991). Utilising this system mutagenesis has
revealed finer stages of the assembly process.

The X-ray crystal structure of the BTV core reveals the architecture of VP3, which exhibits
three domains named as apical, carapace, and dimerization domains (Grimes et al., 1998).
Two structural isoforms of VP3 exist A and B which differ in their folding primarily in the
dimerization domain. This enables the formation of AB VVP3 dimers which constitute a
pseudo-triangular face an icosahedral lattice (Fig. 2D, orange outline). These AB dimers are
observed to form decamers which comprise each fivefold axis in the crystal structure
(Grimes et al., 1998) (Fig. 2D, white outline). A deletion mutant lacking the dimerization
domain of VP3 abolishes sub-core formation but generates decamer and dimer species when
expressed in insect cells (Kar et al., 2004). This suggests an assembly pathway in which VP3
dimers form decamer intermediates and that decamer—decamer interactions via the
dimerization domain induce the assembly of the complete VVP3 sub-core. Furthermore,
unlike WT VP3 this deletion mutant failed to bind BTV dsRNA, indicating that this property
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is encoded within the dimerization domain as predicted from the crystal structure (Gouet et
al., 1999).

The internal proteins VP1 and VP4, however, can directly inter- act with VVP3 independently
and are encapsidated in CLPs (Loudon and Roy, 1991; Ramadevi et al., 1998b). The exact
method of encapsidation of VP6, which has strong RNA binding affinity, remains elusive as
it fails to incorporate into CLPs, and it may be that this protein is recruited by the newly
synthesised ssRNAs during assembly. This data proposes a model in which VVP3 decamers
bind VP1 and VP4 which recruit ssRNAs and VPG, this RNA incorporation and replication
to dsRNA could drive sub-core formation through allosteric interaction with dimerization
domains.

The assembled sub-core must be coated with 260 trimers of VVP7 to form mature cores which
exit the VIB. VP7 coating and core assembly depends on trimer formation (Limn et al.,
2000). Structure-based mutational analysis demonstrates that the VVP7 coat is dependent on
both VP3 interactions with the trimer base through helix 2 and on lateral association of VP7
trimers mediated by helix 9 (Limn and Roy, 2003). It has been observed that CLPs lack the
P trimer at the fivefold axis (Nason et al., 2004) suggesting that weak interactions occur at
this localisation (Limn and Roy, 2003). This is presumably due to the symmetry mismatch
between the VP3 (T = 2) and VVP7 layers (T = 13) causing localised non-equivalent
interactions (Grimes et al., 1998). A likely pathway of core assembly is that a number of
strong VP7 trimer VVP3 contacts act as multiple equivalent initiation sites that nucleate a
second set of pseudo equivalent weaker interactions that complete the outer layer of the core
(sequentially T up to P), as illustrated in Fig. 6B.

An in vitro cell free assembly (CFA) system has recently been developed. This major
breakthrough has allowed exquisite dis- section of the assembly pathway (Lourenco and
Roy, 2011). BTV structural proteins were expressed /in vitro using wheat germ extract in the
presence of the ten positive strand sSRNA segments. This reaction was fractionated on a
sucrose gradient and was demonstrated to contain infectious particles (Lourenco and Roy,
2011). In this assay minor proteins VP1, VP4 and VVP6 where incubated with the ten
genomic ssRNAs followed by incubation with VP3 then VP7 (see Fig. 6A), this was
sufficient to create viable particles which strongly supports this order of assembly process.
Furthermore, it was found that the sub-core prior to encapsidation by VP7 was sensitive to
RNase treatment which abrogated the formation of putative sub-cores when analysed on a
gradient. This sensitivity was mitigated by the addition of VVP7 (Lourenco and Roy, 2011).

These results indicate that the sub-core is partially stable and binding of VVP7 trimers
strengthens the overall structure. These findings were further supported by baculovirus
expression system, which demonstrates that unlike CLPs, sub-cores of VVP3 alone are
unstable when singly expressed (Loudon and Roy, 1991). Importantly this CFA system
demonstrates that BTV structural proteins and RNA segments alone can assemble to form
infectious particles without the aid of the non-structural proteins, including NS2. Thus NS2
may play a passive role in vivo as a condenser of the necessary components required for
assembly, however a more active role cannot be ruled out as the efficiency of CFA is
relatively poor.
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Genomic RNAs must contain specific packaging signals that facilitate their selective
packaging over those of the host cell. Deletion mutants encoding a GFP reporter gene
demonstrate that that the packaging signal of segment 9 is encoded in both 5" and 3’
termini, present within 276 nt at the 5" end and within 93 nt to 393 nt at the 3" end (Matsuo
and Roy, 2009). More recent studies have developed an /n vivo packaging system, using
infection of cells pre-transfected with purified /n vitro transcribed segments, to address this
hypothesis. This delineation of the process of packaging from other RNA properties such as
transcription and translation signals has gained insight into the sequence and structure
required to enable this. Initial studies have shown that secondary structure in the 3 UTR but
not 5" UTR of segments is a major contributing factor to packaging (Burkhardt et al.,
submitted for publication).

Following the assembly of the core particle the viral outer capsid proteins, VP2 and VP5, are
added to form mature virions. Cryo-EM experiments provide some insight into the nature of
interaction of outer capsid proteins with the VP7 core outer layer (Nason et al., 2004; Zhang
et al., 2010). It is of note that while neither VP2 nor VVP5 are recruited by VIBs, instead each
interacts independently with host cell machinery. For example VPS5 interacts with SNARE
regulatory protein synaptotagmin | of the exocytosis pathway (Bhattacharya and Roy, 2008)
and VP2 with vimentin (Bhattacharya et al., 2007), a major component of intermediate
filaments and cell cytoskeleton. Due to their lack of association with VIBs and the
characterised host cell interactions these proteins may be acquired by newly assembled core
upon VIB exit during host cell egress.

Addition of VP2 and VP5 may consequently abolish transcription activity, as such the
assembly of the outer capsid must be highly regulated in order to prevent premature shut-off
of transcription. Baculovirus expression of cores with VP5 and VP2 leads to assembly of a
VLP mimicking authentic virions (French et al., 1990; Hewat et al., 1992a), indicating
intrinsic self-assembly. Each triskelion VP2 trimer interacts with four VP7 trimers at its
under- side and via the hub which connects to the crystallographic position Q VVP7 trimer by
a wall of density (Zhang et al., 2010). The globular- shaped VP5 trimers fill the gaps created
by the three legs of the VP2 triskelion and sit right above the type 11 and 111 channels of the
core. VP5 trimers make relatively few, weak interactions with adjacent VVP7 trimers possibly
to permit conformational changes of VVP5 during the penetration process (Zhang et al.,
2010). Owing to the weak interaction network of VP7 with VP2 and VPS5, these proteins
may be added proximally to virion egress to ensure maintenance of complete virion
architecture upon cellular release.

The introduction of mutations in the replicating viral genome by RG system developed
recently has opened up a new opportunity to dissect the minimal components required to
rescue BTV infection. This system indicates the four sub-core proteins together with NS2
along with ten ssRNA transcripts are the sole components required to rescue infectivity,
however, the inclusion of VP7 and NS1 significantly increases efficiency (Matsuo and Roy,
2013).

This data suggests that the assembled sub-core is sufficient to constitute a ‘replicase’ particle
with the addition of VVP7 stabilising such a structure, as also indicated in CFA (Lourenco and
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Roy, 2011). Thus, assembled sub-cores are transcriptionally active within VIBs allowing
exponential viral growth. Indeed cell biology is indicative of this. BTV infected cells treated
first with actinomycin D, to arrest the host transcription, followed by bromo-deoxyuridne
transfection demonstrated newly synthesised labelled transcripts localised within the VIBs
(Kar et al., 2007) (Fig. 5B).

8 Virus egress

Although core particles are assembled in VIBs, the addition of the outer VP2 and VP5
capsid onto the core to form mature infectious virus particles does not occur within these
structures (Kar et al., 2007). Floatation experiments have confirmed that the outer capsid
proteins VP2 and VP5, the minor core protein VP6 and the nonstructural glycosylated NS3
protein, all interact with lipid raft domains (Bhattacharya and Roy, 2010) indicating the
importance of these membrane micro domains in BTV virion maturation and egress.

8.1 Role of lipid raft

Lipid rafts occur in both internal multi vesicular body (MVB) membranes and the plasma
membrane of cells. These cholesterol and sphingolipid rich membrane micro domains act to
concentrate specific proteins such as signalling molecules, glycosylphosphatidylinositol
(GPI) anchored proteins and membrane trafficking proteins (Helms and Zurzolo, 2004;
Lingwood and Simons, 2010). Lipid rafts have been implicated in the assembly of enveloped
viruses such as HIV, Influenza virus and Ebola virus (Chazal and Gerlier, 2003; Waheed and
Freed, 2009). Interestingly, their disruption with methyl B cyclodextrin alters the distribution
of VP5 and NS3 and decreases the relative BTV viral titre without altering BTV protein
synthesis (Bhattacharya and Roy, 2008).

VP5 possesses a highly conserved WHXL sequence that is present in the SNARE regulatory
protein synaptotagmin | (Fukuda et al., 2000). Disruption of this sequence by alanine scan
mutagenesis perturbed the association of VP5 with lipid rafts in mammalian cells
(Bhattacharya and Roy, 2008).

The SNARE domains of cellular proteins have been shown to interact with the negatively
charged lipid phosphatidylinositol (4,5) bisphosphate [P1(4,5)P2] present in membrane rafts
(James et al., 2008). Depletion of cellular P1(4,5)P2, by expression of phosphatase 5SptaselV
or its relocation to endosomal-like structures by Arf6/Q67L expression, inhibited normal
BTV maturation without altering BTV protein expression levels (Bhattacharya and Roy,
2013).

TEM showed the attachment of viral particles to the outer surface of vesicle-like structures
in the cytoplasm, which were absent in P1(4,5)P2 depleted cells (Bhattacharya and Roy,
2013). PI(4,5)P2 plays a key role in vesicular trafficking, mediating the formation of endo-
and exocytotic intra-cytoplasmic vesicles and in organising the association of these with the
cytoskeleton via actin recruitment and polymerisation (Caroni, 2001; Di Paolo et al., 2004;
Martin, 2001). Perturbation of P1(4,5)P2 homeostasis through depletion thus inhibits
intracellular vesicle formation and consequently trafficking of newly synthesised BTV
particles.
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8.2 Role of NS3/NS3A

TEM data, the co-localisation of NS3 with PI(4,5)P2 and lipid rafts along with its ability to
interact with both outer capsid proteins (Bhattacharya and Roy, 2008; Bhattacharya et al.,
2007; Celma and Roy, 2011) suggest that NS3 might bring the newly assembled BTV cores
and outer capsid proteins together to form mature virions.

Our current understanding is that this process takes place on the lipid raft domains of
exocytotic vesicles leading to com- bined particle maturation and export, a process that is
common to other viral infections (Domitrovic et al., 2013; Meng and Lever, 2013). Indeed
BTV infected cells display virus particles associated with the vimentin intermediate
filaments of the cytoskeleton and the disruption of this association prevents normal virus
release (Bhattacharya et al., 2007). This is presumably due to interruption of vesicular
transport to the cytoplasmic membrane.

Subsequent to outer capsid assembly and the virion transport to the cytoplasmic membrane,
the virus must release from the cell into the extracellular medium in order to continue cell
transmission. It is canonically believed that non-enveloped viruses release from infected
cells by cellular lysis. However, strong evidence is mounting indicating these viruses can
utilise budding pathways for cellular egress (Feng et al., 2013).

In the case of BTV both mechanisms appear to act with the utilisation of differential release
mechanism in specific host cell backgrounds. A predominantly lytic infection occurs in
mammalian cell infection characterised by extensive cytopathic effect (CPE), however
essentially no CPE is observed during infection of vector insect cells in which the virus
establishes a persistent non-lytic infection (Celma and Roy, 2011; Hyatt et al., 1989;
Wechsler and McHolland, 1988).

The only membrane proteins that are encoded by BTV are NS3 (229 aa) and its shorter
form, produced from an alternative translation start site which lacks the N-terminal 13 amino
acids, NS3A (216 aa) (French et al., 1989; Lee and Roy, 1986). Both proteins have been
found localised with smooth-surfaced intracellular vesicles under TEM (Hyatt et al., 1993).
Fig. 7A illustrates the features of NS3/NS3A. These proteins comprise of long N-terminal
and a shorter C-terminal cytoplasmic domains which are linked by two transmembrane
domains connected by a short extracellular loop (Bansal et al., 1998; Wu et al., 1992). This
loop contains a glycosylation signal at asparagine 150 and the protein exists in both non-
glycosylated and glycosylated forms /n vivo (Bansal et al., 1998; Beaton et al., 2002). NS3
is responsible for virus release, co- expression of NS3 and NS3A with baculovirus-expressed
VLPs stimulates VLPs, which are normally intracellular, to be released from cells with NS3
observed at the site of release (Hyatt et al., 1993).

8.3 Calpactin interaction

Cell biology, in conjunction with biochemical data, has gained insight to the molecular
mechanism by which NS3 mediates BTV egress by interaction with the host cell machinery.
Using the yeast two-hybrid analysis, residues 1-14 of the N-terminal cytoplasmic domain of
NS3 have been identified to specifically interact with SI00A10/p11 (Beaton et al., 2002).
S100A10/p1l is a Ca2+ insensitive member of the S100 family that forms a heterotetrameric
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complex with two heavy chains of annexin 11 (also known as annexin A2) to form the
calpactin complex in eukaryotic cells, which is involved in trafficking of proteins and
membrane targeting (Rescher and Gerke, 2008). The C-terminus interacts specifically with
the BTV outer capsid protein VP2 suggesting that NS3 acts as a bridging molecule
facilitating virus engagement with host cell membrane trafficking machinery (Bhattacharya
et al., 2007; Celma and Roy, 2011).

Direct site specific mutagenesis in the replicating genome demonstrated that a mutant virus
synthesising NS3 but not NS3A was able to propagate in and release from mammalian cells
efficiently (Celma and Roy, 2011). However, growth of a mutant virus expressing only
NS3A was severely attenuated despite protein expression, dsSRNA synthesis and particle
assembly remaining unaffected. Two single amino acid substitutions in the N-terminal 13
residues of NS3 that interact with SLI00A10/p11 exhibited phenotypically similar effects.

In insect cells virus replication was apparent for mutant viruses lacking either NS3 or NS3A
expression, however, titre was significantly reduced. Additionally TEM indicated that WT
particles were found predominantly in intra-cytoplasmic vesicles, whilst mutant viruses were
not vesicular confined, scattered throughout the cytoplasm (Celma and Roy, 2011) (Fig. 7B).
Thus the extreme amino terminus of NS3 is required for trafficking in mammalian cells via
interaction with S100A10/p11 while both NS3 and NS3A were required for efficient BTV
growth in insect cells supporting a differential role for NS3/NS3A in varying host
backgrounds.

8.4 The late domain

NS3 also possesses late domain motifs PSAP and PPRY similar to those characterised in
budding enveloped viruses such as Ebola virus and HIV (Celma and Roy, 2009; Martin-
Serrano et al., 2001; Wirblich et al., 2006). Late domains engage with the endosomal sorting
complex required for trafficking (ESCRT) of the vacuolar protein sorting pathway, a cellular
budding network that gives rise to MVB (Hurley, 2008; Schmidt and Teis, 2012).

NS3 interacts with human tumour-susceptibility gene 101 protein (Tsg101, a component of
the pathway) and both NS3 and NS3A of BTV bind /n vitro with to human Tsg101 and to its
Drosophila homologue mediated by the PSAP motif (Wirblich et al., 2006). Mutations of the
PSAP motif to inhibit Tsg101 interaction of infectious virus led to nascent BTV particles to
be tethered to the cytosolic membrane (Celma and Roy, 2009), suggesting a role of this
protein interaction in viral bud scission (Fig. 7B).

In addition to PSAP, NS3 possesses a second PPRY motif, which bears homology to the
PPXY late domain motif, implicated in interaction with NEDD4-like ubiquitin ligases in
several viruses (Bieniasz, 2006; Wirblich et al., 2006). The presence of the arginine at
position three renders this motif less effective, at budding HIV gag derived VLPs bearing
this motif, than the native PPPY found in Retro- and Filoviridae (Wirblich et al., 2006). It is
plausible that BTV has modulated its affinity with the ESCRT machinery in order to strike a
beneficial equilibrium between egress by budding or lysis.
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Whilst the budding pathway has been partly understood molecularly, the process of lysis
remains predominantly unknown. The NS3 proteins of BTV are cytotoxic when expressed in
mammalian or insect cells (French et al., 1989; Staden et al., 1995) and BTV NS3 has been
demonstrated to possess viroporin like properties (Han and Harty, 2004). NS3 was shown to
homo-oligomerize when expressed in culture and cells expressing NS3 were sensitive to
translation inhibition by hygromycin B an activity that tracked to the first transmembrane
region of NS3 (Han and Harty, 2004).

Speculatively such an activity may facilitate virus release through lysis by inducing
membrane permeabilization, causing cell rupture by osmaosis. In any case, should the
mechanism of cell lysis be controlled by NS3, the method by which BTV regulates the
dynamic between budding and rupture of the cytosolic membrane utilising the same protein
will be of great insight in understanding the difference in infection outcome between
mammalian and insect cells. It may be that in mammalian cells lysis is simply induced by a
concentration effect of NS3 with a threshold level inducing sufficient cell permeabilization
to cause osmotic lysis.

All together the accumulating data suggest that BTV morphogenesis uses multipleegress
pathways, with the utilisation of differential pathways in mammalian host and insect vector
cells. NS3 initially mediates virus trafficking via SI00A10/p11 and VP2 interaction, which
then allows engagement with ESCRT pathway via Tsg101 to facilitate virus release by
vesicle formation at the cytoplasmic membrane. The pathway of lysis process in mammalian
cells and its inhibition in insect vector cells, remain to be conclusively established.

9 Conclusion

Significant progress has been made in understanding the structure of BTV proteins and
particles as well as the biochemistry of the BTV replication cycle. The function of BTV
proteins as enzymes in the transcription complex, as structural proteins in capsid assembly
and as mediators of host-virus interaction especially in virus entry, egress and pathogenicity
have all been described. BTV is thus very well characterised both genetically and
structurally and it is reasonable to suppose that other orbiviruses have similar basic
functions.

The recent development of a reverse genetics system for the virus is currently allowing these
molecular functions to be con- firmed and refined in the context of a replicating virus. From
this knowledge it is possible to further develop precisely engineered attenuated vaccines able
to induce a vigorous immune response capable of preventing infection while excluding the
possibility of reversion or reassortments that limit current live vaccines. Thus, the
applications of the basic understanding of BTV virology have already resulted in the
pathway of improvement to disease prevention and management. Other significant
challenges, however, still remain. The studies of certain aspects of virus replication have
been impeded for lack of appropriate tools and assay systems. However, recent advancement
in technologies now make it possible to obtain new information in these critical areas.
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The majority of our understanding of BTV and related orbiviruses is focused on the
replication in mammalian cells, principally in tissue culture as these are the standard tools of
molecular biology that have been solidly substantiated. The replication and spread of BTV
in whole animals and in Culicoides sp, however, present challenging fields for which the
experimental paradigms require establishment and as such have been sparingly studied.
These should improve with the development of a tractable small animal model for the
former and the whole genome sequence of Culicoides for the latter. The identification of
host cell factors critical to BTV replication may be important here as they could inform the
construction of a suitable transgenic model and indicate why certain species of Culicoides
are preferred for transmission. Assuming developments in these areas, the whole biology of
BTV infection including pathogenesis, breed susceptibility and transmission should become
as well understood as the molecular aspects described.

When they do, the mechanisms of virus evolution and emergence, and the roles played by
each host in the process should become apparent. As for the application of basic virology,
these developments will also result in better control of Orbivirus disease in the future.
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(A) SDS-PAGE of purified virions. The minor core proteins VP1, VP4 and VP6 are present
at a relatively lower concentration to that of the remaining structural proteins. (Sizes are
calculated based on molecular weights for BTV serotype 10). (B) The ten segments of the
dsRNA profile of purified core particles. (Sizes for BTV serotype 10).
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Fig. 2. Structure of the particle and inner capsid layers.
(A) The 7 A ° Cryo-EM structure of the complete particle. Triskelion shaped trimers of VP2

(green) are exposed on the outer surface. VP5 trimers (purple) sit under VP2 trimers
between the triskelion arms. Regions of the underlying VVP7 (blue to green gradient) and
VP3 (red) can be seen. (Adopted from Zhang et al., 2010.) (B) The structure of the mature
particle lacking the VP2 trimer layer (colouring as in A). (Adopted from Zhang et al., 2010
(C)). The 23 A ° Cryo-EM structure of the core particle. \VP7 trimers (gold to red gradient)
are surface exposed with regions of the VP3 sub-core layer (purple) visible below. 2, 3 and 5
denote the icosahedral 2-fold, 3-fold and 5-fold symmetry axis respectively. Il and 111 denote
the position of class 1l and class 111 channels. The cut away annotates the P, Q, R, Sand T
crystallographic positions. (Adapted from Grimes et al., 1997 (D)). The 3.5 A ° X-ray
crystal structure of the sub-core particle. Two isoforms of VVP3 are present, A (green) and B
(red). These form a dimer (outlined in orange) which associate to form a decamer (outlined
in white), twelve of which compose the sub-core layer. (Adapted from Grimes et al., 1998).
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Fig. 3. An overview of thereplication cycle.
Virus entry occurs via Sialic acid attachment by VP2 followed by clathrin mediated

endocytosis. Particles are then trafficked to the endosome upon which acidic pH mediates
VP5 membrane permeabilisation leading to virion un-coating and egress of the core particle
to the host cell cytosol. Transcription and translation of viral proteins occurs leading to
cellular morphogenesis by non-structural protein. NS1 forms tubules and NS2 assembles the
viral inclusion body (VIB) where components for core assembly are concentrated.
Assembled core particles leave the VIB and are trafficked on exocytotic vesicles by NS3
interaction with calpactin. During this process the outer capsid proteins VP5 and VP2 are
acquired for a complete particle. Particles egress the cell via budding mediated by Tsg101
interaction with NS3 or via host cell lysis.
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Fig. 4. BTV cdll attachment.
(A) The model of cell surface interaction of VP2. The side on profile of a VP2 triskelion

trimer is shown. Two VP2 molecules can be seen (green and purple) attached to an
underlying VVP7 trimer (red). Note the L shaped profile of the trimer. The hub domain binds
a sialidated cell surface protein (green) in a receptor pocket. The tip domain may interact
with an additional co-receptor (purple). (Adapted from Zhang et al., 2010). (B) Sialic acid
interaction is necessary but not sufficient for cell entry. Pre-treatment of HeLa cells with
wheat germ agglutinin (lectin) drastically decreases but does not inhibit the replication of

BTV.
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Fig. 5. Cellular morphogenesis by non-structural proteins.
(A) NS1 forms tubules. Transmission electron micrographs show the morphology of NS1.

The left panel shows BSR cells 24 hrs post BTV infection, tubular structures are clearly
visible in the cytosol. The middle panel displays purified NS1 tubules expressed using a
recombinant baculovirus system. The right panel shows the 40 A Cryo-EM structure of NS1
tubules, which illustrate a coiled tube of dimers. (B) NS2 forms viral inclusion bodies. The
left panel shows cells 17 hrs post infection stained for NS2 (green). The middle panel
displays the same cells stained for bromo-deoxyuridine (BrDU) (red). The right panel
represents the merged image. Globular structures with peri-nuclear localisation are seen with
the co-localisation of BrDU staining. (Adapted from Kar et al., 2007).
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Fig. 6. The assembly pathway of the core particle.
(A) Theinvitroassemblyofcoreparticles.VP1,VP4 andVP6 are translated and mixed with ten

BTV ssRNA transcripts.VVP3 is then added followed by VP7. Note no non-structural proteins
are required. (Adapted from Lourenco and Roy, 2011 (B)). The model of VVP7 layer
assembly. The T trimer sits on the icosahedral three fold axis where strong interactions with
the sub-core layer a present. This trimer nucleates the assembly of trimer positions R to P
through lateral association, which bind through weaker quasi-equivalent local interactions
with the VP3 sub-core. (Adapted from Limn and Roy, 2003).
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Fig. 7. NS3 interaction with host cell factors and effect on particle trafficking.
(A) A schematic representing the structure of NS3 the longer N-terminal cytoplasmic

domain (pink) contains interaction motifs for host cell factors. Residues 1-14 interact with
calpactin/p11 and residues 36—44 with the cellular ESCRT machinery. Two transmembrane
(TM) domains are shown in green. The loop connecting the two TM domains (blue) contains
a glycosylation site represented by hexagons on a stick. The C-terminal cytoplasmic domain
(gold) interacts with VP2. (B) Transmission electron micrographs of BSR cells infected with
wt BTV or mutant virus that lacks interaction with either calpactin/p11 or Tsg101/ESCRT.
(Adapted from Celma and Roy 2009, 2011).
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Table 1

The proteinsencoded by BTV segmentsand their functions (sizesfor BTV serotype 10,

modified from Roy, 2001).

Protein/s encoded (sizein kilo Daltons)

Protein function

VP1 (150kDa)
VP2 (111 kDa)
VP3 (103 kDa)
VP4 (76 kDa)
NS1 (64 kDa)
VPS5 (59 kDa)
VP7 (38 kDa)

NS2 (42 kDa)

VP6 (36 kDa)
NS4 (17 kDa)

NS3 (26 kDa)
NS3A (25 kDa)

RNA dependent RNA polymerase

Receptor binding and cell entry

Sub-core structural protein, localises viral polymerase complex
Capping enzyme

Viral protein translation enhancer

Membrane permeabilization protein

Core structural protein and receptor binding protein for Culicoides
cells

Concentrator of core components, viral inclusion body formation

Viral fitness to interferon response

Adaptor protein facilitating egress

m

c

3 Segment (sizein base pairs
ho)

® S1(3944)
O

Z 52 (2926)
O S3(2772)
e

c S4 (2011)
S

= S5 (1769)
@

7 S6 (1638)
i—> S7 (1156)
—*

]

= S8 (1124)
<

S S9 (1046)
=

@

7 S 10 (822)
—=.
o

—

w

syduasnuel Joyiny sispund JINd adoin3 ¢

Virus Res. Author manuscript; available in PMC 2020 April 16.



	Abstract
	Introduction
	The virion structure
	Overview of the replication cycle
	Virus entry and the outer capsid proteins
	VP2
	VP5

	Viral genome transcription and replication
	The replication complex
	The RNA polymerase VP1
	The capping enzyme VP4

	Expression of viral proteins
	NS1 and tubule structures in infected cells
	NS2 and inclusion bodies
	NS2 structure
	NS3 and NS3A
	NS4

	Assembly
	Virus egress
	Role of lipid raft
	Role of NS3/NS3A
	Calpactin interaction
	The late domain

	Conclusion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Table 1

