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Abstract

Several vertebrate positive-sense RNA viruses, namely the Picornaviridaeand Caliciviridachave
evolved to use a protein-primed mechanism of genome replication. This results in the covalent
linkage of avirus encoded protein, VPg (viral protein genome-linked), to the 5" end of viral RNA.
Recent studies have highlighted the pivotal role VPg playsin the life cycle of these viruses, which
in the case of the Caliciviridag includes arolein vira protein synthesis. This article provides an
overview of the current knowledge of the functions of vertebrate RNA virus VPg proteins,
illustrating their diverse function and the parallels they share with plant virus VPg proteins.

Introduction

Early studies with a number of vertebrate positive-sense (+) RNA genomes highlighted that
RNA isolated from virus particles contained a peptide or protein covalently linked to the
viral RNA [1-3]. This protein, subsequently shown to be encoded by the viral genome and
named VPg for virus protein, genome linked, is now known to play essential functionsin the
viral life cycle. The VPg protein has been extensively characterized from only two families
of vertebrate (+) RNA viruses, namely members of the Aicornaviridaeand Caliciviridae
Computational studies have indicated a possible VVPg protein present in the Astroviridae|[4],
although experimental evidence on the presence of VPg linked to astrovirus RNA has yet to
be provided and warrants further study.

Thisreview will focus on the published literature on the role of vertebrate virus VPg
proteins, namely members of the Aicornaviridaeand Caliciviridaeand their key rolesin viral
protein synthesis and genome replication. Whilst a comprehensive review of the
Caliciviridaeand Picornaviridaefamily trandation and replication mechanismsis beyond
the scope of the current review, recent articles that cover many aspects of the calicivirus and
picornavirus replication cycle are readily available (e.g. [5,6] and references therein). This
article should be read in combination with the accompanying chapter on plant virus VPg
proteinsto alow afull appreciation of the diverse function of viral VPg proteins but where
possible, common themes will be highlighted in the text below.

Whilst the Caliciviridaerepresent one of the most poorly characterized family of (+) RNA
viruses, the Picornaviridaerepresent some of the best characterized of al viruses. The
genome layout of each family is somewhat different (Figure 1), athough they share some
similarities in the presence of alarge polyprotein that is posttranglationally cleaved by virus-
encoded proteases. In contrast to the Picornaviridaethat express only asingle open reading
frame, members of the Caliciviridaetypically have three ORFS (Figure 1A). Some
divergence from this exists within the Caliciviridachowever because asillustrated in Figure
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1, murine norovirus possesses four ORFs (Figure 1A). The synthesis of the calicivirus
capsid proteins VP1 and VP2, and ORF4 in the case of MNV, occurs via the production of
the multicistronic subgenomic RNA (sgRNA). As /n vitrocell culture systems exist for only
afew members of the Caliciviriaag anumber of the animal viruses tend to be used as model
systems with which to characterize calicivirus biology [5].

VPg as a proteinaceous cap substitute

Whilst the calicivirus VPg proteins share little or no sequence homology with the VPg
peptides/proteins from picornaviruses and plant viruses, their larger size (13-15kDa) make
them a closer relative of plant virus VPg proteins than those from picornaviruses, typically
22 amino acids. Early studiesillustrated a disparity in the relative requirement for the VPg
protein for viral infectivity for vertebrate (+) RNA viruses. Whereas treatment of the
purified virion RNA from the calicivirus vesicular exanthemavirus (VESV) with proteinase
K, which removed covaently linked VVPg, ablated infectivity [7], the VPg protein linked to
the poliovirus genome was not required for infectivity [8,9] and in fact /n vitrotranscribed
uncapped poliovirus RNA isinfectious [10]. These dataindicated that the VPg protein of
caliciviruses plays an essentia role in theinitial stages of virusinfection, whereas the
linkage of the picornavirus VPg to RNA is not required for infectivity of purified viral RNA.
Evidence that this was due to arole for the calicivirus VPg protein in vira translation was
first confirmed for feline calicivirus (FCV) [11], indicating that, as described in the
accompanying chapter for plant virus VPg proteins, that the calicivirus VPg may function as
a proteinaceous cap substitute, a unique feature for any vertebrate RNA virus. The VPg
protein of members of the Aicornaviridaeis not required for viral trandation and instead
they use an internal ribosome entry site (IRES) withinthe 5" UTR of the viral RNA [12].
Studies with FCV confirmed that the VPg protein interacts directly with the cap-binding
protein el FAE and that this interaction is essential for viral translation [13]. Unlike the plant
virus V Pg-el F4E interaction however, the calicivirus V Pg-el F4E interaction does not affect
the binding of el F4E to the cap structure present on cellular mMRNAS. In fact cap-sepharose
chromatography can be readily used to isolate the calicivirus VPg-el FAE complex from
infected cells[13,14]. This approach also highlighted that in addition to the mature form of
VPg, typically 13-15kDa, a variety of VPg containing precursors (illustrated in figure 1) can
also potentially bind el FAE. The role of the VPg precursor-el FAE interaction is yet to be
determined but one might expect that as the concentration of viral V Pg-containing
precursors accumulates in the cell, their interaction with el FAE may contribute to host
protein shut off or allow the sequestration of initiation factors to the sites of viral RNA
translation and synthesis.

The role of the VPg-el F4E interaction is clearly defined for FCV, amember of the Vesvirus
genus of the Caliciviridag, as the addition of recombinant 4E-BP1 to prevent the el FAE-4G
interaction [13] or the depletion of el F4E [14] inhibits FCV trandlation. In the latter case this
can be clearly restored viathe addition of recombinant el F4E. In contrast, the role of the
VPg-elF4E interaction in protein synthesis for the only member of the Norovirusgenus for
which this has been studied, namely murine norovirus (MNV), isless clear. A reproducible
interaction between purified recombinant MNV V Pg and el FAE can be observed /n vitroby
capture ELISA [14] and the proteomic characterization of VPg containing complexes from
cellsindicates that el FAE is present (our unpublished data), yet despite this, depletion of

el FAE or the addition of 4E-BP1 has no effect on MNV trandlation /7 vitro[14]. This may
be due to the increased levels of other tranglation initiation factors in the rabbit reticulocyte
lysates used for these studiesi.e. functional complementation is occurring during /n vitro
tranglation. However, our recent unpublished studies would indicate that whilst the MNV

V Pg protein interacts with el F4E, it also interacts directly with el FAG and that mutationsin
VPg that affect the VPg-el F4G interaction, without affecting the VPg-el F4E interaction, are
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lethal to the virus (our unpublished data). Whilst further studies are required to validate our
preliminary observations, these data are also paralleled in the plant virus Rice yellow mottle
virus (discussed in more detail in the accompanying chapter) where adirect interaction
between VPg and the central domain of the rice el F(is0)4G1 factor has also been
documented and this interaction is essential for viral virulence [15]. Cleavage of el F4GI and
Il is observed during FCV replication in cell culture, although the cleavage products retain
the ahility to bind to el F4E [16]. The function of this el F4G cleavage is unknown but the
kinetics of processing correlates with an observed decrease in host cell protein synthesis.

A role for the RNA helicase component of the el F4F complex, namely elF4A has also been
demonstrated for FCV and MNV [14], which again displays similarities with the plant virus
VPg (see the accompany chapter for further details, [17]). Dominant negative forms of

el F4A inhibit both FCV and MNV trandation /77 vitro and the small molecule el F4A
inhibitor hippuristanol, potently inhibits MNV translation and replication in cell culture,
with alesser (but still significant) effect on FCV [14]. A direct interaction between the
human norovirus VPg protein and the el F3d component of the el F3 complex has also been
detected using the yeast two hybrid system, however afunctional role for this interaction has
yet to be confirmed [18]. It is likely that the calicivirus VPg has many interacting partners,
forming a hub for the assembly of the translation and replication complex, asillustrated in
the accompanying chapter for plant virus VPg proteins. Based on the limited published data
available for therole of the calicivirus VPg protein in tranglation initiation, it is possible to
propose amodel of the components of the calicivirus trandation initiation complex (Figure
2). Future studies will undoubtedly lead to the identification of additional host factors
involved in the novel mechanism of calicivirus V Pg-dependent protein synthesis.

VPg as a protein primer

VPg islinked to picornavirus and calicivirus viral RNA, including the sgRNA produced
during calicivirusinfection [11]. Thislinking occurs during viral replication via the function
of VPg asaprotein primer for the viral RNA polymerase. The viral RNA-dependent RNA
polymerase is encoded by the 3D region of the picornavirus genome and NS7 region of the
calicivirus genome (Figure 1) and whilst they have the ability to initiate RNA synthesis de
novo, virad RNA synthesis occurs in aV Pg-dependent manner. The role of VPg as a protein
primer for picornaviruses has been the focus of much study over many years (reviewed in
[19]), in contrast the process was relatively poorly understood for the Caliciviridae until
quite recently. The 5” terminal nucleotides of the genomes of picornaviruses are UU
whereas all calicivirus genomes begin with the sequence GU, hence the linkage of VPg to
picornavirus genomes occurs via uridylylation of VPg whereas linkage to the calicivirus (+)
RNA will occur guanylation. The generation of the picornavirus VPg containing protein
primer VPg-pUpU-OH occursin atemplate dependent manner in a complex which contains
asmall RNA stem loop structure first identified in the 2C coding region of the poliovirus
genome [20,21] but located at various positions in other picornavirus genomes[19], the viral
RNA -dependent RNA polymerase 3Dpol, two copies of the viral 3C protease (possibly in
the precursor form of 3CD) and VPg, either in it's mature or precursor forms (Figure 3)
[19]. The mechanism by which this protein primer is translocated from its site of synthesis
i.e. the middle of the viral RNA genome to the sites of RNA initiation i.e. the 3" ends of the
sense and anti-sense RNASs, remains to be determined. It has been proposed that this may
occur viathe use of precursor forms of the VPg protein [6] as although the mature form of
VPg isreadily detected during both calicivirus and picornavirus infection, a number of
stable precursors are also observed (illustrated in Figure 1). Studies with picornaviruses has
now clearly established that the precursor forms of VPg play essentia rolesin thevird life
cycle (reviewed in [6]) and that a precursor form of VPg can be used for the initiation of
viral genome replication [22]. Whilst not yet studied in detail for members of the
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Cdaliciviridae, the unique or additional functions of the precursors effectively allows (+)
RNA virusesto overcome the limited coding capacity of their small RNA genomes, again a
feature shared with plant (+) RNA viruses.

The precise site of nucleotide linkage in the VPg proteins has been defined as tyrosine 3 for
Picornaviruses (Figure 4A). In contrast, the site of RNA linkage to the calicivirus VPg has
yet to be defined using similar rigorous experimental approaches but a number of studies
have made preliminary stepsin the identification of the site of RNA linkage. Biochemical
studies with purified recombinant calicivirus RNA polymerase and VPg has determined that
/n vitronucleotidylation can occur in atemplate independent manner. Tyrosine 21 of the
rabbit hemorrhagic disease virus VPg [23] and the homologous position in human norovirus
VPg, namely tyrosine 27 [24] can be nucleotidylated /n vitroin similar reactions. Based on
seguence alignments the equivalent position in the FCV VPg protein is tyrosine 24, mutation
of which by reverse geneticsis lethal [25]. All calicivirus VPg proteins share an invariant E/
DEY DEQ motif around the proposed site of RNA linkage where Q represents any aromatic
residue (Figure 4B). Whilst amino acid conservation would indicate that position 26 of the
MNV VPg isthe likely site of RNA linkage, /n vitro studies have demonstrated that
mutation of position 117 reduces VPg nucleotidylation at least /n vitro[26]. Whether or not
this position represents the authentic site of viral RNA linkage clearly requires additional
studies. Whilst template independent nucleotidylation can occur /1 vitro, evidence for
presence of RNA sequence or sequences that stimulate this reaction has been published.
Studies with human norovirus have indicated that sequences near the 3" end of the viral
genome stimul ate the nucleotidylation of VPg [24]. In MNV, the positive or minus sense
RNA from the viral sgRNA also stimulates VVPg nuclectidylation [26]. Another alternative
interpretation of this data, is that rather than functioning as atemplate for VPg
nucleotidylation, these regions of the viral genome contains RNA sequences that stabilize
the viral polymerase or stimulate its activity. Either way, thereis aclear need for additional
experimental datato determineif the calicivirus genome contains a sequence which
functions as atemplate for VPg nucleotidylation in a similar manner to that found in the
Picornaviridae

Sometimes one is just not enough

Whereas all members of the Caliciviridaeand the majority of the Picornaviridae express
only asingle VPg protein, foot and mouth disease virus (FMDV) possesses three [27]
(Figure 4A), al of which are found liked to viral to viral RNA [28]. The function of the
multiple copies of FMDV VPg has yet to be fully elucidated, but studies haveillustrated a
possible role of VPg in host range as a recombinant virus expressing only 1 VPg was
attenuated in swine [29]. Recent data would however question these studies as FMDV with a
single VPg protein displayed identical virulencein cattle [30]. A role for the FMDV VPgin
virus release and/or maturation has also been demonstrated as viruses expressing only VPgl,
replicated viral RNA efficiently but did not result in cytopathic effect or the production of
extracellular virus [31]. Surprisingly, compensatory mutationsin VPg itself or the 2C or 3A
proteins restored the ability of the single VPg-expressing virus to form plaques, indicating
either adirect or indirect interaction with VPg.

VPg, many other possible functions

Recent studies have illustrated that viruses have evolved many way of avoiding or inhibiting
the many anti-viral sensing mechanisms present in cells [32,33]. Whilst many (+) RNA
viruses produce viral RNA with a’5” triphopshate group, which could be detected by the
cytoplasmic sensors RIG-1 and PKR known to detect 5 triphosphorylated RNA [34-36], by
virtue of the presence of VPg covalently linked to the 5" end of viral RNA, it is possible that
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caliciviruses and picornaviruses do not. Whilst definitive experimental evidence does not
exist asyet, it is possible that one of the benefits of using aprotein-primed (i.e. VPg-
dependent) mechanism of viral RNA synthesis is the ability to prevent the formation of 5’
triphosphorylated RNA during infection. Picornaviruses have however developed a variety
of methods for antagonizing the innate immune response (e.g. cleavage of RIG-I [37] and
other components of the innate immune response [38,39], aswell as reference therein). It is
also worth noting that an enzymatic activity found in cells often referred to as * VPg-
unlinkase', which cleaves the picornavirus VPg from the viral RNA has been described [40].
The function of this‘unlinkase’ in the viral life cycle has yet to be determined but it has
been suggested that it may play arolein distinguishing viral RNA used for trandation,
replication and encapsidation [41]. Whether the ‘unlinkase' activity functions on calicivirus
RNA is not known, however some specificity of the activity has been reported as the
enzyme purified from mouse ascites cells was unable to cleave the plant virus VPg from
comoviral RNA [42]

The calicivirus VPg proteins typically contain a positive charged N-terminus, rich in
arginine and lysine (Figure 4B). Given this, it is possible that the N-terminus contributes to
RNA-binding activity. Recombinant calicivirus VPg proteins can be readily purified using
phosphocellulose (P11) or heparin-affinity chromatography [43], afeature of many RNA
binding proteins. Our unpublished observations would also indicate that both the FCV and
MNV VPg proteins possess the ability to interact with RNA /n vitro but whether thisis
seguence specific and plays any role in the calicivirus life cycle requires further study.
Whilst no experimental evidence exists to suggest that the picornavirus VPg protein
interacts directly with RNA, a stable precursor form of VPg found in the infected cell,
namely 3AB (3A-VPg, Figure 1), has RNA chaperone activity and mutations in the 3B
(VPg) domain reduce this activity [44]. The precise function of the chaperone activity has
yet to be determined, but 3AB stimulates RNA polymerase activity under certain conditions
[45]. The 3AB precursor may well function to stabilize the replication complex-cell
membrane interactions (reviewed in [6]). The ability to interact with RNA is also shared
with plant viruses as the potyvirus VPg protein interacts with RNA in a sequence
independent manner [46,47], although again the precise role for thisinteraction has yet to be
determined.

A possiblerole for VPg in the encapsidation process of calicivirus RNA into virus particles
has al so been proposed as yeast-two hybrid analysis suggested a direct interaction occurs
between the FCV VPg protein and the major capsid protein VP1 as well asthe viral RNA
polymerase NS6/7 (Figure 1, [48]). This would provide a mechanism to allow the specific
incorporation of viral VPg-linked RNA in the presence of high concentrations of cellular
MRNA. As discussed above, the VPg protein from the picornavirus FMDV, may aso play a
role in the release of viral RNA from cells via a mechanism involving the 2C NTPase/
helicase aswell as 3A [31]. Recent data shed new insights into the process of picornavirus
genome encapsidation involving 2C [49]. Plant virus VPg proteins are al'so known to play a
rolein cell to cell spread (see the accompanying chapter for further details).

Conclusions

The VPg protein plays acritical rolein the life cycle of members of the Picornaviridaeand
Cdaliciviridaefamilies of small (+) RNA viruses. As described in the accompanying chapter
for plant (+) RNA viruses, the many interactions and functions of the VPg protein from
vertebrate (+) RNA viruses suggest that it functions as a hub around which virus replication,
and in the case of caliciviruses, virus tranglation occurs. As aresult of these critical roles,
VPg forms afocal point through which many aspects of the virus life cycle can be tightly
regulated either through the interaction of viral or cellular proteins with VPg, or through the
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availability of VPg and it’s precursors. There are clear parallels between the function of
plant and vertebrate virus V Pg proteins, whilst the main function of the picornavirus VPg
appears to be in priming viral genome replication, calicivirus VPg proteins appear to be
closer orthologues of the plant virus VPg proteins playing additional rolesin viral translation
initiation. Further studies will undoubtedly provide new insights into the additional
functions of VPg from vertebrate RNA viruses, identifying additional parallels with plant
viral VPgs.
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Figure 1. Schematic of the genomes of representative member s of the Caliciviridae and
Picornaviridae

Vira RNA isillustrated as the blue line with the individual mature proteins boxed in grey.
The VPg proteins linked to the 5" end of the viral RNA are shown as red filled circles. (A)
The murine norovirus genome is shown highlighting the four open reading frames note
however that the majority of caliciviruses possess only three open reading frames. In
addition to the viral genomic RNA (gRNA), calicivirus replication resultsin the production
of a~2.5Kb subgenomic RNA (sgRNA), which in the case of murine norovirus, expresses
the magjor and minor capsid proteins, VP1 and VP2 respectively. The NS1-7 nomenclature is
used to highlight the mature nonstructural proteins made from the processing of the ORF1
polyprotein. Other synonyms widely used in the literature are displayed below the viral
genomein italics. Note that in addition to the mature nonstructural proteins, a variety of
precursors are produced during virus replication. For simplicity however, only those
containing VPg are displayed. (B) The poliovirus genome is shown as a representative
member of the Picornaviridaefamily. The large viral polyprotein is displayed along with the
various mature proteins produced as aresult of polyprotein processing. Note that for
simplicity only the VPg containing precursor proteins are shown. The positions of the ¢is
acting RNA replication elementsis not shown but areillustrated in figure 4. The figureis
not drawn to scale.

Curr Opin Viral. Author manuscript; availablein PMC 2013 January 10.



siduosnue | Joyiny slepund JINd adoing ¢

siduosnue A Joyiny siepund JINd adoin3 o

Goodfellow

Page 12

-

Feline Calicivirus

N)AAA ssssssssnnssnsnnnnsnnssssnnnnnnnnny,
elF3 0
L]

*

Rl P

*
wannnnnnnnnnnnnnnnnnnnnnet?®

(n)AAA lllllllllllllllllllllllllllIlllllllu'.

*,

-

amw

g
o*

' P nnnnnnnnnunnu""
L%\ 9

Figure 2. Diagrammatic model of the calicivirus VPg-containing trandation initiation complex

Models based on published and unpublished data for two members of the Caliciviridag,

namely feline calicivirus and murine norovirus are illustrated. Initiation factors that interact
directly with VPg and play afunctiona roleinviral protein synthesis are highlighted with a
solid red surrounding line, whereas those that bind V Pg directly but the function remains to

be determined are highlighted with a dashed red surrounding line. Factors that do not
interact directly with VPg or for which no data exists, yet are functionally important for
calicivirus trandlation initiation are displayed with a solid black surrounding line. The
interaction of poly A binding protein (PABP) with the 3 poly A tail isinferred from
published literature on other (+) RNA viruses and the presence of apoly A tail on the
calicivirus genome.
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Figure 3. Model of the picor navirus VPg-uridylylation complex

The positions of the three well characterized cisacting RNA replication signals are
illustrated as OriL, Oril and OriR, for Origin Leéft, /nternal and Right respectively. For
simplicity the minimal components of the uridylylation complex are shown. The VPg
protein primer is synthesized by the Oril (also referred to as the 2CCRE) templated addition
of two U residues to tyrosine 3 in VPg (shown in red). In addition, the reaction requires the
vira RNA polymerase (3DP°1) and two copies of the 3C protease in its mature or precursor
form (3CD). Note that experimental evidence suggest that precursor forms of the various
components play an essential role in the formation of the VPg-pUpU-OH primer. A More
in-depth description and analysis of this complex can be found in published literature
([6,22,50] and references therein).
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Figure 4. Features of the picornavirusand calicivirus VPg proteins

Sequence alignment of the V Pg proteins from representative members of the Picornaviridae
(A) and Caliciviridae (B). The site of RNA linkage in the picornavirus VPg is highlighted in
green. Abbreviations: PV1 poliovirustype 1, CVB3 Coxsackievirus type 3, FMDV foot and
mouth disease virus. B) The site of RNA linkage in the calicivirus VPg highlighted in
turgquoise with position 117 of the murine norovirus (MNV) VPg protein, known to be
important for nucleotidylation /n vitrohighlighted in yellow. The absolutely conserved
signature motif of the calicivirus VPg proteinsis shown (E/DEY DEQ). Basic residuesin the
N-terminus of calicivirus VPg proteins are shown in red. Abbreviations: MNV murine
norovirus, Norwalk human norovirus Gl, FCV feline calicivirus, RHDV rabbit hemorrhagic
disease virus.
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