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Abstract

Transcription and replication of the influenza virus RNA genome is catalysed by the viral heterotrimeric RNA-dependent RNA polymerase in the context of viral ribonucleoprotein (vRNP) complexes. Atomic resolution structures of the viral RNA synthesis machinery have offered insights into the initiation mechanisms of viral transcription and genome replication, and the interaction of the viral RNA polymerase with host RNA polymerase II, which is required for the initiation of viral transcription. Replication of the viral RNA genome by the viral RNA polymerase depends on host ANP32A, and host-specific sequence differences in ANP32A underlie the poor activity of avian influenza virus polymerases in mammalian cells. A failure to faithfully copy the viral genome segments can lead to the production of aberrant viral RNA products, such as defective interfering (DI) RNAs and mini viral RNAs (mvRNAs). Both aberrant RNA types have been implicated in innate immune responses against influenza virus infection. This chapter discusses recent insights into the structure-function relationship of the viral RNA polymerase and its role in determining host range and virulence.



Introduction

Infections with influenza viruses type A and B are responsible for annual seasonal epidemics leading to about half a million deaths worldwide. Type influenza A viruses also cause occasional pandemics which can claim millions of lives. By contrast, influenza C type infections are milder and influenza type D viruses, which infect pigs and cattle, have not been associated with human disease (Krammer et al. 2018; Taubenberger et al. 2019).

The influenza virus genome consists of eight (influenza A and B viruses) or seven (influenza C and D viruses) segments of single-stranded negative-sense viral RNA (vRNA) (Fig. 1A). Each segment consists of conserved, partially complementary 5’ and 3’ termini, segment-specific untranslated regions (UTR) and one or more open-reading frames (ORF) (Fig. 1A). The vRNA segments are assembled into viral ribonucleoprotein (vRNP) complexes, in which the 5’ and 3’ termini are bound by a viral RNA-dependent RNA polymerase (RdRp) and the rest of the RNA is bound by oligomeric viral nucleoprotein (NP), forming a double-helical rod-like structure (Fig. 1B, C) (Eisfeld et al. 2015). Internal base pairing within the segments allows the formation of secondary RNA structures (Ferhadian et al. 2018). Influenza viruses must express a full complement of their genome segments in the infected cell in order to be productively infectious. The segments can be contributed by one virion or, in the case of a defective particle, multiple virions. 

After fusion of viral and endosomal membranes during influenza virus entry, vRNPs are released into the cytoplasm and transported into the nucleus where viral transcription takes place (Walker and Fodor 2019). It is in the context of nuclear vRNPs that the viral RNA polymerase transcribes the vRNA into positive-sense capped and polyadenylated mRNA for translation of viral proteins (Fig. 1B). The influenza A virus genome encodes 10 major and several auxiliary proteins. Viral protein expression is essential for the replication of the viral RNA genome by the viral RNA polymerase, which proceeds through a complementary RNA (cRNA) replicative intermediate (Fig. 1B) (Te Velthuis and Fodor 2016; Pflug et al. 2017).

Recent structural and functional studies of the influenza RNA synthesis machinery have provided novel insights into the mechanisms by which influenza viruses transcribe and replicate their RNA genome (Te Velthuis and Fodor 2016; Pflug et al. 2017; Lo et al. 2018). These studies have answered fundamental questions about influenza RNA polymerase function and contributed to our understanding of the dependence of the influenza virus on host factors for the transcription and replication of its genome. This chapter discusses how RNA polymerase structures inform us about the function of the RNA synthesis machinery and its role in defining viral virulence and host range.


Architecture of vRNPs

vRNPs are composed of one single-stranded vRNA segment, a copy of the RNA polymerase bound to the partially complementary 5’ and 3’ vRNA termini, and multiple copies of NP that are arranged in a double helical conformation (Fig. 1B, C). Currently, only low-resolution structural models of vRNPs are available that differ in their helical parameters and handedness and do not allow unambiguous mapping of the path of the RNA and NP-NP contacts within vRNPs (Arranz et al. 2012; Moeller et al. 2012). Studies aimed at obtaining high-resolution vRNP structures are hampered by the heterogeneity in vRNA length (890 to 2341 nucleotides for influenza A virus; Fig. 1A) and high plasticity of the NP-NP interactions, which leads to the formation of curves and kinks in vRNPs, and complicates computational processing of cryo-EM data (Gallagher et al. 2017). 

NP is a crescent-shaped molecule that is comprised of a head and body domain and a 28 amino acid-long tail loop. NP forms oligomers when the tail loop of one NP inserts into the body domain of a neighbouring NP (Ye et al. 2006; Ng et al. 2008; Turrell et al. 2013). A basic groove separating the head and body domains represents the RNA binding surface. Phosphorylation and dephosphorylation of NP by cellular kinases and phosphatases affects NP oligomerisation and viral replication (Hutchinson et al. 2012; Chenavas et al. 2013; Mondal et al. 2015; Turrell et al. 2015; Mondal et al. 2017). The footprint of NP on vRNA is about 24 nucleotides (Ortega et al. 2000; Hutchinson et al. 2012), but it is not known how many nucleotides make direct contact with NP and how the RNA is arranged in vRNPs. Ribonuclease digestion studies show that the RNA in vRNP is susceptible to hydrolytic cleavage suggesting that vRNA is bound on the outside surface of NP. Mapping studies of NP-vRNA interactions have identified regions of low and high NP density (Lee et al. 2017; Williams et al. 2018), and chemical probing of the vRNA structure in vRNPs shows that vRNPs packaged into virions can accommodate secondary structures in their vRNAs (Dadonaite et al. 2019), demonstrating that NP does not associate with vRNA evenly. The NP helix in vRNPs thus likely provides a scaffold for the formation of secondary RNA structures. These RNA structures can facilitate intersegments RNA-RNA interactions and selective packaging of the vRNPs into virions (Dadonaite et al. 2019).


Architecture of the RNA polymerase

The influenza virus RNA polymerase is composed of the proteins polymerase basic 1 (PB1), PB2, and polymerase acidic (PA) (P3 in influenza C and D viruses) (Fig. 2A) (Te Velthuis and Fodor 2016; Pflug et al. 2017; Lo et al. 2018). X-ray crystallography and cryo-EM studies showed that the RNA polymerase consists of a core domain and several peripheral domains that are connected to the core through highly flexible linkers (Pflug et al. 2014; Reich et al. 2014; Chang et al. 2015; Hengrung et al. 2015; Thierry et al. 2016; Fan et al. 2019; Peng et al. 2019). The PB1 subunit contributes most to the core domain, and contains the fingers, palm and thumb subdomains that are characteristic of RNA polymerases, and a priming loop, a beta-hairpin structure that protrudes from the thumb domain into the polymerase active site and that is typical of RNA polymerases that can initiate RNA synthesis de novo (Fig. 2B) (Te Velthuis 2014). The PA subunit is composed of two domains. The N-terminal domain contains endonuclease activity and is connected to the polymerase core via a flexible linker. By contrast, the C-terminal domain is intimately associated with PB1 and tightly integrated into the thumb subdomain of the polymerase core. The N-terminal third of PB2 is also part of the polymerase core, but the C-terminal two thirds form multiple flexible domains, including the cap-binding, mid-link, 627 and nuclear localization signal (NLS) domains. All subunits contribute to the formation of the channels that facilitate template RNA entry and exit, NTP entry, and product RNA exit (Fig. 2B).

The polymerase contains several sites for binding viral RNA (Fig. 2). The 5’ end of vRNA and cRNA are tightly bound near the template entry channel of the polymerase by a pocket composed of amino acid residues contributed by the PB1 and PA subunits (Pflug et al. 2014; Reich et al. 2014; Robb et al. 2016; Fan et al. 2019; Peng et al. 2019). The 3’ end of the vRNA can associate with two different sites (the A-site and B-site) on the surface of the polymerase, while the 3’ end of cRNA has been shown to associate with the B-site only (Fig. 2B) (Pflug et al. 2014; Reich et al. 2014; Fan et al. 2019; Peng et al. 2019). The functional significance of these surface 3’ end binding sites remains to be determined, but they likely provide i) a pre-initiation site from which the 3’ end of vRNA enters the polymerase active site (the A-site), ii) a pre-initiation site from which the 3’ end of cRNA enters the polymerase active site (the B-site), or iii) a site to accommodate the 3’ end of the RNA template once it emerges from the polymerase active site after being copied (the B-site).


Transcription

Transcription is a primer-dependent process that involves the generation of 5’ capped and 3’ polyadenylated mRNA molecules using the negative-sense vRNA segments as templates by the viral RNA polymerase (Fig. 1B). Unlike the RNA polymerases from non-segmented negative-sense RNA viruses, the influenza virus RNA polymerase cannot synthesize and methylate cap structures. To ensure that influenza virus mRNAs contain a cap-1 structure at their 5’ terminus, the RNA polymerase needs to perform several key steps. First, the RNA polymerase associated with vRNPs, i.e. the resident polymerase, binds the C-terminal domain (CTD) of the large subunit of host RNA polymerase II (Pol II) in order to bring vRNPs in close proximity to nascent host 5’ capped RNAs (Fig. 3A) (Engelhardt et al. 2005; Martinez-Alonso et al. 2016; Lukarska et al. 2017; Serna Martin et al. 2018). Pol II CTD interacts with the viral RNA polymerase at several binding sites (Lukarska et al. 2017; Serna Martin et al. 2018), which stabilizes the PB2 cap-binding and PA endonuclease domains in a transcription-ready conformation (Serna Martin et al. 2018). Second, the PB2 cap-binding domain binds the 5’ cap of the nascent host RNA and the PA endonuclease domain cleaves the mRNA 10-14 bases downstream of the 5’ cap (Fig. 3A). Third, the 3’ end of the resulting capped RNA primer is inserted into the polymerase active site where it base-pairs with the 3’ end of the vRNA template (Fig. 3B). Initiation of viral mRNA synthesis occurs at the penultimate or third base from the 3’ end of the vRNA, depending on where the 3’ end of the primer has base-paired with the vRNA (Pflug et al. 2018; Te Velthuis and Oymans 2018; Kouba et al. 2019). A poor transition from initiation to elongation may result in early-termination at the fourth base from the 3’ end of the vRNA. The RNA polymerase can use the partially extended capped primer to restart viral transcription, which results in transcripts that contain two or more copies of the first four residues of the 3’ end of the vRNA template (Te Velthuis and Oymans 2018; De Vlugt et al. 2019). Extension of the capped primer results in the formation of a 9 base-pair RNA duplex downstream of the active site. To make space for this duplex, the priming loop, which is not required for transcription, is extruded from the polymerase (Te Velthuis et al. 2016; Kouba et al. 2019). The vRNA template and nascent mRNA are separated, with Tyr207 of the PB2 lid domain playing a key role, and template and product are directed towards their respective exit channels (Kouba et al. 2019). Finally, termination of the viral transcription product occurs by stuttering of the RNA polymerase on a sequence of uridine residues near the 5’ end of the vRNA template, leading to the addition of a polyA tail (Robertson et al. 1981; Poon et al. 1999).


Replication

Replication of the vRNA segments by the viral RNA polymerase is a two-step process (Fig. 4A, B). In the first step, vRNA is copied into a cRNA replicative intermediate (Fig. 4A). This step is initiated by entry of the 3’ end into the active site, presumably from the A-site (Fig. 2B) (Robb et al. 2019). Next, the viral polymerase uses de novo initiation at the 3’ terminal UC of the vRNA template to generate a pppApG dinucleotide (Fig. 4C). Initiation is dependent on the priming loop, which contributes to the stabilisation of the initiation complex (Te Velthuis et al. 2016). After initiation, the priming loop is likely extruded from the active site in order to make space for extension of the nascent cRNA, as has been observed during transcription elongation (Kouba et al. 2019), since truncation of the priming loop stimulates elongation (Te Velthuis et al. 2016). As the nascent cRNA emerges from the RNA polymerase, the cRNA assembles into a complementary ribonucleoprotein (cRNP) complex, a vRNP-like structure, in which a newly produced RNA polymerase associates with the terminal cRNA ends and oligomeric NP binds the rest of the cRNA stabilising it from degradation (Fig. 4A) (Vreede et al. 2004; York et al. 2013). Expression of RNA polymerase and NP is indeed essential for the accumulation of cRNA during infection.
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In the second step of replication, cRNA in the context of cRNPs acts as a template for the synthesis of vRNA (Fig. 4B). The 3’ end of the cRNA has been shown to bind at the B-site on the surface of the polymerase (Fig. 2B), which suggests that the 3’ cRNA terminus uses a different pre-initiation site before the 3’ end of the cRNA enters the active site and initiation occurs (Fan et al. 2019; Peng et al. 2019). By contrast to initiation on the vRNA template, the polymerase initiates internally at positions 4 and 5 of the cRNA template to produce a pppApG dinucleotide (Fig. 4D). The dinucleotide next acts as a primer for terminal initiation at positions 1 and 2 of cRNA after backtracking of the cRNA template (Deng et al. 2006) with the aid of the priming loop and a regulatory polymerase (Oymans and Te Velthuis 2018; Fan et al. 2019). The regulatory polymerase forms a dimer with the resident cRNP-associated polymerase which carries out replication. Several studies have shown that the influenza virus RNA polymerase can dimerize and that genome replication requires a second polymerase in addition to the polymerase that resides in the cRNP (Jorba et al. 2008; York et al. 2013; Chang et al. 2015; Fan et al. 2019; Peng et al. 2019). In the influenza A virus polymerase, PA residues 352-356 of both polymerases, and PB2 residues 71-76 of one polymerase and PA residue 347 of the second polymerase contribute to the dimer interface (Chang et al. 2015; Fan et al. 2019). Mutation of the dimer interface or its disruption with a nanobody inhibit vRNA synthesis by reducing the efficiency of cRNA template backtracking, and thereby realignment of the pppApG and terminal pppApG-primed initiation (Fan et al. 2019). Specifically, analysis of the priming loop shows that the beta-hairpin adopts different positions dependent on the oligomeric state of the polymerase. When the polymerase is in a monomeric form, the priming loop resides in a position that would promote internal initiation, but upon dimerization the priming loop changes position and facilitates backtracking of the template RNA to allow terminal pppApG-primed initiation of vRNA synthesis (Fan et al. 2019). The 5’ end of the vRNA product is most likely captured by a stabilising polymerase as soon as it emerges from the active site of the replicating cRNP-resident polymerase, initiating the assembly of the vRNA with NP into vRNP (Fig. 4B). Whether it is the same or two different polymerase heterotrimers that carry out regulation and stabilisation remains to be determined.


Host factors and adaptive mutations

Influenza virus polymerase function depends on association with host factors (Peacock et al. 2019). The transcriptional activity of the viral RNA polymerase is dependent on host Pol II for capped RNA primers that facilitate transcription initiation (Plotch et al. 1981) and structural studies have shown that the interaction of the viral polymerase with the CTD of Pol II is important for stabilising a conformation of the viral polymerase that is competent in cap-snatching and transcription initiation (Fig. 3A) (Lukarska et al. 2017; Serna Martin et al. 2018). ANP32 proteins have been identified as further host factors that are essential for viral polymerase activity. Simultaneous knock out of both ANP32A and ANP32B isoforms in human cells results in cells that are unable to support influenza virus polymerase activity in mini-genome assays and virus growth (Staller et al. 2019; Zhang et al. 2019). ANP32 proteins have been linked to viral genome replication, particularly the second step involving the synthesis of vRNA from the cRNA template (Fig. 4B) (Sugiyama et al. 2015), suggesting that ANP32 proteins are important factors for the replicase function of the polymerase. ANP32A can directly interact with the apo form of the viral polymerase (Sugiyama et al. 2015; Baker et al. 2018; Staller et al. 2019), in agreement with a hypothesis that ANP32A may help recruit a second polymerase for vRNP formation. However, the molecular details of how ANP32A protein interacts with the replicase remain unknown.

The dependence of the viral polymerase on ANP32 proteins plays a critical role in the host restriction of avian influenza virus polymerases in mammalian cells (Long et al. 2016). A key determinant of host range is PB2 amino acid 627. This residue is a glutamic acid in avian influenza virus polymerases (Subbarao et al. 1993), but an adaptive mutation to lysine allows the avian influenza polymerase to function efficiently in a mammalian cell. In addition to the E627K change, alternative adaptive mutations have been observed. Most notably, the swine origin 2009 pandemic virus retained 627E in its avian PB2 gene and used an adaptation at position 591 to increase viral replication (Mehle and Doudna 2009; Yamada et al. 2010). These adaptive changes are linked to a host-specific difference in the ANP32 proteins. Specifically, avian ANP32A contains a 33-amino acids insertion downstream of amino acid 175. This insertion, which consists of six unique amino acids representing a hydrophobic SUMO interaction motif (SIM)-like sequence and a 27 amino acid long duplication of amino acids 149 to 175, is critical for the support of PB2 627E-containing polymerase (Long et al. 2016; Domingues and Hale 2017; Baker et al. 2018). Human ANP32A and ANP32B variants as well avian ANP32A splice forms that lack this sequence are unable to support the activity of an avian-adapted influenza polymerase with PB2 627E. Currently, the molecular basis of how the E627K mutation allows the polymerase to work with the mammalian version of ANP32A proteins remains unknown.


DI RNAs, mvRNAs and svRNAs

In addition to the synthesis of full-length copies of the vRNA segments, influenza virus replication produces defective interfering (DI) RNAs, mini viral RNAs (mvRNAs) and small viral RNAs (svRNAs) (Fig. 5A). DI RNAs were first described in the context of defective interfering particles (DIP), which are virions that are able to interfere with the production of wild-type virus (Dimmock and Easton 2014). The DI RNAs have large internal deletions but usually retain at least 150-200 nucleotides from both termini, including the conserved 5’ and 3’ terminal sequences (Jennings et al. 1983). DI RNAs are encapsidated by multiple NP molecules and are bound by a single copy of the RNA polymerase, similar to full-length viral genome segments (Fig. 5A) (Coloma et al. 2009). DI RNAs retain sufficient sequence information to be packaged into virions replacing the parent full-length vRNA segment. 

Next generation sequencing of DI RNAs has shown that deletions can occur in any genome segment, but that some segments are more prone to give rise to DI RNAs than other segments. Specifically, DI RNAs derived from the three polymerase encoding segments are most frequently observed (Saira et al. 2013; Alnaji et al. 2019). DI RNAs are generated through a still poorly defined mechanism, in which the viral polymerase ceases product elongation at one site of the viral RNA template, only to resume elongation at a downstream site, which results in a failure to copy the interlaying stretch of the template (Fig. 5B). It has been hypothesised that an intra-molecular copy-choice mechanism could be involved, in which resumption of RNA synthesis could be dependent on base-pairing between the 3’ end of the nascent product and the RNA template. However, a recent analysis of the sequences that flank the deletion (i.e., polymerase stop and restart site) found no evidence for the enrichment of direct repeat sequences at junctions, which argues against a significant role for direct repeats in DI RNA formation (Alnaji et al. 2019). Interestingly, DI RNAs encode open reading frames and could express viral protein fragments or novel proteins that may have a function in the viral replication cycle (Akkina et al. 1984; Boergeling et al. 2015).

mvRNAs are approximately 50-125 nt long aberrant replication products with very large internal deletions, retaining the conserved 5ʹ and 3ʹ termini (Fig. 5A). In contrast to DI RNAs, mvRNAs can be replicated and transcribed in the absence of NP (Turrell et al. 2013; Te Velthuis et al. 2018). Consequently, they are not (fully) encapsidated and likely not packaged into virions. Formation of mvRNAs appears to follow an intra-molecular copy-choice mechanism that does not require perfect complementarity similar to DI formation (Fig. 5B) and that is more prevalent during the replication of some vRNA segments than others, suggesting a dependence on RNA sequence and/or structure (Te Velthuis et al. 2018). The generation of mvRNAs has been linked to the dysregulation of replication, for example by an imbalance in the polymerase-NP ratio, as well as to specific amino acids in the polymerase (Te Velthuis et al. 2018; Liu et al. 2019). Specifically, an amino acid change increasing polymerase fidelity has been shown to decrease mvRNA production, while amino acids characteristic of avian influenza A virus polymerases, increase mvRNA production in mammalian cells (Te Velthuis et al. 2018).

By contrast to DI RNAs and mvRNAs, svRNAs are 22-27 nt long RNAs that only contain the 5ʹ terminus of vRNAs (Fig. 5A). They likely represent early termination products of vRNA synthesis from a cRNA template. svRNAs have been found in cultured infected cells as well as in infected mouse lung cells, and may play a role in regulating viral replication (Perez et al. 2010; Perez et al. 2012; Koire et al. 2016). In particular, it has been shown that svRNA synthesis can influence vRNA synthesis by binding to the viral RNA polymerase (Perez et al. 2012). The viral non-structural protein 2 (NS2/NEP) may be involved in regulating svRNA expression (Perez et al. 2010; Liu et al. 2019).


Innate immune responses

The innate immune response plays a critical role in the outcome of influenza A virus infections. In particular, a dysregulated immune response underpins the high virulence of pandemic and avian influenza virus infections in humans (de Jong et al. 2006; Kash et al. 2006; Forero et al. 2015). Key cytokines involved in influenza A virus infections include type I and III interferons, such as interferon beta and lambda (Klinkhammer et al. 2018). These cytokines are typically expressed in response to the detection of viral RNA by the cellular pathogen sensor retinoic acid-inducible gene I (RIG-I) which is activated by binding short double-stranded RNA containing a 5’ di- or triphosphate. Influenza vRNA and cRNA contain 5’ triphosphate and partially complementary termini which could be bound by RIG-I (Yoneyama et al. 2004; Kato et al. 2006; Pichlmair et al. 2006). In agreement with viral RNA being important for RIG-I activation, correlation between the activity of polymerase and the expression of cytokines has been observed in a number of studies (Forero et al. 2015; Li et al. 2018; Russell et al. 2019). Specifically, the polymerases of the 1918 H1N1 pandemic virus and H5N1 avian influenza viruses have been linked to excessive cytokine production (Forero et al. 2015; Li et al. 2018). 

Genomic viral RNA has been shown to be a poor inducer of RIG-I activation (Rehwinkel et al. 2010), likely because the binding of the viral RNA polymerase and NP molecules to the viral genome segments precludes RIG-I binding. svRNAs do not affect the innate immune responses during viral infections, likely because they are single-stranded and/or readily bound by the viral RNA polymerase (Perez et al. 2010). By contrast, mvRNAs and some DI RNAs are efficiently bound by RIG-I and able to induce innate immune responses (Baum et al. 2010; Te Velthuis et al. 2018). Avian and pandemic influenza viruses were found to produce high levels of mvRNAs, which correlated with the activation of antiviral genes, suggesting that production of mvRNAs by unadapted avian influenza virus polymerases in mammalian cells could be a biomarker for the “cytokine storm” phenomenon that underlies the high virulence associated with infections with these viruses (Fig. 5C). However, reduced accumulation of defective viral RNA during infection of patients with pandemic 2009 viruses has been linked to severe outcome, suggesting that low levels of defective RNAs are beneficiary through activating a protective level of antiviral innate immune responses (Vasilijevic et al. 2017). The propensity of the RNA polymerase to generate subgenomic RNAs such as mvRNAs and DI RNAs is likely to be one of the critical factors in determining the magnitude of an innate immune response generated against a particular strain of influenza virus, which helps to explain previous observations showing that the RNA polymerase contributes to influenza virus virulence. 


Concluding remarks

Recent years witnessed an unprecedented progress in understanding the structure of the influenza virus RNA polymerase, providing insights into the function of the RNA synthesis machinery in transcription of viral genes, replication of the viral RNA genome, as well in determining host range and virulence. High-resolution structures solved by using cryo-EM and crystallography offer insights into the atomic details of the initiation of transcription and replication by the influenza virus RNA polymerase. Understanding the interplay between the virus and the host and in particular the dependence of viral transcription and replication on host factors provide novel insights into the adaptation of influenza A viruses to mammalian hosts. The identification of defective viral RNAs, such as mvRNAs, and their link to innate immune activation, furthers our understanding of the molecular basis of the virulence of influenza viruses. However, many long-standing questions still remain unanswered, including how the ANP32 proteins promote the replicase function of the polymerase, how defective viral RNAs such as DI RNAs and mvRNAs are generated and what the contribution of the defective RNAs is to disease severity in humans.
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Figure legends

Figure 1. Influenza virus RNAs and vRNP structure. A) Influenza virus vRNAs. The influenza A virus genome consists of eight segments of single-stranded negative sense vRNA. Each segment contains conserved 5’ and 3’ termini, segment-specific untranslated regions (UTR) and at least one large open reading frame (ORF). B) Schematic of influenza virus vRNP and transcription and replication. vRNA segments are assembled into vRNPs with multiple copies of NP and a single copy of the viral RNA-dependent RNA polymerase (RdRp), composed of PB1, PB2 and PA subunits, that binds the conserved 5’ and 3’ vRNA termini. The RNA polymerase, in the context of vRNPs, transcribes vRNA into viral mRNA, which contains a 5’ cap-1 structure (cap) and a 3’ polyA tail (An), and replicates vRNA through a complementary RNA (cRNA) replicative intermediate, which is assembled with NP and polymerase into cRNP. C) Structure of the influenza virus vRNP. NP protomers are shown in surface and cartoon representation (PDB 4BBL).

Figure 2. Structure of the influenza virus RNA polymerase. A) Surface presentation of the influenza A virus RNA polymerase (PDB 6RR7) bound to capped RNA primer and 5’ and 3’ vRNA termini. The subunits of the RNA polymerase are coloured as in Figure 1. B) Schematic model of the influenza A virus RNA polymerase showing the core chamber of the polymerase and its connection to the solvent via template and NTP entry channels, and template and product exit channels. The location of the priming loop (PL) as well as the 3’ and 5’ end binding pockets are indicated.

Figure 3. Transcription by the influenza virus RNA polymerase. A) Association of the influenza virus RNA polymerase with the serine-5 phosphorylated C-terminal domain (CTD) of host RNA polymerase II (Pol II) and cap-snatching. B) Schematic model of the influenza virus RNA polymerase showing the binding of capped RNA primer and template prior to transcription initiation (top) and elongation and duplex unwinding during transcription (bottom). PL, priming loop.

Figure 4. Replication by the influenza virus RNA polymerase. A) Synthesis of cRNA by the influenza virus RNA polymerase and co-replicative assembly of cRNP. B) Synthesis of vRNA by the influenza virus RNA polymerase and co-replicative assembly of vRNP. Template realignment is promoted by a regulatory polymerase. ANP32A associates with RNA-free RNA polymerase and may regulate dimerization of the RNA polymerase. C) Schematic model of the influenza virus RNA polymerase showing replication initiation during cRNA synthesis. D) Schematic model of the influenza virus RNA polymerase showing replication initiation and realignment during vRNA synthesis.

Figure 5. Aberrant RNA synthesis by the influenza virus RNA polymerase. A) In addition to full-length vRNAs, the influenza virus RNA polymerase produces DI RNAs, mvRNAs and svRNAs. B) Synthesis of DI RNAs and mvRNAs uses an intramolecular copy-choice mechanism. C) Host-specific mutation in the viral RNA polymerase are linked to mvRNA levels. mvRNAs can be bound by RIG-I and induce RIG-I activation and cytokine expression.
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