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Abstract

Influenza virus RNA-dependent RNA polymerase uses unique mechanisms to transcribe its single-

stranded genomic vRNA into mRNA. The polymerase is initially bound to a promoter comprising 

the partially base-paired 3′ and 5′ extremities of the vRNA. A short, capped primer, ′cap-snatched

′ from a nascent host polymerase II transcript, is directed towards the polymerase active site to 

initiate RNA synthesis. Here we present structural snapshots, determined by X-ray crystallography 

and cryo-electron microscopy, of actively initiating influenza polymerase as it transitions towards 

processive elongation. Unexpected conformational changes unblock the active site cavity to allow 

establishment of a nine base-pair template-product RNA duplex before the strands separate into 

distinct exit channels. Concomitantly, as the template translocates, the promoter base-pairs are 

broken and the template entry region is remodelled. These structures reveal new details of the 

influenza polymerase active site that will help optimize nucleoside analogs or other compounds 

that directly inhibit viral RNA synthesis.

Introduction

The heterotrimeric influenza polymerase, which comprises subunits PA, PB1 and PB2, binds 

to the conserved 5′ and 3′ termini (the ′promoter′) of each of the eight negative sense 

single-stranded viral RNA (vRNA) genome segments. It both transcribes and replicates the 

vRNA in the infected cell nucleus1–3 and is the major target for novel anti-influenza 

drugs2,4,5. Influenza polymerase employs unique mechanisms to synthesise 5′ capped and 

3′ poly-adenylated viral mRNA. Capped oligomers of 10-15 nucleotides in length, pirated 
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from nascent Pol II transcripts, are used to prime transcription6,7. Polyadenylation is 

achieved by stuttering of the polymerase on an oligo(U) stretch proximal to the template 5′ 
end8. Attempts to structurally characterize the different steps of actively transcribing 

influenza polymerase9 have hitherto been unsuccessful. For instance, capped primers with 3′ 
ends (e.g. m7GpppNN….AG-3′) complementary to the 3′ end of the template (3′-

UCGUCU…) are most efficient in transcription initiation10. However, the structure of the 

transcription initiation state, in which a short primer-template duplex is expected to be 

positioned in the active site to allow further nucleotide incorporation, has so far been 

elusive9,11. There are several reasons for the difficulty in trapping this complex, whose 

formation is the rate-limiting step in RNA synthesis11 and whose instability can result in 

abortive product formation12. Firstly, the 3′ end of the template is flexible as shown by 

single-molecule FRET13 and consistent with this, crystal structures either locate it on the 

surface of the polymerase or threaded though the template entrance channel into the active 

site cavity11,14,15. Secondly, an element of PB1 known as the priming loop, which is thought 

to stabilize the initiation state for unprimed RNA synthesis (i.e. replication)16, normally 

occupies the active site cavity and would clash with the presumed position of the 3′ 
extremity of the primer11. How the priming loop is displaced to allow transcription initiation 

and processive RNA synthesis to proceed is currently unknown. Thirdly, template 

translocation requires disruption of the highly stable distal 5′-3′ base paired region of the 

promoter (Fig. 1A, top). This is energetically unfavourable without the formation of 

compensating product-template base pairs in the active site11,13.

Here we employ a modified template that stabilises the initial primer-template interaction 

and enables visualisation by X-ray crystallography of a transcription initiation-like state. 

Subsequent addition of only ATP and GTP leads to polymerase stalling after product 

elongation by five nucleotides with concomitant template translocation, enabling us to 

visualise by cryo-electron microscopy (cryo-EM) the initiation to elongation transition.

Results

Overview of structures obtained

We used an 18+3-mer template in which the native 3’ end is artificially extended in length 

by three nucleotides (3’-UUAUCGUCU…, three nucleotide extension in italics) and a 14- or 

15-mer capped primer ending in ...AAUAG-3’ or ...AAUAGC-3’ respectively that could 

potentially make five or six base pairs with the extended template (Fig. 1B, top). Influenza B 

(FluB) polymerase was co-crystallized with these RNAs and anisotropic diffraction data 

were integrated using an ellipsoidal mask17 to a maximum resolution of 2.9-3.1 Å (Table 1). 

Structure solution revealed clear electron density for the complete primer-template RNA 

(Supplementary Fig. 1a), annealed as expected with a four or five base pair duplex between 

the primer and extended template in the active site cavity, for the 14- or 15-mer capped 

primer respectively (Fig. 1b). With respect to the native 3’ end, these structures mimic an 

initiation complex since the promoter structure is intact and the template is not 

translocated11,14. Correspondingly, there are either two base-pairs between the 14-mer 

primer (AG-3’) and native template terminal nucleotides (3’-UC), leaving space for an 

incoming CTP as the next nucleotide, or three base-pairs between the 15-mer primer 
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(AGC-3’) and template (3’-UCG) representing a post-incorporation, pre-translocation state. 

However, the extra primer-template base-pairs resulting from the artificially extended 

template imply that the crystal structures also have features of a post-initiation state in which 

the template has pseudo-translocated by three nucleotides. We also determined a third 

crystal structure with the 14-mer capped primer and soaked incoming CTP (Table 1). Local 

changes in the active site resulting from CTP binding and incorporation are described later. 

In all other respects, notably the partly extruded position of the priming loop (see below), 

the three crystal structures are the same and we refer to the observed conformation as a 

mixed-initiation state. Importantly, we were able to show that these complexes are functional 

for further elongation with only a minor loss of efficiency of the 18+3-mer compared to the 

native 18-mer template (Fig. 1d, Supplementary Figure 2). In particular, addition of only 

ATP and GTP extends the 15-mer primer by five nucleotides to form a capped 20-mer 

product, before lack of CTP causes polymerase stalling (Fig. 1d). This stalled elongation 

intermediate survives heparin treatment18,19 and is able to continue the transcription reaction 

upon addition of CTP showing that it is on pathway (Fig. 1d).

We determined that four hours incubation was optimal for formation of the stalled 

elongation complex (Supplementary Fig. 2) after which the reaction sample was frozen on 

cryo-electron microscope (cryo-EM) grids and data permitting 3D single particle 

reconstruction were collected. Two 3D classes are of particular interest. One structure, at an 

overall resolution of 3.16 Å (Supplementary Fig. 3–4, Table 2), shows a pre-initiation state 

with unperturbed promoter base pairing, the template 3’ end located on the surface of the 

protein and the capped RNA primer partially ordered (Fig. 1a). This cryo-EM pre-initiation 

conformation is similar to previous crystal structures of promoter bound influenza B 

polymerase, but with the PB1 β-ribbon packing against the promoter rather than directed 

away from it due to crystal contacts (compare PB1 β-ribbon position in Figs. 1a and 1b). 

The second cryo-EM structure, at an overall resolution of 3.20 Å (Supplementary Fig. 3–4, 

Table 2), shows an early elongation state. The template is translocated by five nucleotides, 

resulting in a remarkable nine base pair template-product duplex in the active site cavity 

(Fig. 1c, Supplementary Fig. 1c, Supplementary Video 1). Correspondingly the primer is 

extended by five nucleotides, the cryo-EM map being of sufficient resolution to confirm that 

not only is the product of the correct length (20-mer) but that the duplex sequence is as 

expected (Supplementary Fig. 1d). The transition to elongation involves a 4.5° outward 

rotation of the thumb domain (residues 509-670 of PB1, denoted PB1/509-670) together 

with the PB2 N1-N2 domains (PB2/54-153) (Supplementary Fig. 5). In addition, template 

translocation correlates with promoter base pair disruption and reconfiguration of the 

template entrance and exit channels. These structures (Figs. 1a–c), discussed in more detail 

below, together with a previous pre-initiation crystal structure11, reveal the successive 

transitions that transcribing influenza polymerase undergoes in progressing from pre-

initiation to early elongation.

Progressive extrusion of the priming loop allows growth of the product-template duplex

A priming loop inserted into the active site cavity has been shown to promote initiation of 

un-primed RNA synthesis for several viral polymerases20,21. For influenza, the priming loop 

plays a mechanistic role in vRNA to cRNA replication16 and in early stages of 
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transcription22,23. In the cryo-EM structure of the pre-initiation state (Fig. 1a), the complete 

priming loop (PB1/631-660) is visible in its characteristic β-hairpin conformation (Fig. 2a, 

Supplementary Fig. 6c), preventing the 3’ end of the primer approaching the active site. The 

tip of the priming loop (648-AHGP) forms a platform above the active site, leaving just 

enough space to accommodate and align the two nucleoside triphosphates at the +1 (GTP) 

and -1 (ATP) positions consistent with its importance for de novo initiation of vRNA to 

cRNA replication16. In this structure, the expected base pairing between the primer and 

template cannot occur due to the presence of the priming loop. Instead, the 3’ end of the 

template turns away from the template entrance and binds to the PB1 β-ribbon (Fig. 2a), as 

previously observed14. Similarly, the cap proximal part of the primer binds to the PB2 cap 

binding and midlink domains as described9 but is not visible beyond the fifth nucleotide 

(Fig. 2a). In the pre-initiation state, the mobile template 3’ end can also flip into the active 

site adjacent to the tip of the priming loop, which then becomes slightly disordered11 (Fig. 

2b).

In the crystal structures of the mixed initiation complex (Fig. 1b), the primer forms five base 

pairs (position +1 to -4) with the template and this is only possible due to the partial 

retraction of the priming loop (Fig. 2c, Supplementary Fig. 6d). The last template base 

U21(-5 position) turns is however not paired with A10 of the primer; instead, both these 

bases as well as primer base A8 form a close packed arrangement that butts against residues 

PB1/652-655 of the repositioned priming loop with conserved PB1/Asp655 forming a salt-

bridge with PB2/Arg218 (Supplementary Fig. 6a). The rest of the priming loop (residues 

632-637 and 643-656) refolds into and still blocks the template exit channel (see below) 

with residues 638-642 forming a partially disordered loop projecting into the solvent, near 

the N-terminus of PB2. The observed position of the priming loop likely does not 

correspond to that in the true initiation state but to a later post-initiation state, in line with 

the mixed nature of the structure.

Following addition of ATP and GTP, five nucleotides are incorporated into the product and a 

nine base pair duplex (positions -1 to -9) is established in the active site cavity (Fig. 1c and 

2d). This early elongation complex is in the post-translocation state, with the incoming 

nucleotide position at +1 being vacant (i.e. similar to the crystal structure with the 14-mer 

capped RNA primer). Nucleotide addition would thus result in a ten base pair duplex 

(position +1 to -9) before translocation. To accommodate the extended RNA duplex, the 

priming loop has to be fully displaced from the active site cavity with 17 residues being 

extruded into the solvent in a disordered loop that projects towards the PB1-PB2 interface 

helical bundle (Fig. 2d, Supplementary Fig. 6e). These results show for the first time how 

the priming loop is successively displaced during early transcription (see also 

Supplementary Fig. 6b–e).

The mechanism of product-template strand separation and template exit channel opening

The elongation state structure clearly identifies the PB2 helical lid domain (PB2/153-212) as 

responsible for product-template strand separation in influenza polymerase (Fig. 3a), 

confirming a previous suggestion14. The helical lid lies on top of the active site chamber 

with helix α12 facing the growing product-template duplex. Tyr207 (conserved in all 
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influenza A and B strains, histidine in influenza C) changes rotamer to stack on the template 

base of the last base pair, preventing duplex continuation beyond position -9 (Fig. 3a). The 

stable, nine base pair long product-template duplex in the active site chamber disfavors 

product dissociation. This likely explains the high processivity of elongating influenza 

polymerase, compared to the initiation phase where abortive products frequently occur due 

to the instability of a too short product-template duplex12. In the initiation state, the partially 

extruded priming loop still blocks the template exit channel (Fig. 3b–e). Only in the 

elongation state, when the priming loop is fully extruded, is there an unobstructed exit 

channel for the template after strand separation (Fig. 3d,e). There is a sharp kink at the -9 to 

-10 junction as the template exits and the -10 nucleotide is accommodated in the exit 

channel without specific interactions (Fig. 3a).

Conformation and protein-RNA interactions of the template, primer and product

Viral RNA-dependent RNA polymerases have a conserved catalytic core with six 

characteristic structural motifs (A to F) that are responsible, together with two divalent 

cations (denoted A and B), for controlling the nucleotide addition cycle24. Our structures 

reveal how these motifs, and other parts of the influenza polymerase core, interact with the 

primer, template and incoming nucleotide during transcription initiation and elongation (Fig. 

4). In the elongation state, the product-template duplex fills the active site cavity and 

residues lining it make numerous van der Waals and polar interactions to the backbone of 

both strands (Fig. 4b). The proximal part of the template strand (+1 to -4 position) binds to 

the fingers (residues 127-136), fingertips (residues 227-229 and 241-249 of motif F) and 

palm (residues 271-274 and motif B 412-415) domains of PB1. These interactions are 

conserved in the mixed-initiation complex (Fig. 4a). The distal part of the translocated 

template (positions -5 to -9), only present in the elongation complex, crosses over to the 

thumb domain to be contacted by PB1 residues 527-531 as well as conserved PB2 basic 

residues Arg211, Arg216 and Arg218 which interact with the phosphates at positions -8, -7 

and -6 respectively. The template enters the active site by undergoing the characteristic kink 

at the +1 to +2 junction25 with the +1 guanine base stacking on PB1/Ile241 and making a 

polar interaction with PB1/Lys229, both conserved motif F residues (Fig. 4a–c). In the 

mixed-initiation complex the template then follows a sinuous path back to the double 

stranded region of the promoter11,15, whereas the entire promoter region is remodelled in the 

elongation complex (see below).

The complete 15-mer capped primer is observed in the corresponding mixed initiation state 

complex (Supplementary Fig. 1a, 7). Both the cap and the first base of the primer bind in 

specific pockets formed by the PB2 cap-binding and midlink domain as previously 

described9,11. The following three bases (2-AAU-4) are stacked on each other and 

sandwiched between PB2/Tyr434 of the cap-binding domain and a salt-bridge between PB2/

Arg217 and Glu155 of the PB2 N2 domain (Fig. 4a, Supplementary Fig. 7). Between 

nucleotides five to ten, the capped primer has an irregular backbone structure that probably 

will vary according to its exact length and sequence. There is a distinct pocket for the 

splayed out base of G5, which is stacked between PB2/Arg146 and Arg425 and makes base 

contacts with PB1/Glu227. Poorly ordered bases C6 and U7 are turned outwards, whereas 

A8 stacks on A10 at the top of the primer-template duplex region and U9 is bulged out. 
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Primer bases 11-15 form an A form duplex with the template (+1 to -4). The distal part of 

the primer backbone interacts with PB1 Tyr24, Arg233, Ser493 and the peptide 

PB1/506-510, whereas the proximal part interacts with residues PB1/443-445 from motif C 

and PB1/309-310 from motif A (Fig. 4a).

In the elongation complex, the interactions with the cap proximal region of the primer 

(m7GpppGAAU) are maintained, with virtually no change in the position of the cap-binding 

domain, but the next seven nucleotides are disordered, presumably due to bulging out of the 

product, before connecting with the end of the duplex after strand separation (Fig. 3a). In the 

nine base pair duplex region, the backbone of nucleotides 16-20 of the product interact as 

the equivalently placed nucleotides 11-15 in the initial position of primer (Fig. 4a,b), 

whereas the backbone of primer nucleotides 12-15, due to their translocation, now interact 

with PB2/35-45 and PB1/124-126 and Lys706 (Fig. 4b).

The methionine-rich motif B loop reconfigures to stabilise the incoming nucleotide

In the cryo-EM elongation structure the incoming NTP position opposite template base 

G(+1) is vacant and thus corresponds to the post-translocation state (Fig. 4b). A very similar 

active site configuration is observed in the crystal structure with the 14-mer primer. Soaking 

CTP into these crystals reveals the incoming nucleotide (Fig. 4d, Supplementary Fig. 1e), 

whereas the 15-mer primer crystal structure, in which the primer-template base pair C15-

G(+1) is at the active site position, corresponds to a post-incorporation, pre-translocation 

state (Fig. 4a,c). Indeed, this structure mimics a reaction product complex since there is a 

pyrophosphate at the position of the triphosphate of the incoming NTP (Fig. 4a,c). In the 

cryo-EM elongation structure, a presumed Mg2+ ion, coordinated by motif C PB1/Asp445, 

motif E PB1/Glu490 and the carbonyl oxygen of motif A PB1/Gly304, is found in a position 

typical for metal A in the inactive ’open’ state25 (Fig. 4b,c). In the 15-mer crystal structure, 

metal A is not observed, but there is a magnesium at the metal B site, octahedrally 

coordinated by motif A PB1/Asp305, the carbonyl oxygen of motif A PB1/Gly306, motif C 

PB1/Asp444, the phosphate of the terminal primer nucleotide C15 and the pyrophosphate 

(Fig. 4a,c). In the CTP bound, 14-mer primer structure, only metal B is observed. Based on 

the architectural similarity of viral RNA polymerase active sites, local conformational 

changes of motifs A and D will be required to reorientate the active site triad of aspartates 

(PB1/Asp305, Asp444, Asp445) to correctly bind the two metals in a catalytic 

configuration25.

Comparing the post-translocation (NTP site vacant), pre-catalytic (NTP site occupied) and 

pre-translocation state (NTP incorporated into the product) structures highlights the role of 

the flexible, methionine-rich motif B loop (PB1/407-GMMMGMF-413, highly conserved in 

all orthomyxoviruses) in adapting to the presence of a base at the incoming nucleotide 

position +1 (Fig. 4d). In the pre-translocation and pre-catalytic states (i.e. with CTP), this 

base stacks on the side-chain of Met410 and also contacts the backbone of Gly411. The 

carbonyl oxygens of Gly411 and Asp242 hydrogen bond to the 2’ hydroxyls of the template 

nucleotides at respectively the -1 and +1 positions and the side-chain of Asn310 (Motif A) 

interacts with both hydroxyls of the primer nucleotide at position +1. In the post-

translocation state, when the incoming nucleotide site is vacant, motif B loop reconfigures, 
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with Met410 being buried in a hydrophobic pocket, necessitating adjustments of the side-

chains Phe344 and Phe413 as well (Fig. 4d, Supplementary Fig. 8).

Progression to elongation requires promoter melting and remodelling of the template 
entrance.

The intact vRNA promoter, as observed in the pre-initiation state, comprises both conserved 

extremities of the vRNA (Fig. 1a). The 5’ nucleotides 1–10 form a compact stem–loop 

(hook) structure (Supplementary Fig. 1b) that is tightly bound in a pocket formed by the PA 

and PB1 subunits and is required to activate polymerase functions15,26. The 5’ nucleotides 

11-14 base pair with 3’ nucleotides 10-13 forming a stem that project away from the 

polymerase (Fig. 1a). The intact promoter configuration is stabilized by a network of 

specific interactions, including stacking and pseudo base pairing of PA/His506 with 5’ A10 

and 3’ G9 respectively, and stacking of PA/Met473 on 3’ G9 (Fig. 5a,c). Of particular 

importance is the short PB1/670-677 η-helix, which stabilizes the pronounced turn of the 3’ 

backbone between nucleotides 7-11 (Fig. 5a). Finally, the tip of the PB1 β-ribbon loosely 

engages with end of the promoter duplex from the solvent side in the region of 5’ G14-3’ 

C13 (Fig. 5a,c).

A major reorganization of the promoter-binding region occurs during the initiation-

elongation transition, a consequence of the promoter melting necessitated by template 

translocation (Fig. 5b). The entire incoming template strand from nucleotide 7 to the duplex 

region in the active site is displaced from its initial position, allowing the β-ribbon to rotate 

by ~25° towards the 5’ promoter strand (Fig. 5b–e). The peptide PB1/667-681 also 

reconfigures and the η-helix is replaced by a short β-strand PB1/675-677 that establishes a 

three-stranded β-sheet with the β-ribbon, stabilising its new position (Fig. 5b,d). The triple 

stack of PA/His505 with 5’ bases A11 and G12 remains, but with β-ribbon residue PB1/

Leu200 now also packing against 5’ G12, forcing 5’ A13 into a new position (Fig. 5d). An 

additional consequence of the displacement of template nucleotides 7 to 8 is that peptide 

PB2/37-44 repositions into the space vacated by these nucleotides (Fig. 5b,e). This 

movement widens the active site cavity, allowing the product-template helix to grow, with 

residues from PB2/37-44 interacting with the product strand (Fig. 4b) rather than sterically 

clashing with it. After the transition to elongation, the incoming template can therefore no 

longer follow the entry pathway into the active site as observed in the pre-initiation and 

initiation states. However, the cryo-EM map does not allow a clear definition of the 

trajectories of the outgoing 5’ end beyond nucleotide A13 or the incoming template prior to 

the +3 position (Fig. 5d), although uninterpretable density exists in the vicinity. It thus 

remains to be elucidated whether there is some mechanism to prevent interference between 

the translocating incoming template and the hook proximal 5’ strand, which are in close 

proximity. Interestingly, the remodelled PB1/667-681 region immediately follows the 

priming loop (PB1/631-660), which itself is being extruded during the initiation to 

elongation transition (Fig. 5e). This suggests that these two conformational changes might 

be coupled. However a previous co-crystal structure of FluB polymerase bound only to 5’ 

vRNA nucleotides 1-12 (PDB 5EPI26) also shows the triple-stranded configuration of the 

collapsed β-ribbon and the shift in PB2/37-44 but without exhibiting priming loop extrusion. 

Thus removal of the 3’ template from the promoter is sufficient to induce β-ribbon collapse 
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whereas priming loop extrusion is rather correlated with product-template helix growth and 

thumb domain opening as a second step after promoter melting.

Discussion

Our results, summarized in Figure 6, show that in the early stages of transcription by 

influenza polymerase the initiation to elongation transition involves progressive priming 

loop extrusion coupled to widening of the active site cavity. The latter accommodates growth 

of the product-template duplex to a steady-state of nine base pairs in the post-translocation 

state. Subsequently, the PB2 helical lid enforces strand separation, directing the template 

into the newly opened template exit channel, whereas the increasingly bulged capped mRNA 

transcript eventually forces the release from the cap-binding domain27. Concomitantly, 

template translocation causes promoter disruption, resulting in collapse of the PB1 β-ribbon 

onto the vRNA 5’ end and template entry channel remodelling. The steric hindrance of the 

priming loop to RNA duplex growth is consistent with priming loop deletions increasing 

transcription and may also explain its role in the process of template backtracking and 

realignment during early transcription 16,22,23. The intermediate position of the priming loop 

that we observe in the mixed-initiation state structure correlates well with a previous 

proposal, based on the anomalously high Km for ATP incorporation at template position 5, 

that a considerable structural transition had to occur at this stage to permit elongation12. 

Hepatitis C (HepC) virus polymerase has a β-hairpin priming loop similar to that of 

influenza polymerase and an analogous extrusion mechanism has been implicated in the 

transition to elongation, although a substantially larger rotation (~20°) of the thumb domain 

is observed21,28. However deletion of the priming loop was required to obtain the HepC 

elongation structure21,28. Thus, the influenza polymerase structures reported here, to our 

knowledge, are the first to show successive configurations of an intact priming loop during 

the transition to elongation (Fig. 2). Whether the extruded priming loop has another 

functional role during later steps in transcription remains to be elucidated. The priming loop 

extrusion is reminiscent of the large displacement of the N-terminal domain of T7 RNA 

polymerase that permits template-product duplex growth and transcript exit29. Similarly, in 

bacterial and eukaryotic RNA polymerases, the 3.2 region of bacterial σ-factor30,31 or the 

topologically corresponding B-reader of transcription factor IIB32, respectively, have to be 

displaced in the initiation to elongation transition.

The nine base pair length of the post-translocation template-product RNA duplex in 

elongating influenza polymerase is the same as for the RNA-DNA hybrid duplex in 

elongating bacterial33 and eukaryotic34 RNA polymerases, whereas for T7 bacteriophage 

RNA polymerase, the hybrid is slightly shorter29,35. Similarly, in these systems, 

idiosyncratic structural elements that stack against the last base pair of the duplex play an 

analogous role to the PB2 helical lid in promoting strand separation. In T7 bacteriophage, 

bacterial and eukaryotic RNA polymerases, thumb domain helices29, the ’lid loop’33 

and ’rudder’34, respectively, separate the strands of the product-template duplex directing 

them into distinct exit channels. However, small viral ssRNA RNA-dependent RNA 

polymerases, such as those from HepC (PDB 4E7A), Norwalk (PDB 3BSO), entero (PDB 

5FNG) or polio (PDB 3OL7) viruses, lack such a feature. For these enzymes, the exact 
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length of the product-template duplex is not established, nor is the mechanism of strand 

separation.

This work provides the first characterization of the dynamics of influenza polymerase active 

site during the nucleotide addition cycle. Of particular note is the flexible methionine-rich 

motif B loop, which is observed in several conformations during the pre- to post-

translocation transition (Fig. 4d, Supplementary Fig. 8a). In one positon, PB1/Met410 would 

clash with the base in the +1 template position. We suggest that the motif B loop pushing on 

the template strand might be part of the mechanism promoting product and template 

translocation after nucleotide incorporation. At the other end of the template-product duplex, 

flipping of Tyr207 could act as a shutter during translocation, allowing individual template 

bases to sequentially enter the exit tunnel.

Our results contribute the first snapshots towards a structure-based, mechanistic 

understanding of the complete cap-dependent transcription cycle of influenza polymerase, 

from initiation to termination. Some features, such as priming loop extrusion and strand 

separation, are also likely to occur in the same way during unprimed replication. By varying 

the template and capped primer sequence and/or length in combination with various NTPs or 

nucleoside analogues, our methodology can be extended to capture multiple RNA synthesis 

intermediates. Structural analysis of such states, by the complementary techniques of X-ray 

crystallography and cryo-EM, will not only give further insight into the mechanisms of RNA 

synthesis by influenza polymerase, but should also be valuable for anti-influenza drug 

development. In this respect, knowledge of the different configurations of the motif B loop 

could be of particular help in optimizing specific inhibitors, such as nucleoside analogues, 

targeting the influenza polymerase RNA synthesis active site36,37.

Methods

Expression and purification

The influenza B/Memphis/13/03 (FluB) polymerase self-cleaving polyprotein heterotrimer 

construct was expressed in High Five insect cells as described previously14. Frozen cell 

pellets were re-suspended in lysis buffer (50 mM Tris-HCl, 500 mM NaCl, 10% glycerol, 

pH 8) containing protease inhibitors (Roche, complete mini, EDTA-free). Following lysis by 

sonication and centrifugation at 20,000 r.p.m. (JA20/Beckman Coulter) for 45 min at 10°C, 

the supernatant was precipitated by ammonium sulphate (0.5 g ml−1) and centrifuged at 

45,000 r.p.m. for 45 min at 10°C (45Ti/Beckman Coulter). The pellet was re-dissolved in 

lysis buffer, and finally re-centrifuged at the same settings. Cleared supernatant was 

incubated with nickel resin (His60 NiNTA, Clontech) for one hour at 10°C. Protein was 

eluted with lysis buffer supplemented with 500 mM imidazole and loaded on a Strep-Tactin 

matrix (Superflow, IBA). Elution was performed with 2.5 mM d-desthiobiotin in low salt 

buffer (50 mM Tris pH 8, 250 mM NaCl, 10 % glycerol). Pooled FluB polymerase fractions 

were filtered with 0.22 μm filter and loaded on a heparin column (HiTrap Heparin HP, GE 

Healthcare). Elution was performed with a gradient using buffers A and B (2 mM TCEP, 50 

mM HEPES, pH 7.5, 150 mM (A) or 1 M NaCl (B), 5% glycerol). Homogeneous 

monomeric polymerase was pooled and dialysed overnight with 6-8 kDa molecular weight 

cut-off membrane tubing (Spectra/Por, Spectrum Labs) into 50mM HEPES, 500 mM NaCl, 
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5% glycerol at pH 7. Finally, the protein was concentrated with Amicon® Ultra-15 (50 KDa 

cutoff), flash-frozen and stored at -80 °C.

Cap-dependent polymerase transcription assays

Separated synthetic 18-mer or 18+3-mer 3’ and 14-mer 5’ ends (IBA) were used as vRNA 

and synthetic 14- or 15-mer capped RNA (TriLink Biotechnologies) as primer (Table S1, 

Fig. 1a). For the cap-dependent transcription assay, 0.6 μM FluB polymerase, 0.75 μM 

vRNA, 0.75 μM capped RNA primer, 50 μM GTP, ATP and 2.5 pM α-32P-ATP were mixed 

and incubated in reaction buffer (150 mM NaCl, 50 mM HEPES, pH 7.4, 5 mM MgCl2 and 

2 mM TCEP) at 30 °C for 0.5, 1, 2, 3, 4, 5 and 6 hours. Samples were separated on a 7 M 

urea, 20% acrylamide gel in TBE buffer, exposed on a storage phosphor screen and read 

with a Typhoon scanner. 20-mer, 23-mer and 28-mer RNAs, 2-O’-methylated at first 5’ 

ribose adjacent to the cap and radio-labelled at the 3’ end were used as markers (Table S1). 

For quantitative analysis, transcript bands were analyzed in Quantity One software (BIO-

RAD).

The elongation intermediate stability was determined by a transcription assay in the 

presence of heparin as a competitor similarly to as described18,19. The elongation 

intermediate complexes were reconstituted by mixing 0.2 μM FluB polymerase with 0.25 

μM of either synthetic 18-mer or 18+3-mer 3’, 14-mer 5’ end, synthetic 15-mer capped RNA 

as a primer, and 100 μM GTP, ATP and 2.5 pM α-32P-ATP in reaction buffer (150 mM 

NaCl, 50 mM HEPES, pH 7.4, 5 mM MgCl2 and 2 mM TCEP). After four hours pre-

incubation at 28 °C, either 100 μM CTP or CTP and heparin at 50 μg/ml were added to the 

reaction and incubated for an additional 15 minutes. Positive control samples were incubated 

with either only GTP and ATP or GTP, ATP and CTP for 4 hours and 15 minutes. Samples 

were separated on an 8 M urea, 20% acrylamide gel in TBE buffer, exposed on a storage 

phosphor screen and read with a Typhoon scanner. Competitor test experiments were also 

conducted, demonstrating that the concentration of heparin (50 μg/ml) used was sufficient to 

completely abolish transcription if present in the reaction before the addition of influenza 

polymerase (Fig. 1d).

Crystallization, data collection and structure determination

FluB polymerase at 9 mg ml−1 in dialysis buffer was mixed with 40 μM of the vRNA 5’ end 

14-mer, 40 μM of the vRNA 3’ end 21-mer and 80 μM 14-mer or 15-mer capped RNA. 

RNAs used are listed in Table S1. Hanging drops for crystallization were set up at 4 °C. 

Marquise-shaped crystals growing up to 200 μm in size appeared in two to three weeks in 

mother liquor containing 200 mM di-ammonium phosphate and 100 mM sodium acetate 

between pH 4.0 and 4.4. CTP was soaked for 18 hours at a final concentration of 5 mM in 

the drop. Crystals were cryoprotected with 30 % glycerol in mother liquor and flash-frozen 

in liquid nitrogen. Diffraction data were collected on beamlines ID30A-1 (MASSIF, 

wavelength 0.966 Å) and ID29 (wavelength 0.977 Å) at the European Synchrotron Radiation 

Facility (ESRF, Grenoble, France). Anisotropic data were integrated with AUTOPROC/

STARANISO using an ellipsoidal mask with resolution cut-off criteria local (I/σI) = 1.217 

(Table 1). Crystal structures were solved by molecular replacement with PHASER38, using 

the FluB polymerase structure (PDB 5MSG)11, rebuilt with COOT39, refined using 
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REFMAC540 with TLS parameters and validated with MolProbity41 (Table 1). For the 

capped 15-mer structure, 92.1 (0.4) % of residues were in the Ramachandran favoured 

(outlier) regions, and the Molprobity score and clash score were 1.72 and 1.47, respectively. 

For the capped 14-mer structure, 94.4 (0.2) % of residues were in the Ramachandran 

favoured (outlier) regions, and the Molprobity score and clash score were 1.73 and 1.80, 

respectively. For the capped 14-mer+CTP structure, 92.2 (0.7) % of residues were in the 

Ramachandran favoured (outlier) regions and the Molprobity score and clash score were 

1.80 and 1.99, respectively.

Cryo-EM of cap-dependent transcribing complexes

To assemble transcribing complexes, 0.8 μM FluB polymerase, 1 μM 5’ and 3’ vRNA, 1 μM 

of capped RNA and 50 μM ATP and GTP were incubated for 5 hours at 30 °C in cryo-EM 

buffer (150 mM NaCl, 50 mM HEPES, pH 7.4, 5 mM MgCl2 and 2 mM TCEP). The 

transcription reaction was then transferred to 8 °C and incubated with 50 μM non-

hydrolysable cytidine-5’-[(α,β)-methyleno]triphosphate (CMPCPP) for 10 minutes. 

Aliquots of 3 μl were applied to glow-discharged Quantifoil R1.2/1.3 Au 300 mesh grids, 

immediately blotted for 2 s and plunged into liquid ethane using an FEI Vitrobot IV (4 °C, 

100% humidity). The grids were loaded into a 300 keV Tecnai Krios (FEI) electron 

microscope (beamline CM01 at the ESRF) equipped with a K2 Summit direct electron-

counting camera positioned after a GIF Quantum energy filter (Gatan). Cryo-EM data were 

acquired using EPU software (FEI) at a nominal magnification of x165000, with a pixel size 

of 0.831 Å per pixel. Movies were acquired for 6 seconds at a flux of 8.3 electrons per Å2 

per second, giving a total exposure of ~ 50 electrons per Å2. Each movie was fractionated 

into 40 frames of 150 ms. 4151 movies were acquired at a defocus range from -0.7 to -3.3 

μm (Table 2).

Cryo-EM image processing

All movie frames were aligned using MotionCor242 (Supplementary Fig. 3a) and then used 

for contrast transfer function parameter calculation with Gctf 43. Initially, particles were 

selected without a template by Gautomatch (provided by Dr. Kai Zhang, http://www.mrc-

lmb.cam.ac.uk/kzhang) from a small portion of the data set (~200 movies). The relatively 

high dose enabled sufficient contrast to allow particle picking even in low defocused movies. 

This initial small dataset was subjected to reference free 2D-classification using RELION 

2.144. Eight representative classes of different views were selected from the two-dimensional 

averages and used as reference for automatic particle picking for the whole data set by 

Gautomatch. The resulting ~1,615,000 particles were iteratively subjected to two rounds of 

2D-classification (Supplementary Fig. 3b) at a pixel size of 5.16Å and 2.58 Å per pixel, 

respectively, and particles in classes with poor structural features were removed. The 

remaining particles (~1,055,000) were then subjected to three-dimensional classifications 

with image alignment (Supplementary Fig. 4). The first round of 3D-classification was 

restricted to eight classes and performed using bat FluA polymerase with bound vRNA 

promoter (PDB entry 4WSB) as a 60 Å low-pass filtered initial model. Classification was 

done during three rounds of 25 iterations each, using regularization parameter T = 4. During 

the second and third round, local angular searches were performed at 3.5° and 1.8° to clearly 

separate structural species. The most abundant 3D-classes were pooled together (~615,000 
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particles), re-extracted at the pixel size of 0.831Å per pixel, and a second round of 3D-

classification was performed again restricted to eight classes. Four major classes of the full 

complex of FluB polymerase with all the peripheral domains visible were identified 

(Supplementary Fig. 4). The final accuracy of the rotational alignment was ~1° and the 

translational alignment accuracy was ~0.5 pixels. In the next step, selected movie frames 

were aligned using a dose-weighting scheme of MotionCor242. The first frame (of total dose 

of approximately 1.2 e-/ Å2) and the last 21 frames (of total dose of ~26 e-/ Å2) were 

discarded to reduce the total exposure to ~22.5 e-/Å2, thus limiting the radiation damage in 

the used frames. Particles from the four 3D-classes of the FluB complex were re-extracted 

from the newly aligned movies and 3D auto-refined using respective masks in RELION 

(Supplementary Fig. 4). The results of the 3D auto-refinement were used for further 3D-

classification with restricted angular searches into eight classes (Supplementary Fig. 4). The 

two most well defined 3D-classes, corresponding to the pre-initiation and elongation 

complexes, were separately 3D auto-refined (Supplementary Fig. 4). The final cryo-EM 

density maps were generated by the post-processing feature in RELION and sharpened or 

blurred into MTZ format using CCP-EM45. The resolution of the cryo-EM density maps was 

estimated using the 0.143 gold standard Fourier Shell Correlation (FSC) cut off 

(Supplementary Fig. 3g). The local resolution was calculated using RELION 

(Supplementary Fig. 3e,f) and reference-based local amplitude scaling was performed with 

LocScale46. The angular distribution of particles (Supplementary Fig. 3c,d) was calculated 

using the cryoEF software package47.

Cryo-EM model building and refinement.

The known structure of promoter-bound FluB polymerase (PDB entry 5MSG) was first 

rigid-body fitted into the cryo-EM density by Molrep48. Individual protein sub-domain 

positions were optimised using the Jigglefit tool49 in COOT39. The vRNA promoter and 

capped RNA primer atomic models were then manually adapted using COOT. The cryo-EM 

atomic models were iteratively improved by manual building in COOT and refinement with 

Phenix real-space-refinement50. Validation was performed using the Phenix validation tool 

and model resolution was estimated at the 0.5 FSC cut off (Supplementary Fig. 3h) (Table 

2).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Data Availability

Co-ordinates and structure factors or maps have been deposited in the wwwPDB or EMDB.

FluB polymerase-initiation complex 15-mer primer (X-ray) PDB ID 6QCX

FluB polymerase-initiation complex 14-mer primer (X-ray) PDB ID 6QCW

FluB polymerase-initiation complex 14-mer primer +CTP (X-ray) PDB ID 6QCV

FluB pre-initiation complex with primer (cryo-EM) EMD-4511, PDB ID 6QCS

FluB elongation complex (cryo-EM) EMD-4512, PDB ID 6QCT
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Figure 1. Structural snapshots of the initiation to elongation transition of influenza polymerase.
a, Pre-initiation, b, mixed-initiation and c, elongation state complexes. Top. Sequence and 

secondary structure of nucleic acid moieties in each complex. The vRNA 5’ and 3’ ends are 

pink and yellow, respectively (with the artificial template +3 nucleotide extension in grey), 

and the capped primer (product) is blue or black; the difference between the 14- and 15-mer 

primers is the 3’ terminal cytidine (red). Nucleotides are numbered from the 5’ end for the 

capped RNA and the 5’ vRNA. Numbers for the 3’ vRNA (template) are with respect to the 

transcription start site as +1 (unbracketed numbers) or from the 3’ end of the native 
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unextended template (bracketed numbers). Nucleotides not visible in the structure are in 

italics. Middle: Structure of the RNA moieties, represented as spheres. Bottom: Ribbon 

diagrams of the pre-initiation (cryo-EM), mixed-initiation (crystal) and elongation (cryo-

EM) state complexes coloured according to domain structure14. d, Elongation intermediate 

stability and on pathway assay showing that pre-incubated complexes formed with either 18 

(left) or 18+3 (right) 3’ vRNA templates, together with 15-mer primer and ATP and GTP, 

are able to continue the transcription reaction upon CTP addition even in the presence of 

heparin competitor, whereas addition of heparin at the beginning of the reaction completely 

inhibits RNA synthesis (left-most two lanes in each group). Read-through and endonuclease 

cleavage products are indicated. M, radiolabelled capped RNA markers, sizes indicated on 

the left side. Uncropped image is in Supplementary Data Set 1.
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Figure 2. The priming loop extrudes out of the active site in stages during the progression from 
pre-initiation to elongation state.
a, Pre-initiation state 1 (cryo-EM). The priming loop (grey) is fully ordered in its β-ribbon 

configuration when neither the template (yellow) nor the primer (blue) are in the active site 

cavity. Nucleotide numbering as in Fig. 1. b, Pre-initiation state 2 (PDB 5MSG11). The tip 

of the priming loop disorders when the template 3’ end enters the active site cavity. c, 

Mixed-initiation state (crystal). The partially extruded priming loop accommodates five 

template-primer base pairs in the active site cavity. d, Elongation state (cryo-EM). The 

priming loop is fully extruded allowing the active site cavity to accommodate an RNA 

duplex of nine template-product base pairs in the post-translocation state (positions -1 to -9) 

and ten base pairs in the pre-translocation state (positions +1 to -9).
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Figure 3. Strand separation and template exit channel opening.
a, Superposition of the PB2 helical lid domain in the pre-initiation (light grey) and 

elongation state (red). The lid is held in place by PB2 N2 domain residues 112-119 (dark 

red?), PB1 C-terminal residues 656-659 and 699-705 (cyan), the PB1 priming loop (dark 

grey) and the PA endonuclease residues 89-97 (green). Lid helix α12 faces the product 

(blue)-template (yellow) duplex and Tyr207 (black) stacks on the template base of the last 

base pair, preventing duplex continuation beyond position -9. b,c. Cartoon (b) and surface 

(c) representations of the initiation state showing that the partially extruded priming loop 
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blocks the template exit channel and the five base pair primer-template duplex remains 

buried in the active site cavity. d, e. Cartoon (d) and surface (e) views along the open 

template exit channel after priming loop extrusion in the elongation state. The template 3’ 

end emerges from the active site cavity upon strand separation. The open channel is lined by 

parts of the priming loop (dark grey), the following linker PB1/661-670 (cyan), PB1 helix 

α22 (cyan), PB1/514-517 (cyan), the PB2 lid helix α22 (red) and PB2/34-37 (green).
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Figure 4. RNA-protein interactions in the active site cavity.
RNA-protein contacts in the active site cavity of a, the pre-translocation mixed-initiation and 

b, the post-translocation elongation states. Protein residues are coloured according to 

polymerase subunits (PB1:cyan, PB2:ruby). The template (yellow) is numbered with respect 

to the +1 site, the primer (product) (blue) with respect to the capped 5’ end. Interaction type 

is colour coded as indicated. c, View into the PB1 catalytic site showing the conserved RNA-

dependent RNA polymerase functional motifs with colour code motif A (green), B (light 

grey), C (magenta), D (green-cyan), E (orange) and F (orange-yellow). Template (yellow), 
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primer (blue), metal B (magenta sphere) and pyrophosphate (orange) are shown as observed 

in the pre-translocation initiation state. Metal A (magenta sphere), as observed in the post-

translocation elongation state, is superimposed. The G+1 template base stacks on Ile241 and 

makes a polar interaction with Lys229, and its 2’ hydroxyl hydrogen bonds to the Ala242 

carbonyl oxygen (all motif F residues). The opposite base in the primer (C15) stacks on 

Met410 (motif B) and its ribose interacts with Asn310 (motif A). d, Conformation and 

interactions of the flexible, methionine-rich motif B loop (PB1/407-413) as observed in 

occupied (light grey) and vacant (dark grey) active site crystal structures. When incoming 

CTP (orange) is present, the motif B loop remodels to stabilize the base by stacking with 

Met410 and the backbone of Gly411. The specific conformation of the motif B loop is 

further secured by a hydrogen bond interaction of Gly411 carbonyl with the 2’ hydroxyl of 

the template at the -1 position. The +1 NTP position 2’ and 3’ hydroxyls are sensed by 

hydrogen bonds to the side-chain of Asn310. When the +1 NTP is absent, Met410 flips into 

a specific hydrophobic pocket (arrow). See also Supplementary Figure 8.
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Figure 5. Promoter disruption and remodeling of the template entry channel.
a, The promoter 3’ (yellow) and 5’ (pink) base pairing and sinuous pathway into the active 

site in the pre-initiation state is stabilized by interactions with PA residues Met473 and 

His506 (green), the short PB1/670-677 η10 helix (cyan), the PB1 β-ribbon (light orange) 

and PB2/37-44 (salmon). Nucleotide numbering as in Fig. 1. b, Upon promoter melting, as 

observed in the elongation state, the PB1 β-ribbon (orange) collapses onto the 5’ end vRNA 

and forms a new three-stranded sheet together with the remodelled η10 helix residues 

(grey). PB2/37-44 move to block the position in the initial template channel previously 

occupied by 3’ nucleotides 7-8. c, Details of the promoter configuration in the pre-initiation 

state. The 3’ G9 position is stabilized by stacking to PA/Met473 (green) and pseudo-base 

pairing with PA/His506. 3’ A11 packs against PA/Met473. The PB1/670-677 η10 helix 

stabilizes the tight turn between nucleotides 8 and 9 of the template. d, Details of melted 

promoter state. 5’ A11-G12 are sandwiched between PA/His506 and PB1/Leu200 of the 

collapsed β-ribbon. The paths of the incoming template and outgoing 5’ end (arrows) are not 

defined by the structure. e, Superposition of a and b showing concerted conformational 

Kouba et al. Page 23

Nat Struct Mol Biol. Author manuscript; available in PMC 2021 May 04.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



changes associated with promoter disruption, priming loop extrusion and template-product 

duplex growth in the active site chamber.
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Figure 6. Schematic of the transitions between the pre-initiation (a,b), initiation (c) and 
elongation (d) states for transcribing influenza polymerase.
In the promoter-bound pre-initiation state the template 3’ end is either (a) on the polymerase 

surface or (b) takes a sinuous route into the active site (A in red sphere). Eventually 

stochastic displacement of the priming loop tip allows primer-template hybridization and 

incorporation of the first few nucleotides (c). Template translocation could initially occur by 

straightening of the template entrance pathway but eventually promoter melting has to occur. 

The associated collapse of the β-ribbon and closure of the initial template entry tunnel 

disfavours backtracking, re-formation of the promoter and abortive product formation. NTP 

incorporation driven translocation provides a counter force to the priming loop, which back 

extrudes in steps through the active site cavity and out of the template exit channel. Thumb 

rotation and active cavity opening allow growth of the template-product duplex to the full 

nine base pairs characteristic of the elongation state before abutting against the PB2 helical 

lid which forces strand separation (d).
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Table 1
X-ray crystallography data collection and refinement statistics

FluB/Memphis polymerase
+3’ vRNA 1-21
+5’ vRNA 1-14
+15-mer capped RNA primer
(PDB 6QCX)

FluB/Memphis polymerase
+3’ vRNA 1-21
+5’ vRNA 1-14
+14-mer capped RNA primer
(PDB 6QCW)

FluB/Memphis polymerase
+3’ vRNA 1-21
+5’ vRNA 1-14
+14-mer capped RNA primer + CTP
(PDB 6QCV)

Data collection a

Space group P3221 P3221 P3221

Cell dimensions??

     a, b, c (Å) 200.4, 200.4, 256.4 200.4, 200.4, 256.5 200.2, 200.2, 256.2

     α,β,γ (°) 90., 90., 90. 90., 90., 90. 90., 90., 90.

Resolution (Å) (anisotropic) 50.0-3.08 (ellipsoidal) 50.0-2.88 (ellipsoidal) 50.0-3.24 (ellipsoidal)

50.0-3.47 (isotropic) 50.0-3.47 (isotropic) 50.0-3.89 (isotropic)

(3.27-3.08)b (3.12-2.88)b (3.48-3.24)b

R sym 0.076 (0.756) 0.177 (1.42) 0.175 (1.19)

R meas 0.086 (0.888) 0.185 (1.50) 0.189 (1.28)

I/σ(I) 14.3 (1.7) 8.2 (1.8) 7.6 (1.5)

CC 1/2 0.999 (0.540) 0.995 (0.677) 0.996 (0.650)

Completeness (%) 75.2 (anisotropic) 60.7 (anisotropic) 67.9 (anisotropic)

Redundancy 4.8 (3.7) 8.2 (10.0) 6.9 (7.3)

Refinement

Resolution (Å) 3.08-3.47 (anisotropic) 2.88-3.47 (anisotropic) 3.24-3.89 (anisotropic)

No. reflections: work (free) 79129 (4024) 77475 (3942) 60950 (3069)

R work / R free 0.202 / 0.226 0.215 / 0.234 0.209 / 0.234

No. atoms 18582 18540 18659

     Protein (PA, PB1, PB2) 5760, 5860, 5863 5755, 5843, 5863 5755, 5852, 5863

     RNA 1084 1064 1064

     Ions 15 (PPi, PO4, Mg) 15 (3 x PO4) 6 (PO4, Mg)

     Ligand - - 29 (CTP)

B factors (Å2) (all) 123.9 109.9 126.54

     Protein (PA, PB2, PB2) 134.5, 111.1, 128.0 121.8, 97.5, 112.5 135.2, 114.2, 131.5

     Capped RNA primer 146.6 133.8 160.4

     Promoter 3’ end 103.8 89.2 106.6

     Promoter 5’ end 93.0 78.9 94.0

     Ions 147.5 130.2 138.6

     Ligand - - 135.6 (CTP)

R.m.s. deviations

     Bond lengths (Å) 0.002 0.003 0.002

     Bond angles (°) 1.141 0.731 1.133

a
For each structure one crystal was used.

b
Values in parentheses are for highest-resolution shell.
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Table 2
Cryo-EM data collection, refinement and validation statistics

Pre-initiation complex Elongation complex

(EMD-4511, PDB 6QCS) (EMD-4512, PDB 6QCT)

Data collection and processing

Magnification 165,000 165,000

Voltage (kV) 300 300

Electron exposure (e–/Å2) 22.5 22.5

Defocus range (μm) 0.7-3.3 0.7-3.3

Pixel size (Å) 0.8311 0.8311

Symmetry imposed C1 C1

Initial particle images (no.) 1,615,000 1,615,000

Final particle images (no.) 32,640 34,659

Map resolution (Å) 3.16 3.20

    FSC threshold 0.143 0.143

Map resolution range (Å) 3.09-5.90 3.05-5.90

Refinement

Initial model used PDB 4WSB,5MSG PDB 4WSB,5MSG

Model resolution (Å) 3.2 3.2

    FSC threshold 0.5 0.5

Model resolution range (Å) 3.09-5.90 3.05-5.90

Map sharpening B factor (Å2) -63 -62

Model vs map cross correlation 0.86 0.85

Model composition

    Nonhydrogen atoms 18279 18266

    Protein residues 2207 2186

    RNA residues 33 38

    Ligands 3 3

B factors (Å2)

    Protein 48.36 49.55

    RNA 53.04 42.76

    Ligand 84.10 84.68

R.m.s. deviations

    Bond lengths (Å) 0.006 0.006

    Bond angles (°) 0.750 0.735

Validation

MolProbity score 2.09 2.14

Clashscore 4.43 4.25

Poor rotamers (%) 5.64 5.87

Ramachandran plot

    Favored (%) 95.68 94.99

    Allowed (%) 4.32 5.01
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Pre-initiation complex Elongation complex

(EMD-4511, PDB 6QCS) (EMD-4512, PDB 6QCT)

    Disallowed (%) 0 0
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