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Abstract

:

In this review, we provide an overview of the strategies developed by caliciviruses to subvert or regulate the host protein synthesis machinery to their advantage. As intracellular obligate parasites, viruses strictly depend on the host cell resources to produce viral proteins. Thus, many viruses have developed strategies that regulate the function of the host protein synthesis machinery, often leading to preferential translation of viral mRNAs. Caliciviruses lack a 5′ cap structure but instead have a virus-encoded VPg protein covalently linked to the 5′ end of their mRNAs. Furthermore, they encode 2–4 open reading frames within their genomic and subgenomic RNAs. Therefore, they use alternative mechanisms for translation whereby VPg interacts with eukaryotic initiation factors (eIFs) to act as a proteinaceous cap-substitute, and some structural proteins are produced by reinitiation of translation events. This review discusses our understanding of these key mechanisms during caliciviruses infection as well as recent insights into the global regulation of eIF4E activity.
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1. Caliciviruses: Genome and Translational Challenges


The Caliciviridae family comprises small RNA viruses of both medical and veterinary importance. Caliciviruses are classified into five genera: Vesivirus; Lagovirus; Norovirus; Sapovirus; and Nebovirus [1]. Noroviruses are, themselves, further grouped into six genogroups, GI–GVI of which GI, GII, and GIV infect humans. Human norovirus (HuNoV) is a leading cause of gastroenteritis worldwide, a severe economic burden to the health organisations of both the developed and developing world [2]. The World Health Organisation reported an estimated 120 million cases of norovirus worldwide including 35,000 deaths in 2010 [3]. Furthermore, sapoviruses and animal noroviruses also cause outbreaks of gastroenteritis in farmed animals, while feline calicivirus (FCV), a member of the Vesivirus genus, causes upper respiratory tract infections and lethal systemic disease in cats [4,5].



Despite recent studies indicating that limited HuNoV replication can occur in immortalised B cells, the mechanisms involved in translation and replication of the HuNoV genome have not yet been fully elucidated, owing to the lack of a robust cell culture system [6,7,8]. Our current knowledge is derived from other caliciviruses used as representative models, including feline calicivirus (FCV), murine norovirus (MNV), and porcine sapovirus (PSaV), due to both the development of reverse genetics systems and the availability of cell cultures for their propagation (reviewed in [9,10,11,12,13,14]).



The calicivirus genome consists of a non-segmented single-stranded, positive-sense RNA genome ranging from 6.7–8.5 kb [15,16,17]. While eukaryotic mRNAs commonly display a 7Me-GpppG cap structure, a viral genome-linked protein (VPg), ranging from 13–16 kDa, is covalently attached at the 5′ end the genomic RNA, which is polyadenylated at the 3′ end (ibid). In all members of the Caliciviridae, a 3′ co-terminal subgenomic RNA is also transcribed during infection. On both the calicivirus genomic and subgenomic RNAs, the 5′ VPg drives the initiation of translation.



Following cell entry, the viral genome can readily be translated and acts as an mRNA template comprising of either two open reading frames (ORFs) for members of the Lagovirus, Sapovirus, and Nebovirus genera, or three ORFs for Vesivirus and Norovirus (Figure 1) [18]. Murine noroviruses also possess a fourth ORF encoding a virulence factor, VF1, involved in counteracting the host immune response [19]. ORF1 encodes a polyprotein processed co- and post-translationally by the virus-encoded protease into distinct non-structural proteins (Figure 1). The expression of the structural proteins, the major capsid protein VP1 (~60 kDa), and the minor capsid protein VP2 (8–22 kDa), differs among the genera. In Vesivirus and Norovirus, VP1 and VP2 are encoded by ORF2 and ORF3 from the subgenomic RNA; whereas in Sapovirus, Lagovirus, and Nebovirus, VP1 and VP2 are encoded by ORF1 and ORF2, respectively, and the VP1 coding region is located at the 3′end of ORF1. Within the bicistronic subgenomic calicivirus mRNAs the VP1 stop and the VP2 start codons typically overlap, but can be separated by a short stretch of 3–10 nucleotides. As such, the translation of the second cistron, VP2, occurs by a process of reinitiation allowing the translation of two proteins from one mRNA [20,21,22,23,24,25].



Eukaryotic mRNAs are mainly monocistronic. Protein synthesis usually begins with the assembly of the pre-initiation complex (PIC) at the 5′ methyl guanosine cap (reviewed in [26]). The 40S ribosomal subunit, and the eukaryotic initiation factor (eIF)2-guanosine triphosphate (GTP)/Met-tRNAiMet ternary complex, stimulated by the initiation factors eIF1, eIF1A, and eIF5, come together with eIF3 to build the 43S PIC. Attachment of the 43S initiation complex at the 5′ cap takes place with the additional interaction of eIF4A, eIF4B, and eIF4F. The combined activities of eIFs 4A, 4B, and 4F promote the unwinding of the proximal RNA secondary structure enabling the 43S complex to scan the mRNA, until it locates the AUG start codon. Upon formation of the codon-anticodon base pairing within the peptidyl (P) site of the 40S subunit and formation of the 48S initiation complex, eIF5 and 5B facilitate 60S subunit joining to form elongation-competent 80S ribosomes. Caliciviruses use two major strategies, the presence of a 5′ terminal VPg protein, and the mechanism of reinitiation, to subvert the cellular protein synthesis machinery and maximize the coding potential of their genome.




2. VPg Protein Interactions and Their Role in Initiation


In several virus families, including Picornaviridae, Caliciviridae, and Potyviridae, the 5′ VPg protein acts as a primer for genome replication, however its role in translation is restricted to some of these viruses [27]. In caliciviruses, the VPg protein is covalently linked to the 5′ end of both the genomic and the subgenomic RNAs by a phosphodiester bond between the hydroxyl group of a tyrosine residue in VPg and a uridine or guanine at the 5′ end of the viral RNA [16,17,27,28,29,30]. The tyrosine residue is conserved throughout the caliciviruses within a conserved linkage site defined by the following D(E/D)EYDEΦ motif, where Φ is any aromatic residue [28,31,32,33,34]. The viral RNA-dependent RNA-polymerase can nucleotidylate the VPg protein, which is then extended to produce the RNA-linked VPg in either a template-dependent or -independent manner [28,32].



The VPg proteins vary in size and sequence among caliciviruses, which indicates possibly large structural differences. The solution structures of VPg from representatives of three different genera, FCV (Vesivirus), PSaV (Sapovirus), and MNV (Norovirus), have all been determined by NMR spectroscopy and shown to adopt a compact helical core structure, flanked by flexible or disordered N and C-termini domains [35,36]. The VPg cores of FCV and PSaV comprise similar well-defined three-helix bundles (amino acids 12–72), whereas that of MNV is truncated containing only two helices (amino acids 23 to 55) that correspond to the first two helices of FCV and PSaV VPg as shown in Figure 2 [35,36]. The helical core contains the uridinylated and conserved tyrosine. Overall, the hydrophobic residues scaffolding the helical core structure of PSaV and FCV are largely conserved, and hydrophobic interactions between helices 2 and 3 stabilise the conformation. These core residues are also conserved in MNV, but the two-helix core is additionally stabilised by a salt bridge between residues R32 and D48 in helices 1 and 2, respectively. However despite these structural similarities, the VPg proteins from different caliciviruses behave differently in translation initiation, through a distinct network of interactions with eIFs.



VPg is required for the infectivity of the viral RNA transfected into cells and interacts with several host cellular factors involved in translation [16,37,38,39,40]. The removal of VPg from viral RNA impairs translation of the viral proteins and prevents viral replication [41,42]. In sapoviruses, vesiviruses, and noroviruses, the VPg proteins have been shown to interact with eIFs to mediate the initiation of translation and to date the best characterized interactions are with members of the eIF4F complex [43,44,45]. For members of the lagovirus and nebovirus genera, the translation mechanisms and VPg-mediated interactions have not yet been fully elucidated.



Using cap-sepharose pull-down and eIF4E-depletion with siRNA or 4EBP1 proteins, it was shown that the interaction of VPg with eIF4E is conserved among the Caliciviridae [40,43,45]. While this interaction is essential for initiation of translation in FCV [40], RHDV [46], and PSaV [45], MNV translation is not affected by the depletion of eIF4E nor by separation of the eIF4E-binding domain from eIF4G [43,44]. Thus, FCV and PSaV require an intact eIF4G-eIF4E interaction for efficient translation [43,45]. Indeed, the cleavage of eIF4G with Foot-and-mouth disease virus (FMDV) l-pro, to separate off the eIF4E binding site, inhibits translation in both viruses; as opposed to translation on MNV VPg-linked RNA where initiation can proceed normally. It is noteworthy that, while eIF4GI and eIF4GII are both cleaved following FCV infection, at 7 and 5 h post-infection, respectively [47], the cleavage products obtained do not separate the eIF4E binding site from the eIF3 binding site which is in keeping with the requirement of eIF4E for FCV translation. This eIF4GI/II cleavage is more likely related to host cell shut-off as it occurs late during the replication cycle, together with apoptosis and the release of virions [47,48]. This resemblance in behaviour between FCV and PSaV mRNAs tallies with the fact that PSaV and FCV VPg share a higher degree of sequence similarity. Furthermore, both FCV and PSaV translation are insensitive to the addition of cap analogues, suggesting the binding interface of eIF4E with VPg differs from that with a canonical cap [43,45].



The MNV VPg-eIF4G interaction was also identified using tandem-affinity purification of protein partners [44]. eIF4G is a large scaffolding initiation factor, with multiple domains mediating interactions with several other eIFs. Biochemical assays have demonstrated that VPg binds to the middle fragment of eIF4G (4GM; residues 652–1132) [44]. Recently, using pull-down assays, fluorescence anisotropy, and isothermal titration calorimetry (ITC), the exact interaction was mapped to the 20 C-terminal residues of the VPg (residues 104–124), which recruit the HEAT-1 domain within 4GM [49]. Ten residues in this eIF4G-binding motif region defined by MNV VPg are strictly conserved in all NV genogroups [49]. In contrast, FCV VPg has only 27% amino acid sequence identity with MNV VPg, and is therefore unable to bind either the HEAT-1 domain or 4GM. There is also significant conservation of the 4G-binding motif in the C-terminus of the human astrovirus type 4 VPg, but the astrovirus VPg does not bind to eIF4G HEAT-1 [49].



MNV, PSaV, and FCV RNA translation are all sensitive to inhibition by hippuristanol, a small-molecule inhibitor of eIF4A [43,50]. Furthermore, expression of a dominant-negative eIF4A mutant inhibited both MNV and FCV translation in vitro [43]. The binding site of MNV VPg to the HEAT-1 domain on eIF4G lies away from the eIF4A-binding region so the two binding sites are distinct. This could suggest that MNV VPg forms a ternary complex with eIF4G and eIF4A and correlates with the fact that it interacts with a functional eIF4F complex in the cell [44]. Given the very short 5′ UTR length in calicivirus genomes, mainly ranging from 4 to 20 nucleotides (with some longer up to 100), the functional requirement for eIF4A is questionable. However, previous studies have shown that the calicivirus 5′ end genomes are highly structured and, thus, eIF4A may participate in unfolding the viral RNA to facilitate start codon recognition [51]. Furthermore, while FCV VPg does not interact with PABP, which is cleaved by the FCV protease during infection, PABP interacts with MNV VPg, which could suggest a role in circularising the viral mRNA and promoting translation [40,44,52].



In addition to interactions with members of the eIF4F complex, Daughenbaugh et al. [38] were also able to demonstrate direct binding of eIF3 to the VPg from the prototype human norovirus Norwalk (NV). Furthermore, both the genomic and the subgenomic 5′ ends of FCV RNA can interact with the translation factor PTB [53]. During FCV infection, PTB relocates from the nucleus to the cytoplasm where it associates with the replication complex and suppresses translation later in the virus life-cycle, thereby regulating the mechanisms of translation and replication.



Overall, the caliciviridae VPg proteins are able to behave as a proteinaceous 5′ cap substitute (Figure 3A). While the calicivirus and sapovirus VPg proteins require a direct binding with eIF4E, an interaction between eIF4E and eIF4G, and eIF4A activity, norovirus VPg recruits the eIF4G HEAT-1 domain and does not require an interaction with eIF4E [43,44,49]. Affinity for this key interaction is in the micromolar range, significantly weaker than that of the eukaryotic cap affinity for eIF4F that lies in the nanomolar range [54]; however, it is probably strengthened by the additional interactions reported between norovirus VPg and eIF4E or eIF3 [38]. The absence of eIF4G cleavage in cells infected with norovirus supports a model in which the entire eIF4F complex would be recruited to the VPg through essential direct interactions with either eIF4G or eIF4E. Further in vitro translation reconstitution studies will be required to dissect the requirement for eIFs during the assembly of elongation-competent ribosomes on calicivirus mRNAs.




3. Reinitiation Mechanisms in Calicivirus Translation


Upon recognition of stop codons, post-termination complexes can become split into free 60S and tRNA/mRNA-associated 40S subunits instead of being recycled. These 40S subunits may remain associated with the mRNA and reinitiate translation upstream or downstream at nearby AUGs, thereby resulting in a reinitiation event and translation of a second downstream reading frame [55,56]. Although the reinitiation event was first described in caliciviruses allowing the translation of VP2 from the bicistronic subgenomic mRNA encoding VP1 and VP2, it has also been found to occur in cellular mRNAs [57,58].



Overall, a reinitiation event is rare and depends on cis-acting sequences in RNA that tether the ribosome to the reinitiation site, whereas the basic mechanism of translation reinitiation is conserved throughout the caliciviruses, the efficiency of expression of the downstream cistron varies between 5% and 20% of the VP1 translation rate. Habeta et al. have shown that for FCV, the level of VP2 expression is directly affected by the frequency of translation reinitiation, which is regulated by the primary and secondary structure of the region downstream of the start/stop sites [59]. In caliciviruses, the process of termination/reinitiation is orchestrated by a 40–80 nt long element upstream of the restart VP2 AUG codon, designated as the termination upstream ribosome binding site (TURBS). In noroviruses, a second TURBS has been identified upstream of the VP1 coding region within the polyprotein gene of GIII bovine norovirus [60]. This second TURBS is also present in GII HuNoV but whether it drives VP1 translation remains unclear with contradictory reports [23,60]. Given that the expression of the VP1 from the subgenomic RNA is likely more effective, the contribution of this TURBS-mediated VP1 translation to the overall levels of VP1 is debatable. For HuNoV, unlike other caliciviruses, the VP1 stop codon overlaps with the VP2 start codon at the ORF2/ORF3 boundary: UAAUG (VP1 stop; VP2 start). For all other caliciviruses, the VP1-VP2 boundary, and the polymerase/VP1 border of HuNoV, are organised with the stop codon of the first ORF located downstream of the start codon of the second ORF, with a distance ranging from one to 14 nt.



Within the TURBS, the existence of essential motifs, namely motifs 1, 2, and 2*, was first reported for FCV and RHDV and later on for bovine, murine, and human norovirus (Figure 3B) [22,23,24]. Motif 1 contains a pentameric UGGGA core, conserved throughout the caliciviruses and located at similar positions within their mRNAs, upstream of the 3′ terminal ORF [59]. The UGGGA sequence is exposed in a loop and establishes intermolecular base paring with helix 26 (h26) of the 18S rRNA, thereby allowing the tethering of 40S subunits to the viral RNA (Figure 3C). Supporting this model, mutations within motif 1 that reduce reinitiation efficacy can be compensated by compensatory changes in the 18S rRNA sequence [22]. Motif 2 and 2* correspond to the species-specific primary sequence elements, complementary to one another. Located 12 to 23 nt upstream of the reinitiation AUG, the annealing of motif 2 and 2* establishes a secondary structure that positions the motif 1-bound ribosome relative to the restart site of the downstream ORF (Figure 3C) [20,21].



While eIF3 has been shown to play a major role in translation termination and ribosome recycling, the TURBS strongly increases the efficiency of reinitiation by recycled 40S subunits reducing the dependence on eIF3 [56,61]. This might be critical for reinitiation after translation of long open reading frames, such as FCV ORF1, when the transient association of eIF3 with the elongating ribosomes is probably no longer occurring. The ribosome might be held at the stop/restart region by base pairing of TURBS with h26 of the 18S rRNA until it could be stabilised by subsequent binding of eIF3, which might also enhance recruitment of eIF2-termination complexes [25,61]. Furthermore, using in vitro reconstitution and toe-printing to examine the formation of ribosomal complexes at the RhDV ORF2 restart codon of VP2 and NV ORF2 restart codon of VP1, post-termination ribosomes were found to rebind initiator tRNA efficiently and move 2 nt upstream or 5 nt downstream, respectively, to reinitiate at the ORF2 AUG [61]. The TURBS-dependent reinitiation event by 40S subunits does not require eIF3, but eIF3 can stimulate reinitiation if eIF1 or eIF1A are present individually [61]. Moreover, eIF2, 1, and 1A were found to be sufficient for reinitiation, emphasising the involvement of 40S subunits [61]. Mutations within the TURBS element that disrupt the secondary structure were also found to increase the dependence on eIF3 for reinitiation [25]. Thus, while eIF3 is not strictly required for 40S recruitment, further structural studies may elucidate how the TURBS/eIF3 and TURBS/40S interactions contribute to the reinitiation mechanism by manipulating the ribosome conformation and the assembly of translating ribosomes.



Most studies seem to indicate that the site at which reinitiation occurs is neither linked to the termination site, nor relies on the presence of an AUG codon. Furthermore, the reinitiation frequency generally decreases as the distance between the start and stop sites increases. The distance from the secondary structure formed by motifs 2/2* would appear to define the start site by positioning the motif 1-bound post-termination ribosome within a specific distance from the TURBS structure. This distance ranges from 12 to 24 nt in different caliciviruses and will depend more specifically on the exact position of the P-site of the ribosome on the mRNA. A potential advantage is that it might obviate the need for a good initiation codon context as found with scanning-dependent initiation [62]. Indeed, Luttermann et al. [23] found that translation at the VP1 termination signal close to the VP2 start site is important for efficient VP2 translation. However, the AUG re-start codon was not essential as reinitiation could occur on non-AUG codons, albeit at lower levels.




4. Regulation of eIF4E Activity during Calicivirus Infection


As discussed previously, caliciviruses have evolved several strategies to hijack cellular eIFs and mediate viral protein synthesis through VPg-mediated initiation and TURBS-mediated reinitiation of translation. All these mechanisms require intricate interactions between viral proteins, or RNA, with ribosomal subunits and eIFs. In addition, it is well documented that viruses can modulate translational activity by altering the function of eIFs. For example, the phosphorylation of eIF2α following the recognition of RNA replication intermediates, or the cleavage of eIF4G by viral proteases, both result in translational shut-off [63,64]. Among the translation factors, the regulation of the cap-binding protein eIF4E is critical and limiting for translation [65]. The hypophosphorylated eIF4E-binding proteins (4E-BPs) can sequester eIF4E by displacing eIF4G [66]. Upon stimulation of the phosphatidylinositol 3′ kinase-Akt-mammalian target of rapamycin (PI3K-Akt-mTOR) pathway the phosphorylation of 4E-BP impedes the interaction with eIF4E, thereby stimulating eIF4F complex assembly and translation [67,68]. Viruses, for example poliovirus and vesicular stomatitis virus, can induce the dephosphorylation of 4E-BPs to reduce eIF4E availability and impair cellular translation [64,69,70].



The phosphorylation of eIF4E at S209 can also impact on its activity. The signalling cascade through the mitogen-associated protein kinase (MAPK) pathway, culminates in the activation of p38 and ERK1/2, which both can phosphorylate the eIF4E kinase Mnk1/2 [71,72]. Despite conflicting evidence regarding the impact of eIF4E phosphorylation on its affinity for the cap, it is becoming increasingly evident that p-eIF4E controls the translation of specific mRNAs encoding proteins associated with cell proliferation, inflammation, and interferon production [73,74,75]. Given that infections with herpes simplex virus 1 and human cytomegalovirus both lead to an accumulation of phosphorylated eIF4E; while influenza virus, poliovirus, and encephalomyocarditis virus induce eIF4E dephosphorylation (reviewed in [63]), it seemed reasonable to postulate that viruses can reprogramme gene expression in the infected host via p-eIF4E. Recently, we demonstrated that MNV infection modulates the MAPK pathway to trigger eIF4E phosphorylation [76]. Our results also showed that p38-driven Mnk1/2 activation during MNV infection is required for virus replication. Furthermore, p-eIF4E associates with translating ribosomes during infection, resulting in translational upregulation of a subset of cellular mRNAs, such as the NFκB inhibitor Nfkbia and ribosomal proteins. Therefore, we hypothesized that during MNV infection, the phosphorylation of eIF4E induces global changes in the translational landscape of the infected cells and this plays a role in the control of the antiviral response. The exact extent of this mechanism is the subject of ongoing investigation within our group. In addition, the degree of conservation of this phenomenon within the Caliciviridae family is unknown. Furthermore, given that eIF4E is part of the VPg-driven viral translation initiation complex, it remains unclear how eIF4E phosphorylation impacts on the recruitment of initiation factors by VPg and on the ability of Mnk1/2 to access eIF4E when both eIF4E and Mnk1/2 are bound to eIF4G [77,78,79].




5. Conclusions and Future Directions


The caliciviruses have evolved to maximise the genetic potential of their limited genome to express a comprehensive range of functional and adaptive proteins. Most studies to date have aimed at dissecting the network of interactions mediated by the caliciviruses VPg and the identification of the determinants required to mediate reinitiation events. These have resulted in invaluable mechanistic insights in the translation of viral proteins from calicivirus genomic and subgenomic mRNAs. Several questions however remain to be addressed including (i) what are the eIFs required to mediate the assembly of elongation-competent ribosomes on calicivirus mRNA; (ii) given current advances in our understanding of translation through structural studies, can we elucidate the structure of the VPg-driven initiation complexes and TURBS-40S complexes, thus, increasing our understanding of calicivirus translation. Moreover, our insights on the regulation of eIF4E phosphorylation raise questions related to (i) the role of p-eIF4E on VPg-mediated viral translation; (ii) the global extend of cellular mRNA translational reprogramming and (iii) the role of the mTOR pathway in controlling eIF4E availability during calicivirus infection. Finally, given the differences observed thus far between members of the Caliciviridae family, a conserved role for p-eIF4E during infection by different caliciviruses remain to be established.



It is known that infection by viruses imposes major stress on the host cell. In response to this stress, infected cells can induce several defense mechanisms, these include a global reduction in host protein synthesis to promote cell survival and limit the use of energy and nutrients [80]. This process is triggered by the activation of stress-activated kinases, mainly the protein kinase R (PKR), but also the PKR-like ER-localized kinase (PERK), which results in the phosphorylation of the eukaryotic initiation factor 2α (eIF2 α) [80]. This in turn prevents the recycling of the ternary complex tRNAiMet-GTP-eIF2 and the delivery of the initiator tRNA to the ribosome, thereby stalling the initiation of translation and resulting in a shutdown of protein synthesis [81,82,83]. Following this translational arrest, mRNAs contained within stalled ribosome complexes accumulate in cytoplasmic structures called stress granules (SGs) [81,84]. The resulting stoppage in protein synthesis following SG assembly is problematic for viruses as they rely on the host cell protein synthesis machinery for production of their proteins. Consequently several viruses have evolved different strategies to ensure that viral mRNA translation can continue by disrupting SG formation during infection or by exploiting SGs for their replication [85,86,87]. Currently little to nothing is known about the control of eIF2α phosphorylation during calicivirus infection and the consequences on SGs assembly. Current studies by our and other teams should lead to a better understanding of the relationship between caliciviruses and SGs.



Overall, despite significant advances within the past decade in our understanding of calicivirus regulation of translation, several unanswered questions remain to be addressed to fully dissect calicivirus-host interactions that regulate protein synthesis in the infected host. In addition, the development of new models to propagate human norovirus will undoubtedly spark further studies to revisit and complement our current knowledge of calicivirus biology.
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Figure 1. Diagrammatic representation of open-reading frame (ORF) usage in the different Caliciviridae genomic and subgenomic RNA. Protein VPg present at 5’-ends of both the genomic and subgenomic RNAs is depicted by a black circle at the end of a line representing the viral RNA. The full-length genome is organized into 2–4 ORFs. A subgenomic RNA consisting of ORF2 and ORF3 is also produced during replication. ORF1 encodes a polyprotein, processed into individual non-structural proteins, while ORF2 and ORF3 code for the structural capsid proteins VP1 and VP2, respectively. In addition to these core proteins, MNV ORF4 encodes VF1, and the FCV (Vesivirus) encodes a leader capsid (LC). 
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Figure 2. Solution structures of caliciviral VPgs. Cartoon representation of a representative model of each of the structured cores of the Feline Calicivirus (FCV), Porcine Sapovirus (PSV), and Murine Norovirus (MNV) VPg proteins. Each of these models have been deposited in the RCSB data base (accession numbers FCV: 24 MH, PSV: 2MXD, MNV: 2M4G) and are described in detail elsewhere [35,36]. The N-terminal, middle and C-terminal helices are coloured blue, black and red respectively. The side-chain of the proposed nucleotide accepting tyrosine is shown as sticks in each model. 
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Figure 3. Interactions of caliciviral RNA and protein important in VPg-driven and reinitiation of translation. (A) Schematic representation of the interaction networks driving VPg-mediated translation. MNV VPg directly recruits eIF4G through binding the HEAT-1 domain; this is thought to facilitate the recruitment of additional translation factors including eIF4A, eIF4E, eIF3 and PAPB. FCV and PSaV VPg direct bind to eIF4E and interact with eIF4E and eIF4A; (B) Schematic representation of the FCV TURBS motif at the FV VP1/VP2 junction. The location of the individual motifs is indicated with the bases highlighted below. The underlines bases correspond to conserved motif 1 residue that have been proposed to base pair with the helix 26 of the 18S rRNA. The bold italic bases correspond to the VP1 stop codon while the bold underlined bases are the VP2 start codon; (C) Architecture of the FCV TURBS. The base pairing between motif 2 and 2* allows the formation of a long stem loop structure in which the motif 1 conserved residues are exposed in an internal loop. These bases pair with the helix 26 of the 18S rRNA (as depicted by dotted lines), which help docking the ribosome onto the viral mRNA, allowing reinitiation on the down-stream ORF. 
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