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Abstract
There is a continuing need for novel antivirals to treat hepatitis B virus (HBV) infection, as it remains a major health problem worldwide. Ideally new classes of antivirals would target multiple steps in the viral lifecycle. In this review, we consider the steps in which HBV RNAs are processed, exported from the nucleus and translated. These are often overlooked steps in the HBV life-cycle. HBV, like retroviruses, incorporates a number of unusual steps in these processes, which use a combination of viral and host cellular machinery. Some of these unusual steps deserve a closer scrutiny. They may provide alternative targets to existing antiviral therapies, which are associated with increasing drug resistance. The RNA post-transcriptional regulatory element (PRE) identified 20 years ago promotes nucleocytoplasmic export of all unspliced HBV RNAs. There is evidence that inhibition of this step is part of the antiviral action of interferon. Similarly, the structured RNA epsilon element situated at the 5’ end of the polycistronic HBV pregenomic RNA also performs key roles during HBV replication. The pregenomic RNA, which is the template for translation of both the viral core and polymerase proteins, is also encapsidated and used in replication. This complex process, regulated at the epsilon element, also presents an attractive antiviral target. These RNA elements that mediate and regulate gene expression are highly conserved and could be targeted using novel strategies employing RNAi, miRNAs, aptamers. Such approaches targeting these functionally constrained genomic regions should avoid escape mutations. Therefore understanding these regulatory elements, along with providing potential targets, may also facilitate the development of other new classes of antiviral drugs. 
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Core tip: This review presents an outline of what is known about post-transcriptional regulation of gene expression in hepatitis B virus, a virus that infects over 200 million people worldwide. These steps may be targeted by novel antivirals, or be considered when characterising new antivirals derived from screening natural or synthetic products. 
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INTRODUCTION
Hepatitis B virus (HBV) infection is a major global health problem that continues to cause about 1 million deaths per year worldwide. Despite there being an effective vaccine, it is estimated that more than 240 million people remain chronically infected with HBV[1]. Current treatments targeting HBV proteins have been associated with increasing drug resistance[2-4]. Therefore, novel and effective antiviral treatments are urgently needed to reduce morbidity and mortality associated with acute and chronic infection[2-4]. In order to facilitate the development of new antiviral drugs, a better understanding of the viral lifecycle is essential[5]. Novel drugs targeting other distinct viral pathways could become part of a combination treatment, or be utilised when resistance arises[6]. 
In the processing and translation of RNAs, the HBV has adopted several unique or unusual features. These provide potential drug targets, and fascinating insights into the possibilities of viral manipulation of human cells[7,8]. As this review forms part of a special issue on HBV, it will focus on current knowledge of the less well-understood aspects of post-transcriptional regulation in HBV. It includes RNA splicing and processing, nuclear export, and translational control events, in addition to identifying potential antiviral targets at these post-transcriptional steps, particularly at the sites of specific RNA-RNA or RNA-protein interactions. 

HBV LIFECYCLE: SITES OF REGULATION AND POTENTIAL INTERVENTION
HBV has an unique replication lifecycle in that it has both a DNA phase in which protein-DNA interactions are important, and an RNA phase in which RNAs must be translated or encapsidated. Remarkably, the virus has resourcefully adapted ways to perform all these functions despite having a small genome of 3.2 kb. The transcription and translation of HBV is shown in the schematic in Figure 1. The circular HBV genome consists of four major overlapping reading frames (C, P, S and X)
HBV, like retroviruses, engages unusual steps to produce its proteins. This includes mechanisms that avoid splicing, that export unspliced RNAs, and also the translation of the core and polymerase proteins from a polycistronic mRNA. For Human immunodeficiency virus (HIV), some of these unusual features involve ribosomal frameshifting, protein-RNA interactions between Rev-Rev Response Element (RRE) and Tat-TAR and have been well studied[9-12]. However, compared to retroviruses some of these steps are still much less well understood in HBV. 

	HBV RNA PREGENOME AND MRNAS



The five major primary HBV RNAs are transcribed by cellular RNA polymerase II (Figure 1). These transcripts are capped and polyadenylated in the nucleus of hepatocytes. They each have different transcription start sites but have a common unusual polyadenylation site[13], and all contain the post-transcriptional regulatory element (PRE)[8]. The common non-canonical polyadenylation signal (TATAAA) is unusual in that it is bypassed in producing genome length RNAs then functions at the second pass. It also acts as a TATA box for transcription[14]. The precore RNA (PcRNA) is the longest of two genome length HBV RNAs. This transcript encodes the precore (PC) protein which is translated from the first initiation codon in the mRNA, in a typical eukaryotic “Kozak” context. The PC initiation codon is present only in this pcRNA transcript, producing a fusion protein containing a signal peptide, targeting it for secretion[15]. The eventual cleavage of the carboxy and amino termini of the PC precursor protein gives rise to the soluble secreted protein HBeAg. The core (C) protein is translated from the C initiation codon of the pregenomic (pgRNA), another genome length transcript, which also encodes the polymerase (P) which is in a different and partially overlapping frame[5,15,16]. The C protein is encoded by the same ORF as the PC but is 19 amino acids shorter, lacking the signal peptide. 
The P protein is translated from the polycistronic pgRNA at an internal initiation codon that is preceded by multiple upstream AUG codons (uAUGs) using a complex mechanism discussed in detail in a later section[15,17-20]. The P protein is essential for viral DNA replication with key roles in encapsidation, reverse transcription and RNA degradation[5]. Interestingly, the C initiation codon is not the first in the pgRNA. It is preceded by another initiation codon for a short open reading frame, named C0 (“C zero”) by Chen et al[15] 2005. Interestingly there are also short upstream open reading frames (uORFs) within the pgRNA of the related DHBV[21]. Such uORFs have a role in many other viral and cellular genes translation[22]. 
The other transcripts include the preS1, preS2, S and X mRNA that are translated to produce their corresponding primary polypeptide products using the conventional translation mechanism. The three co-terminal S proteins encode 'surface' structural components of the virions, The X protein is a transcriptional transactivator, but may play other roles in the viral lifecycle. 

NUCLEAR EXPORT OF HBV RNA 
The regulation of RNA export is a tightly controlled process in human cells and it has been shown to be coupled with RNA splicing. The link between RNA splicing and RNA nuclear export is a quality control step allowing for only fully spliced mRNAs to exit the nucleus, thereby preventing the formation of aberrant proteins[23-25]. However, this model creates an interesting paradox for nucleocytoplasmic transport of HBV viral RNAs, which are partly spliced or unspliced[26]. Therefore, viruses must evolve to encode elements within their RNA and employ mechanisms that can exploit the host nuclear export machinery to efficiently export their unspliced or intronless mRNAs[27]. Furthermore viruses have adopted means to interfere with cellular mRNA export, or protein export, particularly of antiviral effectors e.g. those induced by interferon[28,29] in order to improve the export of their transcripts. Nevertheless, these processes may remain inefficient, as reflected by the poor export of HBV transcripts and lack of serological marker production (e.g. HBsAg), contributing to the lack of detection in “occult” HBV infection[30].
An export element for HBV mRNAs was first proposed twenty years ago and named the HBV post-transcriptional regulatory element (HBV PRE)[31]. It was shown to have the capacity to partially substitute for the nuclear export element of HIV-1 (Rev responsive element, RRE) in a chloramphenicol acetyltransferase (CAT) reporter construct (pDM138), whose expression is entirely dependent on the RRE and Rev protein. Therefore, Huang and Liang[31] (1993) proposed that the HBV PRE could have a similar function to the RRE by inhibiting splicing and facilitating nuclear export. Subsequent studies have since uncovered in greater detail the functional core elements and its nuclear export pathway[8,32,33] reviewed by Sommer and Heise[8] (2008). A summary of current models for nuclear export of HBV is shown in Figure 2. The indicated steps and the exact roles of some proteins involved remain unclear. 
The HBV PRE (nucleotide 1151-1684) is approximately 500 bases in length and is located within the 3′ ends of all HBV mRNAs. Computational analysis demonstrated that the HBV PRE is a highly conserved element among HBV genotypes and contains conserved secondary structures namely the HBV SL (nucleotide 1292-1321) and HBV SL1 (nucleotide 1417-1458)[7,8,34,35]. Despite the possibility that HBV PRE may function through these structured elements, no one has yet reported any cellular factors that bind to these two stem-loops. Interestingly, a subsection of this element known as HBV PRE fragment III (nucleotide 1485-1584)[36] was found to strongly bind two cellular proteins, GAPDH and PTB in in vitro systems[37]. Furthermore, Huang et al[36] (1996) reported that six copies of this HBV PRE fragment III could increase the level of cytoplasmic S transcript in the same manner as the full length HBV PRE. The activation of cytoplasmic expression by HBV PRE was also observed with other unspliced transcripts such as the CAT reporter gene of the HIV-1 based plasmid (pDM138)[38], - globin[39] and c-myc[31] Importantly, this function of HBV PRE was only observed when it is in the correct orientation[40]. Interestingly, HBV PRE confers no effect on very stable intronless transcripts such as codon optimized luciferase (luc+) transcript[41]. Taken together, these results demonstrated that HBV PRE serves as a crucial nuclear export element for intronless transcripts[8].
Given that HBV PRE can function in the absence of viral proteins, HBV PRE is likely to act through a different nuclear export pathway to RRE. This proposal is supported by findings from antibiotic sensitivity assays whereby an inhibitor of leucine-rich NES-dependent export (CRM1-Rev interaction), leptomycin B strongly blocked the nuclear export of RRE mediated mRNA export, but not the HBV PRE export pathway[42]. These observations suggest that the nuclear export of HBV PRE proceeds via a CRM1 independent pathway and does not require viral trans-acting factors for its function. Therefore, it was hypothesized to respond in a similar way to the constitutive transport element CTE, an RNA cis-acting export element found in the 3 UTR of simple retroviruses, Manson-Pfizer monkey virus (MPMV) and simian retrovirus type 1 (SRV-1)[43]. The CTE is 120 nucleotides in length and forms a stem-loop structure that binds to the NXF protein family member TAP/NXF1[44]. CTE interacts directly with TAP/NXF1, which then delivers the CTE-containing transcript to the nuclear pore for export to the cytoplasm. TAP/NXF1 is a non-importinβ family transporter reporter, which plays a crucial role in nuclear export of spliced cellular mRNAs but does not require RanGTP. However, the mutant of Ran-binding protein 1 (RanBP1) is found to block export mediated by HBV PRE and RRE, but not CTE[42] indicating a distinct pathway. In silico analysis revealed that there is no RNA sequence similarity between the CTE and HBV PRE. These data also suggest that HBV PRE does not contain the binding site for TAP/NXF1, and did not directly interact with the TAP/NXF1protein[45]. These results suggest, HBV PRE is likely to utilize a distinct nuclear export pathway different to that of RRE-Rev or CTE-TAP. In addition, Zang et al. 2001 indicated that PTB is important for the nuclear export activity of HBV PRE because mutations of PTB binding sites on HBV PRE fragment III within a reporter construct drastically decreased its expression[37]. Moreover, cells that stably overexpressed PTB could significantly increase expression of reporter protein in the presence of HBV PRE. This was further supported by the finding that myeloid differentiation primary response protein 88 (MyD88) could inhibit PTB and the nuclear export of pre-S/S RNAs via a PRE dependent mechanism[46].
Although studies have confirmed the function of HBV PRE as nuclear export element of HBV pre-S/S RNAs[37,46] it has been shown not to promote nuclear export of the full length pgRNA[8,47]. The HBV PRE also contains a cis-acting splicing regulatory element (SRE-1) (nucleotide 1252-1348), required for splicing of pgRNA. SRE-1 has been shown to functionally substitute for a retroviral bidirectional exonic splicing enhancer (ESE) in a heterologous ESE-dependent reporter[8,47]. Therefore, part of the HBV PRE also appears to be involved in regulating the splicing of pgRNA. 

Recently, four nuclear export signals (NES) have been reported at the C-terminus of the HBV core protein (HBc or C)[32]. This is not surprising considering the HBV core protein shuttles in infected cells, and must therefore be transported across the nuclear envelope. These NES are arginine rich. By using heterokaryon analysis, Li et al[32] (2010) demonstrated that these NES could mediate transport between nuclei. Moreover, co-immunoprecipitation revealed that the core NES interacts directly with a cellular nuclear export factor TAP/NXF1. The authors speculate that the core protein binds to HBV RNAs, particularly the pgRNA, and exports them (Figure 2 iii). The core protein may provide the long sought after adapter between the pgRNA and TAP/NXF1.
Several studies have suggested it may be possible to target nucleocytoplasmic RNA export or RNA processing. Firstly the abundant RNA binding protein hLa binds within the PRE SRE-1 and may be involved in stabilising RNAs (Figure 2)[8,48]. An inhibitor of hLa protein, or RNAi targeted against hLa, were shown to have anti-HBV activities[49,50]. In addition, the MxA protein induced as part of the antiviral action of interferon also inhibits nucleocytoplasmic export of HBV RNAs[51]. Similarly, targeting viral specific steps in the nucleocytoplasmic transport of viral proteins has been investigated for several viruses[52]. 

TRANSLATION OF HBV RNA
Following export the HBV RNA is translated by host ribosomes (Figure 1). Most of the HBV proteins are translated via a typical cellular ribosome scanning mechanism (Figure 3), before undergoing further processing or modification. This is exemplified by the synthesis of the S family of proteins. However, HBV, like many viruses with a compact genome also produces polycistronic mRNAs. As a result, these viruses tend to adopt alternative mechanisms to translate the multiple proteins encoded by the different reading frames within such mRNAs[53]. Some of these examples are outlined in Figure 3. The HBV pgRNA is an example which employs variations to the host’s typical scanning translation mechanism. The pgRNA transcript encodes four partially overlapping major open reading frames (ORFs) and contains multiple AUG codons[17,18] (Figure 4). Since the core and polymerase genes are both translated from the pgRNA, the question that arises is, how is the polymerase coding region translated? It is preceded by four “upstream” AUGs (uAUGs) and the core coding region. Furthermore, no specific transcript for the P protein has been identified in infected cells[18,19]. A variety of mechanisms were postulated in which the internal polymerase reading frame could be translated, notably utilization of the frameshifting mechanism used by HIV, shunting used by DHBV and CaMV, or the internal ribosome entry site (IRES) mechanism used by HCV (Figure 3). 
Since the polymerase gene in hepadnaviruses is known to be homologous to the retroviral pol gene, it was suggested perhaps the P protein could be synthesised using the translational frameshifting mechanism used by retroviruses to generate a core-polymerase fusion. Although truncated core-polymerase fusions were detected in some tumours, this was found to be attributed to integrated rearranged viral DNA genomes[56]. Furthermore, no core-polymerase fusion protein was detected in HBV infected cells. Later translation studies conducted have also verified that the P protein is not synthesised as a fusion protein[57]. 
Another proposed model was shunting, utilized by the distantly related DHBV to synthesize its P protein Figure 3[58]. However, this model was considered unlikely as there are marked differences between the pgRNA of DHBV and HBV. The DHBV pgRNA leader is longer (900 nts) and more structured with 13 uAUGs preceding the P gene whereas the shorter HBV pgRNA leader (495 nts) has only 4 to 5 uAUGs and a less structured leader. Several independent HBV studies have also shown that the P protein is unlikely to be translated from an IRES mechanism as another genome-length transcript but slightly longer, the pcRNA was not used to translate the P protein[17,59]. All these postulated translation models were tested and eventually excluded for HBV P protein synthesis[17-20,60]. 
Further careful and exacting experiments subsequently resulted in the proposal of a complex model. This involves leaky scanning and termination-reinitiation and is consistent with all current experimental data (Figure 4A)[17,59]. However, the omission of a short and highly conserved uORF (C0 ORF) from earlier studies required a revision of the model proposed.
In the revised model incorporating the C0 ORF, translation from the suboptimal C0 AUG would effectively allow those ribosomes to bypass the optimal C AUG codon[15]. However, most of the ribosomes would leaky scan past the suboptimal C0 AUG context to initiate at downstream C AUG and translates the C gene (Figure 4A). Ribosomes which leaky scan past the C AUG codon would then be available to initiate at C1, J and C2 AUG codons. Those ribosomes which initiate at the C1 and C2 AUG codons would translate a truncated C ORF. The ribosomes which translate the C ORF are unable to 'backscan' after termination and initiate at the P AUG codon due to the distance of overlap[53]. (B) Ribosomes which translate the C0 ORF and terminate in an appropriate context[61], could then re-engage in scanning and reinitiate at downstream J and P AUG codons, to translate J and P proteins at a lower level. (C) Translation of J ORF, would facilitate reinitiation at P and at the same time preventing initiation at C2 AUG codon, consistent with earlier studies[17]. Overall C0 would play an inhibitory role being the first ORF within the pgRNA as it decrease the availability of scanning ribosomes to C, J, C2 and P as is observed experimentally[15]. 
Neither the J nor C0 peptides have been observed as free peptides, although C0 can be detected as a reporter fusion protein. It was further demonstrated that a synthetic C0 peptide was unstable in cell lysates (Chen et al[15] unpublished). It is likely that they are unstable peptides and could take on the role of uORFs rather than protein. Nevertheless, some uORF peptides have been shown to confer function[22,62-64] and there is still an untested possibility that both the C0 and J could be functional peptides. 

[bookmark: _Toc45001774]SEQUENCE SPECIFIC ANTIVIRALS TARGETING CONSERVED REGIONS OF THE HBV RNA

Several classes of sequence specific antivirals have been proposed to target specific sequences in the HBV DNA or RNA. These include siRNA[65], shRNA[65,66], miRNA like[67-69], PNA[70], ribozymes[71] and SELEX selected RNA aptamers[72]. There has been an increasing interest in the development of RNAi based inhibitors using miRNA or siRNA based vectors, reviewed in[69,73]. There is some evidence that endogenous cellular miRNAs could target HBV RNAs and their enhancement may also provide an antiviral effect[74-76]. Significant hurdles that are being overcome include delivery of RNA based drugs, off-target effects, and mutation of the target sites[73,77-79]. One strategy to target multiple HBV genotypes and avoid mutation(s) when utilizing RNA-based drugs is to target conserved regions of the genome. These include parts of the PRE and the epsilon, which are not only very conserved but also quite structured. Surprisingly, the targeting of structured parts of the HBV RNA e.g. the epsilon or stem loops in the PRE have been effective[77]. Large numbers of RNAi candidates have been screened and their effects determined experimentally[66,79]. Some of the current candidates target conserved regions of the HBV genome involved in the post-transcriptional processes described here[77]. 

PROSPECTIVE TARGETS WITHIN THE -P PROTEIN COMPLEX 
The 5' end of the pgRNA which includes the  structure and the C0 ORF is involved in critical steps of the HBV lifecycle. The RNA sequence within this region is highly conserved across all HBV genotypes and must function both as an RNA element and be translated[21,80,81]. This region of the RNA and its interactions present a unique target for antivirals. We speculate on some of these below. The steps which could be targeted using molecular drugs are summarized below and in Figure 5. 
There are several other ways in which the -P protein interaction could be targeted. The conserved  sequence required for P protein binding, the main sequence determinants of the internal bulge (specifically its first and second nucleotides) and sequences surrounding the bulge (upper part of the lower stem and the unpaired base at the upper stem as well as the lower part of the upper stem[82]). These sequences could be targets for AS-OGs, ribozymes and RNA aptamers. This could disrupt initiation of replication, encapsidation as well as expression of C0, which may in turn disrupt polymerase expression. 
Hammerhead ribozymes[83] which preferentially cleave after an AUG or CUG triplet could be used to target several specific regions within this complex. First, the CUG sequences at the bulge, the triloop as well as upper part of the stem loop sequence, and also the C0 AUG or C AUG codons. Importantly both the C0 and C AUG triplets are in close proximity and are involved in the base-pairing required for the  lower stem-loop. Successful cleavage of these sequences especially around the C and C0 AUG codons would impact significantly on C0 and C translation and disrupt thesecondary structure required for HBV encapsidation and initiation of RNA replication. 
Additionally, the usage of-specific RNA aptamers[72] would also have the potential to interfere with scanning ribosomes and P protein binding, inhibiting protein expression and encapsidation or priming. Alternatively, targeting the HBV P protein at various crucial domains using aptamers would potentially have a similar effect. Although the entire P protein is required for pgRNA packaging[84] regions mapped to less than 400 residues of the TP domain and the N-terminal portion of the RT domain are sufficient for specific  binding[80,82]. The TP domain required for priming activity has also been mapped to residues 20 to 199 similar to that required for  binding (residues 42 to 196). Aptamers could then be used to target these regions of overlap within the TP domain responsible for protein priming and  binding. Since the priming mechanism differs from any cellular priming it presents an excellent site, which specifically targets HBV with the potential to inhibit or stall the initiation of replication. A successful aptamers association to the TP would mean that the pgRNA-P protein interaction could be impaired in addition to the inability to proceed in reverse transcription, aborting viral encapsidation or causing the formation of defective viral particles devoid of DNA genome.

The encapsidation process that centres on the structure would present a good target as it facilitates not only the initiation of replication but also the subsequent packaging process. Additionally, it also has the potential to regulate or repress essential replicative proteins (C and P) protein expression by disrupting C0 translation at the region. The potential to disrupt multiple steps at one site would make it a very effective target to halt viral replication, unlike nucleos(t)ides analogs which target a single step (DNA replication) rendering them more susceptible to resistance.

POTENTIAL NOVEL APPROACHES TO HBV TREATMENT, USING NEW CLASSES OF DRUGS FROM NATURAL PRODUCTS
Plant-based remedies and traditional medicine continue to play essential roles in health care, especially for people residing in developing countries. These natural products can also be a valuable resource for the novel discovery of lead anti-viral drugs[85]. 
Some of these nature-derived antivirals have been shown to target regulatory steps in the viral lifecycle, and indeed several studies using plant extracts have demonstrated potent anti-HBV activities[85]. For example, curcumin extracted from Curcuma longa Linn was shown to inhibit HBV gene expression and replication. This was shown to act via down-regulation of metabolic regulator PGC-1[86]. PGC-1 is a co-activator of transcription of gluconeogenesis genes[87] and likely co-activates the transcription of HBV through the nuclear receptor HNF4[88] and the forkhead transcription factor FOXO1[89]. Similarly, hydroalcoholic extracts from leaf of Cratoxylum formosum (Jack) Dyer specifically reduce the level of HBV cccDNA in transfected HepG2 cells[90] and active compounds, including magnolol and 9-β-xylopyranosyl-isolariciresinol extracted from stem bark of Streblus asper exhibit anti-HBV activities in HBV transfected cells[91]. The precise sites of action of these novel agents are not known. 
The current natural products are not immediately useful as drugs in most cases[85]. However, they may be further developed as potent drugs through chemical modification or serve as novel pharmacophores for a drug design, or identify novel viral targets for treatment. 

CONCLUSION
In this review we have outlined the current knowledge of post-transcriptional regulation of gene expression in the HBV lifecycle. We have also speculated on the idea that compounds from natural products with unknown molecular targets might target these types of steps. However, there is currently not enough evidence as to how they act, or to support the clinical use of these substances[85]. 
The review has emphasized where HBV post-transcriptional processes differ from the host machinery as these are potential sites of new antivirals. However, the potential of antivirals to target these steps has received little attention. New compounds might target these steps directly either through the conserved sites in the viral RNAs or via the host and viral proteins that interact with them. 
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Figure 1 Overview of the steps of post-transcriptional processing and translation of hepatitis B virus RNAs. The circular hepatitis B virus (HBV) genome is represented as the closed circular DNA (cccDNA). It encodes four large overlapping open reading frames encoding the core (C), surface (S), polymerase (P) and X proteins. It is transcribed into four main transcripts (HBV RNAs) with common polyadenylation sites and 3' ends. Sites in which the virus uses processes that differ from the host are indicated and reviewed in the text (1) Transcription at specific viral promoters; (2) Non-canonical polyadenylation; (3) Partial splicing; (4) Nuclear export; and (5) Translation by leaky scanning and reinitiation. 
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Figure 2 Nuclear export of hepatitis B virus mRNAs. (i) Nuclear export for aberrant spliced hepatitis B virus (HBV) transcripts. In this pathway, HBV post-transcriptional regulatory element (PRE) enhances over-splicing of the pgRNA and perhaps also the S transcripts. The spliced RNAs are then possibly exported out via a TAP pathway. These spliced HBV transcripts are translated into apparently non-functional proteins such as HBSP; (ii) Nuclear export of major HBV unspliced and intronless transcripts e.g. the preS/S and X transcripts. For this pathway, HBV PRE plays roles in inhibiting splicing as well as mediating the nuclear export of the unspliced transcripts. The exact mechanism of this nuclear export pathway is unknown, but may involve binding of cellular proteins (PTB, GAPDH, hLa) near to conserved secondary structures of HBV PRE; and (iii) TAP dependent NES pathway of the pgRNA transcript. The core protein binds the pgRNA facilitating its export though the TAP/NFX1 pathway.
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Figure 3 Alternative translation initiation mechanisms used by viruses and cellular mRNAs in eukaryotic cells. The line with a filled circle represents a capped and polyadenylated mRNA with a 5 UTR and open reading frame. The filled circle represents the cap, filled rectangle denotes an open reading frames, (A)n represents the polyA tail and the curved arrowhead denotes translation initiation. Various strategies for initiating protein synthesis on each mRNA and for decoding its information are outlined. The most common strategy used for cellular mRNAs is the scanning model. Other unconventional translational strategies employed by eukaryotes and exploited by infecting viruses included internal ribosomal entry, shunting, leaky scanning, reinitiation[54], frameshifting and readthrough[53]. Human immunodeficiency virus and CaMV are related to hepatitis B virus[55]. 
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Figure 4 Proposed model for P protein synthesis. A schematic representation of a pgRNA transcript and its coding regions. The pgRNA transcript encodes the core (blue) and polymerase (yellow) genes. The pgRNA transcript start site is numbered 1. The pgRNA contains the structure and a repeated sequence of 117 bases in both its 5 and 3 ends. Vertical bars with dots represent the initiation codons within the pgRNA labelled C0, C, C1, J, C2 and P. The height of each bar represents the match to the "ideal" initiation context (Kozak’s consensus)[15]. Filled boxes represent ORFs encoded by each initiation codon, (A)n denotes the polyA tail and the black dot at the 5 end denotes the cap structure. The proposed model for P protein synthesis extends a scanning model. A: Leaky scanning. Ribosomes would scan from the capped 5 end of the pgRNA, ribosomes would predominantly scan past C0 (in a poor initiation context) and initiate at the C AUG codon (which has an optimal initiation context) synthesising the core. However, some ribosomes may continue to leaky scan (represented by horizontal arrowheads) past the C AUG initiating at distal AUGs (e.g. making truncated core proteins from C1 or C2); B: Role of C0. The C0 initiation codon is the first in the pgRNA, some ribosomes would initiate here, when they terminate they could re-initiate at P or J (represented by lower curved arrows). Those that initiate at P would translate the polymerase; C: Role of J. Ribosomes which bypass C and C1 AUG codons by leaky scanning would then initiate translation at the J AUG codon (optimal initiation context), translating the short J ORF effectively bypassing the C2 AUG codon. Ribosomes which translated the J ORF may then reinitiate at the P AUG codon, translating the polymerase (curved arrow).
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Figure 5 Schematic model for the initiation of reverse transcription in hepatitis B virus with stages targetable by existing drugs, as well as potential targets for antiviral compounds. These may serve as a basis to design new strategies combining drugs with different mechanisms of action. Domains of the P protein are abbreviated as follows: terminal protein (TP), RNase H domain (RH), reverse transcriptase domain (RT). Open circles represent cellular chaperones. The initiation of reverse transcription to generate a dsDNA genome involves the pgRNA which is also the template for C and P protein translation. In this model, the C0 ORF which spans the  structure is also translated (albeit weakly) and could potentially discriminate the selection of pgRNA required for encapsidation and translation (step 1). Secondly, the hepatitis B virus (HBV) P protein would then interact with cellular chaperones (heat shock proteins), the  structure and gain enzymatic activity (step 2). Next, the reverse transcription step is primed by the formation of covalent bond between conserved tyrosine of the TP domain and the first nt of the minus-strand DNA followed by additions of three more nucleotides, GAA in a template dependent manner (step 3). Following an arrest in the viral DNA synthesis, a strand transfer occurs and the complex of P protein and short DNA primer is translocated to the 3 end of the template DR1 (step 4). Then, elongation of the minus-strand DNA continues (step 5). Currently, the triphosphate forms of nucleoside analogs have shown inhibitory effects on the priming reaction (targeting step 3) or interfere with viral minus-strand DNA elongation (targeting step 5). 
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