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            Abstract
Negative-sense RNA viruses, such as influenza, encode large, multidomain RNA-dependent RNA polymerases that can both transcribe and replicate the viral RNA genome1. In influenza virus, the polymerase (FluPol) is composed of three polypeptides: PB1, PB2 and PA/P3. PB1 houses the polymerase active site, whereas PB2 and PA/P3 contain, respectively, cap-binding and endonuclease domains required for transcription initiation by cap-snatching2. Replication occurs through de novo initiation and involves a complementary RNA intermediate. Currently available structures of the influenza A and B virus polymerases include promoter RNA (the 5′ and 3′ termini of viral genome segments), showing FluPol in transcription pre-initiation states3,4. Here we report the structure of apo-FluPol from an influenza C virus, solved by X-ray crystallography to 3.9 Å, revealing a new ‘closed’ conformation. The apo-FluPol forms a compact particle with PB1 at its centre, capped on one face by PB2 and clamped between the two globular domains of P3. Notably, this structure is radically different from those of promoter-bound FluPols3,4. The endonuclease domain of P3 and the domains within the carboxy-terminal two-thirds of PB2 are completely rearranged. The cap-binding site is occluded by PB2, resulting in a conformation that is incompatible with transcription initiation. Thus, our structure captures FluPol in a closed, transcription pre-activation state. This reveals the conformation of newly made apo-FluPol in an infected cell, but may also apply to FluPol in the context of a non-transcribing ribonucleoprotein complex. Comparison of the apo-FluPol structure with those of promoter-bound FluPols allows us to propose a mechanism for FluPol activation. Our study demonstrates the remarkable flexibility of influenza virus RNA polymerase, and aids our understanding of the mechanisms controlling transcription and genome replication.
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                    Figure 1: Structure of FluPolC.[image: ]


Figure 2: Comparison of apo-FluPolC with promoter-bound FluPolA.[image: ]


Figure 3: Critical changes between apo-FluPolC and promoter-bound FluPolA.[image: ]


Figure 4: Capped-RNA cleavage assays with FluPolC.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Purification and characterization of FluPolC.
a, Elution profile of FluPolC, after affinity purification over IgG-sepharose, from a size-exclusion chromatography column. Eluted protein was detected by measuring the absorbance at 280 nm. b, Fractions corresponding to the major peak eluting from the size-exclusion chromatography column were mixed and analysed by SDS–PAGE on a 15% polyacrylamide gel, alongside the indicated molecular mass markers. Protein was visualized by Coomassie blue staining (PB1, 86.0 kDa; PB2, 87.2 kDa; P3, 81.9 kDa). c, Transcription and replication initiation assays. Lanes 2–6 test for transcription initiation. With the addition of vRNA promoter only (lanes 4 and 5), FluPolC can cleave a capped and radiolabelled 20-nucleotide RNA, demonstrating promoter-dependent endonuclease activity. Lane 6 shows that with the addition of NTPs, this capped primer can be extended to produce a capped transcript, thus demonstrating transcription initiation activity. This result is confirmed by lanes 7–9, which test for extension of a capped and radiolabelled 11-nucleotide RNA primer. Extension only takes place when the polymerase is supplied with NTPs and promoter RNA (lane 9). Lanes 10–12 assay for replication initiation. Lane 12 shows that FluPolC (400 ng per reaction) is able to synthesize ApG dinucleotide in a primer-independent manner. This demonstrates de novo replication initiation activity. Uncapped 20-nucleotide and 11-nucleotide primers are used as size markers in lane 1. The slow migration of the ApG dinucleotide compared to the markers is due to the lack of phosphate groups on the 5′ end of this product35. d, De novo initiation and elongation assay. FluPolC (800 ng) was incubated for 3 h with NTPs, [α-32P]GTP and 5′ or 3′ vRNA promoter strands, as indicated. In the presence of both promoter strands (lane 4), FluPolC is able to produce a full-length copy of the template (14 nucleotides, corresponding to the major band), demonstrating de novo replication initiation and elongation activity. The minor slower and faster bands may correspond to non-templated extension and premature termination products, respectively.


Extended Data Figure 2 Data and model quality.
Plots of CC*, CCfree and CCwork against resolution, for the tetragonal crystal data set and model. The CC* statistic assesses the signal present in the data, while CCfree and CCwork provide an estimate of the agreement between data and model. A CC* value of 0.87 for the highest resolution shell indicates that these data contain useful information up to 3.9 Å. CCfree and CCwork are lower than CC*, showing that the model does not overfit the data.


Extended Data Figure 3 Functional and structural relationships of FluPolC.
a, Effect of amino acid mutations in FluPolC on transcription and replication. Plasmids to express FluPolC subunits and NP along with a plasmid expressing a negative-sense CAT reporter gene flanked by the terminal non-coding sequences of the influenza C virus NS gene segment36 were transfected into 293T cells (ATCC). Total RNA was isolated using Trizol (Invitrogen) 30 h post transfection and viral RNAs were analysed by primer extension37 using the following primers: 5′-CGCAAGGCGACAAGGTGCTGA-3′ (for detection of vRNA, yielding a 127-nucleotide product) and 5′-ATGTTCTTTACGATGCGATTGGG-3′ (for detection of mRNA and complementary RNA (cRNA), yielding 98–102-nucleotide and 89-nucleotide products, respectively). Primer extension products were analysed by 6% PAGE. Quantification of primer extension analysis using phosphorimaging is shown below. The mean and s.d. of three experiments are shown. Asterisks indicate a significant difference from wild type (WT), which was set to 100% (*P < 0.05; **P < 0.01, based on a two-sample t-test). A double mutation of two aspartic acids Asp446/Asp447, that align with Asp445/Asp446 of influenza A virus PB1 found to be critical for activity38, resulted in no detectable activity in the context of FluPolC. Mutation of amino acid residues in the PB2 cap-binding and P3 endonuclease domains that align with critical amino acid residues in FluPolA39,40,41 resulted in undetectable accumulation of viral mRNA although most of these mutants were still able to replicate. The exception was Phe416Ala in PB2 that inhibited both transcription and replication, suggesting that this mutation might not only affect cap-binding but overall PB2 folding, in agreement with previously observed inhibitory effects of mutations in the cap-binding domain on replication42. The requirement of these amino acid residues for mRNA synthesis is consistent with the hypothesis that FluPolC generates capped RNA primers for transcription initiation in a manner similar to that of FluPolA. b, Structure-based phylogenetic tree showing the relationship of PB1 from FluPolC (C PB1) to other right-handed polymerases. Pairwise comparisons were performed using SHP32 and a phylogenetic tree constructed using PHYLIP. The branches are identified by the PDB accession code of the polymerase.


Extended Data Figure 4 New subunit interfaces in apo-FluPolC.
a, b, Two views of the interaction interface between PB2NLS (green) and P3endo (blue). Predicted polar contacts between the subunits are shown as dotted yellow lines. c, The interface between PB2cap (green) and PB1palm (orange). In all panels, residues at the interface were calculated using the ‘Protein interfaces, surfaces and assemblies’ service PISA at the European Bioinformatics Institute (http://www.ebi.ac.uk/pdbe/prot_int/pistart.html)43.


Extended Data Figure 5 SAXS analysis of FluPolC.
a, Calculated solution-state SAXS profiles for the crystal structures of vRNA-FluPolA3 (activated conformation) and apo-FluPolC (closed conformation). A distinguishing difference between these profiles is the dip at q ~ 0.1 Å−1 in the FluPolC curve. b, Solution-state SAXS profile of FluPolC, without added promoter RNA, overlaid with the calculated curve for the vRNA-FluPolA structure3. The good match between these curves suggests that in this particular buffer (0.5 M NaCl, 25 mM HEPES-NaOH, pH 7.5, 5% (v/v) glycerol), FluPolC adopts the same globular conformation as the RNA bound state. c, Dimensionless Kratky plot of apo-FluPolC in the presence of 0.5 M NaCl, 25 mM HEPES-NaOH, pH 7.5 and 5% (v/v) glycerol (blue) or 100 mM KCl, 2% (w/v) sucrose and 100 mM sodium phosphate, pH 7.3, with (magenta) or without (grey) 200 mM proline. Cross-hairs denote the Guinier–Kratky point (1.732, 1.104), the peak position for an ideal, globular particle. As indicated by the upward shift of the peaks in the dimensionless Kratky plot, FluPolC is less globular in the presence of phosphate than it is in the 0.5 M NaCl buffer. This effect can be lessened if proline is also present, potentially owing to increased molecular crowding.


Extended Data Figure 6 Differences at the 5′ vRNA promoter binding site.
Superposition of apo-FluPolC (darker colours) and FluPolA (lighter colours) structures, with sites of interest labelled.


Extended Data Table 1 Data collection, phasing and refinement statisticsFull size table


Extended Data Table 2 Sequence identities between subunits of FluPol from C/Johannesburg/1/1966 and those from A/Little yellow-shouldered bat/Guatemala/060/2010 or B/Memphis/13/2003, calculated using EMBOSS Stretcher45Full size table


Extended Data Table 3 Domain position differences between apo-FluPolC and promoter-bound FluPolA, calculated using SHPFull size table
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This file contains Supplementary Figure 1. (PDF 217 kb)


Conformational flexibility of FluPol
Morph between the structure of Apo-FluPolC and that of promoter-bound FluPolA (4WSB). The subunits and domains are coloured as in Fig. 2, while promoter RNA is coloured red. (MP4 4141 kb)


Changes around the promoter binding site
Zoomed in video of the same morph as in Supplementary Video 1, emphasising the changes that occur around the vRNA promoter binding site. (MP4 2702 kb)
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        Editorial Summary
Atomic structure of influenza C virus RNA polymerase
Erwin Fodor and colleagues report the crystal structure of influenza C virus RNA polymerase, captured in a closed, pre-activation conformation. This closed conformation appears very different from previously reported crystal structures of influenza A and B virus polymerases, which contained the RNA promoter. Influenza C infects pigs and humans, but is rarer than the A and B viruses and causes a less severe form of flu. Comparison of the new structure with the previous RNA-bound structures identifies large conformational changes associated with RNA binding and activation, illustrating the flexibility of the influenza virus RNA polymerase.
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