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Influenza A virus is a causative agent of respiratory disease in 
humans responsible for seasonal epidemics and occasional 
pandemics, producing high morbidity and mortality. The viral 

genome contains eight single-stranded, negative-polarity viral RNA 
(vRNA) segments assembled into macromolecular complexes called 
viral ribonucleoproteins (vRNPs). Within each vRNP, the vRNA 
adopts a closed conformation by interaction of both ends with the 
viral polymerase. The rest of the RNA binds the nucleoprotein scaf-
fold via its phosphate backbone and with a stoichiometry of around 
24 nucleotides (nt) per nucleoprotein monomer1. The atomic struc-
ture of the nucleoprotein shows a global shape that resembles a cres-
cent with two domains, head and body, forming a groove that is the 
RNA binding site2,3. In viral particles, the vRNPs present a highly 
flexible double helical structure with the polymerase at one end and 
a closing loop at the other4. The vRNPs act as molecular machines, 
which are responsible for the transcription and replication of the 
viral genome inside the nucleus of infected cells. Both functions are 
highly processive and mediated by the heterotrimeric polymerase 
complex in the vRNP context5.

The transcription process requires coupling of the vRNP to the 
active cellular RNA polymerase II complex6–9. This is essential for 
the virus polymerase to gain access to newly synthesized host pre-
messenger RNAs, to perform cap-snatching and hence generate the 
capped RNA oligonucleotides needed as primers for viral mRNA 
synthesis10. This initiation process has recently been studied in 
influenza B using the polymerase and a small fragment of RNA11. 
After the elongation step, transcription ends by viral polymerase 
stuttering at the quasi-terminal oligo(U) signal in the template, 
leading to polyadenylation and termination12,13. However, the con-
formation of the vRNP during the various transcription steps and 

the mechanism that allows transcription reinitiation on the same 
vRNP template remain unknown. The replication process involves 
unprimed initiation14,15 and requires interaction with an additional 
virus polymerase complex16,17 and soluble nucleoprotein mono-
mers18, resulting in the formation of a new vRNP complex contain-
ing a full-length copy of the RNA template.

In this study, we performed a detailed structural analysis of 
vRNPs and show the extreme conformational heterogeneity of its 
double helical structure. By using the inhibitor nucleozin, we show 
that vRNPs are highly dynamic structures and demonstrate that 
locking the interstrand nucleoprotein–nucleoprotein interaction 
blocks the transcription elongation step. Based on these results, and 
the imaging of in vitro transcribing vRNP intermediates, we pro-
pose a mechanism for influenza vRNP transcription, whereby the 
sliding of opposite vRNP strands allows the polymerase to access 
the entire RNA template while still bound to both 5′ and 3′ termini.

Results
Extreme structural heterogeneity in vRNP interstrand nucleo-
protein–nucleoprotein interactions. Previous studies have shown 
the structure of full-length native4 or recombinant19 vRNPs, but 
the great flexibility of the complex4,20 limited the resolution. In this 
study, using cryogenic electron microscopy (cryo-EM), we per-
formed a detailed structural analysis of the conformational variabil-
ity of vRNPs and its implication in the transcription mechanism. 
vRNPs were isolated from A/WSN/33 (H1N1) virions as described 
previously4 and imaged on a Titan Krios microscope equipped with 
a Falcon II direct electron detector (Extended Data Fig. 1a). As 
expected, the conformational heterogeneity of the sample precluded 
any direct attempt at three-dimensional (3D) classification of the 
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whole set of images applying either helical or no symmetry. To over-
come this problem, we performed a two-dimensional (2D) classifi-
cation using RELION software21 to obtain groups of homogeneous 
images (Extended Data Fig. 1b). These groups typically contained 
between 1,000 and 3,000 images; the classes showing the straighter 
vRNP segments were selected for independent 3D reconstruction. 
The initial model for each class was generated using a modified 
version of the iterative helical real space reconstruction (IHRSR) 
protocol22, where the standard programmes for search and symme-
try application were replaced by others modified to deal with the 
heterogeneity of this sample (see Methods). After the initial model 
generation, structures were refined using RELION in a procedure 
designed ad hoc, where iterations with no symmetry alternated with 
iterations where helical symmetry was searched for and applied (see 
Methods for more information). This refinement protocol revealed 
that, although the structures retained the described conformation, 
that is, a double helical antiparallel structure with a major and a 
minor groove4, there was high conformational variability in the 
interaction between opposing nucleoprotein-RNA strands (Fig. 1). 
The unambiguous docking of the nucleoprotein atomic structure2 
in the reconstructions showed that nucleoproteins in the strands 
could adopt a wide range of relative positions (Fig. 1 and Extended 
Data Figs. 2 and 3); additionally, nucleoproteins assumed different 
degrees of rotation relative to the strand axis (Fig. 1d and Extended 
Data Fig. 2d). The estimated resolution showed a global value of 
around 11 Å for all structures, but the local values calculated using 
the MonoRes programme23 ranged from 7 to 25 Å (Fig. 2). A com-
mon characteristic to all volumes was that the RNA-binding groove 
region always showed the lowest resolution of the structure, point-
ing to the vRNA as one of the most flexible parts of the complex.

It is important to note that the images that could be used for heli-
cal reconstruction represented only a very small fraction (approxi-
mately 5%) of the vRNPs present in the micrographs. Therefore, 
the reconstructed structures may represent only a small portion 
of all possible vRNP conformations, revealing that nucleoprotein 
monomers can be placed in a virtually continuous distribution of 
relative positions on both strands, actually forming pseudohelical 
structures in most cases.

Highly dynamic nature of vRNP interstrand interactions.  
One reconstruction obtained from an underpopulated class, con-
taining approximately 400 images, showed a structure where the 
nucleoprotein monomers were rotated approximately 90° from their 

a b c d

Fig. 1 | 3D reconstructions of different conformations of the helical part of vRNPs. a–d, Different conformations of the vRNP. Top row: the head and body 
domains of the nucleoprotein are outlined in yellow and green, respectively. Bottom row: the docking of the nucleoprotein atomic structure (PDB: 2IQH)  
is shown in the opposite strands in red and blue. Scale bar, 50 Å.
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Fig. 2 | local resolution map of vRNPs. The average resolution of the 
reconstructed volumes was around 11 Å in all cases, but the structures 
showed a wide range of resolutions in the different regions, varying from  
7 to 25 Å. As an example, the resolution map of the structure shown in 
Fig. 1a is shown in the left column and the docking of the nucleoprotein is 
shown on the right. The lowest resolution corresponds to the RNA position 
in the binding groove of the nucleoprotein and, to a lesser extent, the region 
of interaction between the strands (top row). Bottom row: the external side  
of the nucleoprotein, also predicted to interact with RNA4, shows a region 
of lower resolution (green arrow).
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usual position, that is, having the head-body axis perpendicular to 
the nucleoprotein-RNA strand line and contacting through the body 
of the molecules (Fig. 3a). Docking of the nucleoprotein atomic 
structure into the strands showed a structure resembling the dimers 
that form after treatment of free nucleoproteins with nucleozin-like 
inhibitors24 (Fig. 3b). Nucleozin and nucleozin-like compounds are 
antiviral molecules that target nucleoprotein-dependent processes 
through the formation of nucleoprotein aggregates, although the 
actual underlying inhibitory mechanism is still unknown24,25. The 
results shown in the present study strongly suggest the possibility 
that nucleozin would interact directly with the native vRNPs. To 
study the possible conformational changes induced by these com-
pounds, we incubated vRNPs with nucleozin and determined their 
structure using negative staining and cryo-EM. The characteriza-
tion by negative staining showed that treated vRNPs were appar-
ently straighter than untreated complexes (Extended Data Fig. 4a),  
but longer particles appeared as zigzag helices (Extended Data  
Fig. 4b). 2D averages of the images showed an arrangement of the 
helix different from the native particles and distinctive sharp cor-
ners were found along the particles (Extended Data Fig. 4c). Despite 
this apparent straightness, and likewise for untreated vRNPs, the 
cryo-EM images exhibited very high structural heterogeneity and 
only a small fraction of them (approximately 15%) could be used 
for 3D reconstruction. The final volumes showed a new helical 
arrangement, different from the structures obtained for untreated 
vRNPs, and also distinct from that obtained for the underpopu-
lated class (Fig. 3c and Extended Data Fig. 5a). In this structure, 
the diameter of the helix increased substantially from around 150 
to 200 Å and the nucleoprotein monomers of opposing strands were 
in contact at a single point on the nucleoprotein body, coinciding 
with one of the nucleozin binding sites as shown by the docking 
(Fig. 3c and Extended Data Fig. 5a). Moreover, the orientation of the 
nucleoprotein head-body domains indicated that the major groove 
of the structure had collapsed and the minor groove was opened by 
the action of the inhibitor (Extended Data Fig. 5b). The observation 
that treatment with the inhibitor resulted in straighter vRNPs while 
maintaining conformational variability can be explained by the 
3D structures obtained. The rotation induced in the nucleoprotein 

monomers due to nucleozin binding decreases the head-body inter-
action between consecutive monomers in the same strand, which 
may increase the possibility of small movements and changes in the 
position of the nucleoprotein dimers along the z axis of the complex, 
thus maintaining structural heterogeneity (Extended Data Fig. 5c).

Nucleozin and nucleozin-like compounds act like a staple with 
two ends that can interact with two nucleoproteins24. The inhibi-
tion mechanism on vRNPs is based on the binding of one end of 
nucleozin to a nucleoprotein, with the other end remaining free 
until thermal vibration and flexibility approximates and facilitates 
the binding to the nucleoprotein of the adjacent turn (Extended 
Data Fig. 5b). After this initial union, the neighbouring nucleo-
proteins of contiguous turns become closer and nucleozin binding 
can extend cooperatively to the rest of the helix. Thus, incubation 
with nucleozin cross-links the nucleoproteins on opposite strands 
of adjacent turns and blocks the structure of the vRNP. These results 
also show that vRNPs are highly dynamic structures, even in the 
absence of any ongoing transcription or replication process.

Nucleozin treatment blocks transcription elongation in vitro. To 
analyse the effect of nucleozin treatment on vRNP functionality, we 
measured the transcriptional activity in vitro at various nucleozin 
concentrations (Fig. 4 and Extended Data Fig. 6). The results 
showed that nucleozin inhibited mRNA synthesis in a dose-depen-
dent manner, but pretreatment time had little influence (Extended 
Data Fig. 6c). However, in all cases, synthesis of long fragments 
of mRNA was more affected than that of shorter ones. These data 
indicate nucleozin’s ability to inhibit not only in vivo transcription 
activity, as reported previously26, but also the in vitro transcription 
activity of isolated vRNPs, suggesting a perturbation mainly at the 
elongation step.

The double helical conformation is maintained during vRNP 
transcription. The conformational heterogeneity and flexibility 
of the helical part of vRNPs and the inhibition of transcription 
produced by cross-linking the nucleoproteins of opposite strands 
strongly suggests the existence of a sliding movement between 
both strands as a necessary step for vRNPs biological activity.  

a
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c

Fig. 3 | effect of nucleozin on vRNPs structure. a, 3D reconstruction of a native vRNP showing an unusual conformation and the docking of the nucleoprotein. 
The nucleoproteins on the opposite strands interact through their bodies. b, Comparison between the relative position of the docked nucleoproteins shown in 
a (red and blue) and the nucleoprotein dimers formed on addition of a nucleozin-like inhibitor (PDB: 3RO5; green); the inhibitor is shown in magenta. c, One 
of the 3D reconstructions obtained after incubation of native vRNPs with nucleozin; treatment blocks the nucleoprotein monomers in a rotated position. The 
docking in the lower turn shows the contact between two nucleoproteins (black arrow); the nucleozin binding sites are shown in magenta. Scale bars, 50 Å.
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To test this hypothesis, we purified vRNPs from a recombinant 
virus (rWSN-PB2-His10) harbouring a polymerase basic protein 
2 (PB2)-His-tagged polymerase, performed in  vitro transcription 
and imaged the transcribing vRNPs by EM. Aliquots of the tran-
scription reaction were collected at different time points, adsorbed 
on carbon-coated grids, negatively stained and observed on the 
microscope. The obtained images showed compact helical struc-
tures which maintain the double helical arrangement along practi-
cally all the vRNP, with a putative mRNA thread emerging from the 
middle part of the vRNP in some cases (Fig. 5a and Extended Data  
Fig. 7a). Also occasionally, nucleoprotein loops were visible at both 
ends of the vRNP (Fig. 5a and Extended Data Fig. 7a), ruling out 
the presence of the polymerase in any of them and indicating that 
it had moved to an internal point in the helical part of the com-
plex. These particles containing two nucleoprotein loops were never 
observed in non-active vRNPs control preparations (summarized 
in Supplementary Information Table 1). Moreover, a bulky mass in 
the helical structure forming a discontinuity in the helix was clearly 
visible in most of cases. This discontinuity coincides with the point 
where the mRNA thread emerges and could be interpreted as the 
polymerase complex. To verify this hypothesis, we labelled the His-
tagged PB2 subunit in activated and non-activated control vRNPs 
with a 5-nm Ni-NTA-Nanogold nanoprobe and they were observed 
under the microscope after negative staining (Fig. 5b and Extended 
Data Fig. 7a,b). The results showed that non-active vRNPs were 
labelled at one end (Extended Data Fig. 7b) in most cases (95%; 
Supplementary Information Table 1), depicting the expected posi-
tion of the polymerase in a resting complex. The remaining 5% is 
probably unspecific binding to the vRNP. In contrast, the percent-
age of labelled complexes in the central helix region reached 35% 
for activated vRNPs; in these cases, the Nanogold labelling normally 
coincided with the mentioned discontinuity in the helical region. 
The remaining particles marked at one end (65%) could be inter-
preted as vRNPs that, despite being in the presence of the primer 
and nucleoside triphosphates, did not start any transcription pro-
cess. These results confirmed the presence of the polymerase at an 
internal position in the helical region in active vRNPs.

Additionally, several images of the discontinuities containing the 
polymerase were selected, classified and aligned to produce more 
detailed averaged images of the polymerase in the helix (Fig. 5c and 

Extended Data Fig. 7c). In the averaged images, the presence of a 
large mass of approximately 100-Å diameter is clear, which could be 
interpreted as the polymerase (Fig. 5c, highlighted in blue) flanked 
by its two adjacent nucleoprotein monomers.

Discussion
The imaging of transcription intermediates indicated that vRNPs 
transcribe while maintaining an overall double helix structure and 
without unwinding the vRNP strands. Based on this and the struc-
tural analyses of vRNPs presented above, we propose a new mecha-
nism for influenza mRNA synthesis, the ‘processive helical track’, 
where the sliding movement between the two strands allows the 
polymerase to move along the genomic RNA while bound to both 
ends (Fig. 6 and Supplementary Video). Transcription starts at the 
3′ end using a host-capped mRNA as primer; then, the polymerase 
copies the first nucleotides of the vRNA (Fig. 6, step 1). After the 
3′ end has been copied, it has been proposed that it could rebind 
the polymerase, a process facilitated by base pairing between the 
vRNA termini27. It is also possible that the 3′ end could rebind at 
some alternative site in the polymerase, as has been suggested for 
another segmented, negative-stranded virus, namely the La Crosse 
virus28. Subsequently, the polymerase continues copying the template 
and induces the movement of both strands (Fig. 6, step 2) until it 
reaches the poly-U region near the 5′ end. At this point, the steric 
hindrance caused by association of the polymerase with the 5′ end 
stalls the strand sliding and leads to polyadenylation of the mRNA 
by repetitive copying of the U tract (Fig. 6, step 3)13,29. Finally, the 
mRNA is released and the vRNP reaches the initial state (Fig. 6,  
step 4), allowing for a new round of transcription to begin. As shown 
in the Supplementary Video, it is the relative movement between the 
RNA-nucleoprotein strand and polymerase that allows it to move 
along the entire genome. It is important to stress that this mecha-
nism does not involve sliding of the genomic RNA through the RNA-
binding groove of the nucleoprotein. Rather, the template is detached 
from the nucleoprotein and led to the polymerization site through 
the entry channel present in the polymerase27,30,31; then, the copy pro-
cess pulls the vRNA and produces the translocation of nucleoprotein 
towards the exit channel of the polymerase27. At this point, it should 
be noted that nucleoproteins, even in the absence of RNA, still bind 
each other through the tail loop present between the 402–428 amino 
acids2, forming a chain as shown in the docking of the nucleoprotein 
in the structure of native vRNPs4 (PDB: 4BBL). After polymerization, 
the template exits through the polymerase exit channel and rebinds 
the translocated nucleoprotein. This movement of detachment and 
reassembly of genomic RNA in the nucleoprotein-binding groove 
indicates a highly dynamic interaction, which is reflected in the low 
resolution presented by the vRNP structures in this region (Fig. 2).

This mechanism could also shed light on the role of the nucleo-
protein during vRNP transcription. Mini-recombinant RNPs con-
taining RNA fragments between 46 and 76 nucleotides, including the 
3′ and 5′ ends of influenza, have been shown to transcribe and repli-
cate efficiently in the absence of nucleoprotein32,33. Nevertheless, the 
presence of nucleoprotein is essential for transcription and replica-
tion of templates that are 101 nucleotides and longer, indicating that 
nucleoprotein acts as an elongation factor33,34. These data could be 
explained in view of the mechanism presented in this study, which 
provides the nucleoprotein with the ability to maintain the double 
helix structure of the complex during template copying, stabilizing 
the vRNP and keeping the vRNA in a melted and accessible confor-
mation. In this mechanism, the nucleoproteins that flank the poly-
merase, that is, the nucleoproteins that directly interact with it35,  
could play an important role in keeping the opposite nucleopro-
tein-RNA strand close to the polymerase so that the template can 
be maintained in the polymerase active site. In other words, the 
absence of nucleoprotein may lead to early release of the template, 
resulting in short, abortive RNA copies.
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Fig. 4 | Decreased in vitro transcriptional activity of vRNPs preincubated 
with nucleozin at different concentrations. a, Gel electrophoresis of 
mRNA synthesized in 1 h of transcription after 60 min of incubation with 
different concentrations of nucleozin. b, Quantification of the gel shown 
in a. The decrease in RNA synthesis was much more pronounced for long 
mRNA transcripts, suggesting that nucleozin affects mainly the elongation 
process. One result from three independent experiments is shown.
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The processive helical track implies that multiple interstrand 
nucleoprotein–nucleoprotein interactions must be broken and 
reformed during the elongation process. Nevertheless, we believe 
that the extreme flexibility of the vRNP limits the number of 
nucleoproteins affected simultaneously by the sliding movement, 
limiting the restructuring of the helical part to a local region. This 
idea is also supported by the fact that treatment of vRNPs with 
nucleozin, in the absence of any transcription or replication activ-
ity, induces a local conformation change in the vRNP that propa-
gates sequentially until it affects the whole helix. Remarkably, this 
nucleozin-impelled conformational change occurs in the absence 
of nucleoside triphosphate hydrolysis and is driven solely by the 

thermal energy of the system, indicating the plasticity of nucleo-
protein–nucleoprotein interactions.

Could this mechanism also be relevant in vRNP replication? 
Considering that nucleozin-like compounds can also inhibit in vivo 
replication when added late during infection24,26, it is reasonable to 
think that the proposed mechanism could also play a role in genome 
replication, revealing possible similarities in the elongation pro-
cesses during transcription and replication. Furthermore, the pro-
cessive helical track mechanism would be very attractive to explain 
how the progeny vRNP adopts the double helix conformation dur-
ing the replication process. However, confirmation or refusal of 
such a hypothesis must await the results of further experiments.

Polymerase

a b

c

Fig. 5 | images of the transcription process. a, Gallery of images of vRNPs during transcription. The presence of a loop at each end of the vRNPs 
is clear (red asterisks). The polymerase is visible as a kink in the middle of the helical part (blue arrows). In some cases, the presence of a putative 
nascent mRNA thread emerging from the polymerase is also evident (green arrows). b, Image of an active vRNP where the histidine-tagged PB2 
polymerase has been labelled with a 5-nm of Ni-NTA-Nanogold nanoprobe (black arrow) to show the internal position of the polymerase. Two  
loops can also be seen at the ends of the vRNP. c, Average obtained from 234 images of the polymerase placed in the middle of the helical part  
of the vRNP. Representative single images of the class are shown. On the right, an interpretation of the average with the polymerase is shown  
in blue. Scale bars, 150 Å.
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Methods
Biological techniques. The influenza viruses used throughout this study were 
A/WSN/33 (H1N1) (WSN) and a recombinant virus of the same strain, rWSN-
PB2-His10, which contains a C-terminal His-tagged PB2 polymerase subunit. The 
Madin Darby Canine Kidney (MDCK) (PTA-6500) and COS-1 (CRL-1650) cell 
lines were obtained from ATCC and were cultivated as described in Ortín et al.36. 
For recombinant virus production, MDCK cells were obtained from the National 
Reference Center for Influenza Viruses, Institut Pasteur. 293T cells were obtained 
from the laboratory of M. Perricaudet, Institut Gustave Roussy. Cells were not 
authenticated. Cells were regularly tested for the presence of Mycoplasma  
using the Myco-Alert Mycoplasma Detection Kit (Lonza) to ensure they  
were Mycoplasma-free.

Virus production. MDCK monolayers were infected with plaque-purified WSN 
virus at a multiplicity of infection (MOI) of 0.001 plaque-forming units per 
cell. When the cytopathogenic effect was apparent, the culture supernatant was 
collected and centrifuged for 10 min at 10,000g. Plaque assays were carried out  
on MDCK monolayers as described in Ortín et al.36.

Generation of recombinant viruses by reverse genetics. A sequence encoding the 
polyhistidine tag (His-tag: SFLEQKLISEEDLNSA VDHHHHHHHHHH) was 
inserted downstream of the WSN-PB2 open reading frame in the pPolI-WSN-PB2 
reverse genetics plasmid using a two-step PCR-based protocol (the sequences of 
the primers are available upon request). The pGEM3-Victoria-PB2-His10 (ref. 4) 
and pPolI-WSN-PB2-SL-Luc1-143 (ref. 37) plasmids were used as templates for 
the initial PCR reactions; an equimolar mixture of the overlapping PCR products 
was used as the template for the second PCR reaction. The resulting amplicon was 
cloned between the BstXI and NheI sites of pPolI-WSN-PB2-SL-Luc1-143, forming 
pPolI-WSN-PB2-His-143, where the His-tag is followed by a stop codon and a 
duplication of the 5′-terminal 143 nt of the PB2 segment that ensures integrity  
of the packaging signals present at the 5′ end.

The method used to produce the recombinant rWSN-PB2-His10 virus by 
reverse genetics was adapted from procedures described previously38. Briefly, the 8 
pPolI-WSN and 4 pcDNA3.1-WSN plasmids (0.5 μg for each) were cotransfected 
into a subconfluent monolayer of cocultivated 293T and MDCK cells (4 × 105 and 
3 × 105 cells, respectively, seeded in a 35-mm dish) using 10 µl of FuGENE HD 
transfection reagent (Promega Corporation). After 24 h of incubation at 35 °C, the 
supernatant was removed and cells were washed twice with DMEM and incubated 
at 35 °C in DMEM containing tosyl phenylalanyl chloromethyl ketone (TPCK)-
treated trypsin (Worthington) at a final concentration of 1 µg ml−1 for 48 h. The 
efficiency of reverse genetics was evaluated by titrating the supernatant by plaque 
assay on MDCK cells39. For subsequent viral amplification, MDCK cells were 
infected at an MOI = 0.001 and incubated for 3 d at 35 °C in DMEM containing 
TPCK-treated trypsin at a concentration of 1 µg ml−1. The viral stock was titrated 
by plaque assay on MDCK cells and viral RNA was sequenced after reverse 
transcription–PCR amplification.

Virus purification. For virus purification, clarified virus supernatants were 
centrifuged over a 33% sucrose cushion in TNE buffer (50 mM of Tris-HCl, 
150 mM of KCl, 0.1 mM of EDTA at pH 7.4) for 2.5 h at 25,000 r.p.m. and 4 °C  
in an SW 28 Ti swinging-bucket aluminum rotor (Beckman Coulter).

vRNP purification. Purified virions were disrupted as described by Parvin et al.40 
and vRNPs were purified by centrifugation on a 15–30% glycerol gradient in TN 
buffer (50 mM of Tris-HCl, 150 mM of KCl) as described previously by Compans 
et al.41. vRNPs from rWSN-PB2-His10 virions were purified by centrifugation on a 
15–30% glycerol gradient in TN buffer. The concentration of purified vRNPs was 
determined by western blot using antibodies specific for nucleoprotein and the  
PA subunit of the polymerase. Finally, vRNP activity was checked by in vitro  
RNA synthesis as described by Coloma et al.35, using either β-globin mRNA  
or ApG as primers.

Transcription assays in the presence of nucleozin. To determine the transcriptional 
activity of purified vRNPs in the presence of nucleozin (Merck Millipore)25, samples 
were first pre-incubated in a buffer containing 50 mM of Tris-HCl, 5 mM of MgCl2, 
100 mM of KCl, 1 mM of dithiothreitol (DTT) and 0, 1, 10 or 100 μM of nucleozin 
for 10 or 60 min at 30 °C. After nucleozin treatment, samples were supplemented 
with 10 mg ml−1 of actinomycin D, 1 U μl−1 of RNasin, 1 mM of ATP, 1 mM of 
cytidine triphosphate (CTP), 1 mM of uridine-5′-triphosphate (UTP), 1 μM of 
guanosine triphosphate (GTP), 10 μCi of αP32-GTP (3,000 Ci mmol−1) and 100 μM of 
ApG, and incubated for 1 h at 30 °C (ref. 35). To analyse the transcription products, 
synthesized RNA was isolated by treatment with proteinase K (50 mg ml−1) for 
30 min at 37 °C in TNE buffer, 1% SDS and extracted with phenol. The RNA was 
ethanol-precipitated, resuspended in formamide loading buffer and analysed by 
denaturing gel electrophoresis35.

Effect of nucleozin on the 3D structure of vRNPs. To analyse the structure of vRNPs 
after incubation with nucleozin, purified vRNPs were incubated in a buffer 
containing 50 mM of Tris-HCl, 5 mM of MgCl2, 100 mM of KCl, 1 mM of DTT and 

1 or 100 μM nucleozin for 60 min at 30 °C. After treatment, samples were used  
for EM analysis.

Transcriptional intermediates. To analyse the structure of vRNPs during in vitro 
transcription, His-tagged vRNPs purified on glycerol gradients were incubated in 
a buffer containing 50 mM of Tris-HCl, pH 7.5, 5 mM of MgCl2, 100 mM of KCl, 
1 mM of DTT, 10 mg ml−1 of actinomycin D, 1 U μl−1 of RNasin, 1 mM of ATP, 
1 mM of CTP, 1 mM of UTP, 1 mM of GTP and 10 μg ml−1 mRNA β-globin at 30 °C. 
Reactions were stopped at 5, 15 and 60 min and used to prepare EM grids.

Nanogold labelling of the polymerase in transcriptional intermediates was 
performed as follows: reactions prepared as described earlier were incubated  
with 5-nm of Ni-NTA-Nanogold (Nanoprobes) 1:5 (v/v) for 1 h at 4 °C, after  
which grids were prepared for EM.

EM and image processing. vRNP cryo-EM and 3D reconstruction. For cryo-EM, 
between 3 and 5 μl aliquots of purified vRNPs were applied to glow-discharged, 
carbon-coated Cu/Rh 300 mesh Quantifoil R 2/2 μm holey grids (Quantifoil Micro 
Tools) for 5 min, blotted for 2 s and frozen in liquid ethane using a Leica EM 
CPC cryo-fixation unit (Leica Microsystems). The vitrified grids were transferred 
onto a Titan Krios transmission electron microscope (Thermo Fisher Scientific) 
and images were recorded on a Falcon II direct electron detector (Thermo Fisher 
Scientific). A total of 420 movies with 69 frames and defocus ranging from 1.5 to 
3.0 μm were collected with a sampling ratio of 2.26 Å per pixel (px).

Most of the image handling and processing protocols were performed within 
the Scipion software suite (v.1.2)42 (http://scipion.i2pc.es/). Movies were imported 
into Scipion and corrected for beam-induced movement using either the optical 
flow approach43 or MotionCorr software (v.2.1)44. The contrast transfer function 
(CTF) parameters of the aligned movies were determined using the CTFFIND 
software (v.4.1.1)45. To reconstruct the vRNPs, a total of 137,461 images of the 
straighter particles were manually selected from the micrographs, representing 
approximately a quarter of the total number of complexes present in the images. 
In the first step, 200 × 200-px images of the helical segments were extracted and 
vertically pre-aligned using a multi-reference, pattern-free alignment protocol46. 
After this pre-alignment, images were cropped to 120 × 120 px and subjected to 
2D classification using the RELION software (v.2.0)21 (https://www2.mrc-lmb.
cam.ac.uk/relion). This classification allowed us to identify the straightest particles 
and obtain homogeneous groups of vRNPs images that could be used for 3D 
reconstruction. The groups typically contained between 1,000 and 4,000 images 
and were reconstructed independently. For each group, an initial helical model 
was built using a modified version of the IHRSR22 in the Spider software (v.18.0)47. 
The protocol was broadly the same as described by Egelman22, except that the 
programmes for helical search symmetry (HSEARCH) and symmetry imposition 
(HIMPOSE) were replaced by two custom-made programmes prepared for this 
study, namely xmipp_find_symmetry and xmipp_symmetrize, implemented in 
the XMIPP software (v.3.0)48. The initial helical parameters were taken from our 
previous data4. After generating the starting model for each class, a refinement 
was performed using a protocol designed to deal with the extreme flexibility of 
the vRNPs. The protocol was an iterative refinement where several rounds of 
refinement without any symmetry imposition were alternated with rounds where 
helical symmetry was searched for and applied.

With some variation, depending on the characteristics of the group of images 
under study, the refinement followed the following general scheme: the initial 
model obtained with the IHRSR protocol was filtered at approximately 65 Å and 
was followed by a refinement using RELION with no symmetry imposition (c1); 
every 4–5 iterations, helical symmetry was searched for and applied to the output 
volume using the aforementioned XMIPP programmes and a new round of 
iterations with no symmetry was performed. The refinement radius was around 
200–220 Å, depending on the straightness of the particles; the radius for symmetry 
search was around 60–80% of the refinement radius. These refinement steps 
were repeated until the angular assignment of the images and resolution did not 
change. After this, a new round of alternate refinements in c1 and with symmetry 
was carried out; however, in this second stage, the refinement radius was linearly 
reduced and so was the number of iterations without symmetry depending on 
the variation of the symmetry parameters. When the symmetry parameters were 
stable, symmetry was applied in all rounds until the angular assignment and 
resolution did not change. The final resolution of the reconstructed volumes was 
calculated using the MonoRes software23 implemented in Scipion.

Characterization of nucleozin-treated vRNPs and 3D reconstruction. For nucleozin-
treated vRNPs, an initial characterization was performed using negative staining 
methods. Briefly, aliquots of 10 μl of vRNPs pre-treated with 1 or 100 μM nucleozin 
for 1 h were adsorbed on glow-discharged Cu/Rh 200-mesh carbon-coated grids 
for 2 min and stained with uranyl acetate 2% (w/v) for 2 min. Grids were inspected 
in a JEOL 1200EX II (Japan Electron Optics Laboratory). Samples treated with 
100 μM nucleozin showed a higher level of vRNP aggregation and were discarded. 
Then, the grids of vRNPs treated with 1 μM nucleozin were selected for in-depth 
characterization either by negative staining or cryo-EM for 3D reconstruction.

The selected negatively stained grids were transferred onto a FEI Tecnai G2 F20 
electron microscope operated at 200 KV (Thermo Fisher Scientific); 367 images 
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were recorded following low-dose protocols on an Eagle 4k CCD camera  
(Thermo Fisher Scientific) using serial EM software (v.3.6.0 beta)49 at a sampling 
ratio of 2.16 Å per px. The images were imported into Scipion and the CTF  
was calculated using CTFFIND. To study the characteristic bending of nucleozin-
treated vRNPs, 1,648 of these kinks were manually selected, extracted in  
250 × 250-px boxes and classified using RELION. This processing produced 
homogeneous classes with around 150–250 images per class, showing a typical 
central line and the striking bends of this sample.

Negatively stained images were also used to obtain the initial 3D model of 
nucleozin-treated vRNPs. For this purpose, 7,489 images were manually selected 
from the straightest segments and extracted in 140 × 140-px boxes. The images 
were vertically pre-aligned as described earlier and then classified using RELION. 
The best segments were selected to find the helical symmetry parameters as 
described by Arranz et al.4, and the results were used as the initial model for the 
cryo-EM 3D reconstruction.

For cryo-EM, 5 μl aliquots of 1 μM nucleozin-treated vRNPs were applied to 
glow-discharged carbon-coated Cu/Rh 300-mesh Quantifoil R 2/2 μm holey grids 
for 5 min, blotted for 2 s and frozen in liquid ethane using a Leica EM CPC cryo-
fixation unit. The vitrified grids were transferred onto a Talos Arctica transmission 
electron microscope (Thermo Fisher Scientific) and images were recorded on 
a Falcon II direct electron detector. A total of 1,029 movies with 21 frames and 
defocus ranging from 1.5 to 3.0 μm were collected at a sampling ratio of 1.41 Å per 
px. The movies were imported into the Scipion software to correct beam-induced 
movements, find the CTF parameters, select the particles and extract the images. 
In this case, 33,037 images were manually selected from the micrographs and 
3D-reconstructed following a protocol like that described for the untreated vRNPs.

vRNP transcription intermediates. For conventional negative stain EM of the 
transcription process, 5 μl aliquots of vRNPs prepared as described in the 
Biological Techniques section were applied to glow-discharged, carbon-coated 
grids for 5 min. Samples were washed three times and stained for 1 min with 
uranyl acetate 2% (w/v). Grids were transferred to a FEI Tecnai G2 F20 electron 
microscope operated at 200 KV using a side-entry holder. Images were recorded 
using serial EM software on an Eagle 4k CCD camera following low-dose protocols 
at a sampling ratio of 1.8 Å per px and defocus ranging from 1.5 to 3.5 μm.

For transcription analysis, 5,446 images were acquired and processed in 
Scipion using the guidelines described earlier. From these images, 2,387 particles 
containing the polymerase somewhere in the helical part were manually selected, 
extracted in 256 × 256-px boxes and classified using RELION. Finally, gels were 
quantified using the ImageJ software (v.1.42g)50 (https://imagej.net/); all molecular 
graphics and figures were generated with the UCSF Chimera package (v.1.11)51 
(http://www.rbvi.ucsf.edu/chimera).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The EM maps have been deposited with the Electron Microscopy Data Bank 
(https://www.ebi.ac.uk/pdbe/emdb) under accession numbers EMD-0175,  
EMD-4412, EMD-4423, EMD-4426 and EMD-4430. The atomic coordinates of the 
docking have been deposited with the Protein Data Bank (https://www.rcsb.org/) 
under accession numbers 6H9G, 6I54, 6I7B, 6I7M and 6I85.
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Extended Data Fig. 1 | CryoeM of wild type vRNPs. a, Cryo-EM image of isolated vRNPs showing the extreme flexibility of the particles. b, Gallery of 2D 
averages with some examples of the different structures of the helical part of influenza vRNPs. Scale bars represent 100Å.
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Extended Data Fig. 2 | Variation of the relative position of two nucleoprotein monomers extracted from opposite strands of the helixes shown in Fig. 1 ad  
of the main text. For clarity, the equatorial region between the head (yellow) and body (green) domains has been marked with a red line, with the arrows 
indicating the direction of displacement. In all cases the position of the helical axis of the vRNP is represented with a vertical black line and the position of 
the dihedral axis is perpendicular to the plane of the figure and depicted by the ( ) symbol.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Docking reliability of the nucleoprotein atomic structure (pdb 2iQH) into the cryoeM density maps. From top to bottom, six views  
representing two rotated positions (top and bottom raw for each case) of the cryo-EM density maps shown at three different thresholds (2.2, 2.8 and 3.2 σ)  
corresponding to the volumes shown in Fig. 1a–c, respectively. It is important to notice that cryo-EM maps contain the genomic ARN not present in the 
atomic structure. In all cases, the quality of the fit of the nucleoprotein atomic structure into the map is evident.
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Extended Data Fig. 4 | Negative staining electron microscopy characterization of nucleozintreated vRNPs. a, After nucleozin treatment, vRNPs 
appear as straight structures with a characteristic dark centerline along the helix. b, Longer vRNPs appear as broken helixes showing sharp corners. 
These structures probably formed from the initial binding of nucleozin at different points of one long helix followed by a cooperative extension of the 
conformational change induced by the drug; the growth of the straight segments generates these striking bends in the joint zones (see Extended Data  
Fig. 5 for more information). c, Gallery of averaged kinks selected from the nucleozin-treated vRNPs. The treated particles always show a characteristic 
central line and an increase in the diameter of the helix is clearly visible (compare with Extended Data Fig. 1b), indicating that a conformational change  
has occurred. Representative individual images of each class are shown on the right. Scale bar represents 200 Å in a and b and 150 Å in c.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | effect of nucleozin on vRNP structure. a, Another structure obtained by cryo-EM after incubation of native vRNPs in the presence 
of nucleozin; the nucleozin binding site is marked with magenta circles. The structural changes are manifested in a decrease of z-rise, from 28–35 Å 
in untreated vRNPs to approximately 20 Å in the treated ones. Additionally, the phi angle drops from about 55–60 degrees to around 20 degrees. In 
consequence, the diameter of the helix increases (compare Fig. 3c and Extended Data Fig. 5a with Fig. 1a–d) and the vRNPs become shorter. Scale bar 
represents 50 Å. b, Scheme of the collapse of the major groove upon nucleozin treatment. On the left side, a draft of the wild type vRNP structure is 
shown, the upper (red) and lower (blue) strands and two pairs of nucleoproteins have been outlined, indicating the position of the nucleozin binding 
sites (magenta circles). In most cases, nucleozin probably binds to one nucleoprotein and the flexibility of the helix allows contact with the neighboring 
nucleoprotein of the contiguous turn, which produces the cross-linkage of both nucleoproteins, collapsing the major groove of the structure and opening 
the minor one. The right side of this panel shows two schemes for the helix after nucleozin binding corresponding to the structures shown in Fig. 3c 
and Extended Data Fig. 5a, respectively. c, Despite the cross-linking produced by nucleozin, vRNPs retain their flexibility due to the possibility of small 
movements among nucleoprotein dimers along the z-axis (left) or residual ability of the monomers to rotate (right). In this scheme, the nucleozin  
binding sites have been removed for clarity.
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Extended Data Fig. 6 | Decreased in vitro transcriptional activity of vRNPs preincubated with nucleozin. a, Gel and quantification of mRNA synthesized  
in 1 h of transcription after 10 min of incubation with different concentrations of nucleozin. b, Gel and quantification of the shorter mRNAs synthesized in  
1 h of transcription after 10 min of incubation with different concentrations of nucleozin. c, Effect of duration of nucleozin pre-incubation on mRNA synthesis 
by vRNPs. For treatments with small amounts of nucleozin (left panel, 1μM), the pre-treatment time had little influence on activity, but again affected longer 
mRNAs to a greater extent. One result of three independent experiments is shown.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | electron microscopy of vRNPs during transcription. a, Image gallery of negatively stained vRNPs during the transcription process. 
In all cases a nucleoprotein loop is clearly visible at each end of the vRNP and the polymerase is located at some point along the helical part (blue arrows). 
The first two images show vRNPs where the His-tagged PB2 polymerase has been labeled with 5-nm Ni-NTA-Nanogold nanoprobe (black arrows). In some 
cases, an mRNA thread emerging from the polymerase was visible (green arrows). b, Gallery of non-activated control vRNPs showing the polymerase  
Ni-NTA-Nanogold labeled at one end. c, Average images obtained after alignment and classification of the region where the polymerase was located on  
the vRNPs during transcription. Each average was obtained from around 200 images; representative single images of the classes are shown on the right. 
Scale bars represent 150 Å.
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