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ABSTRACT: Viral ribonucleoproteins (vRNPs) are the cornerstones of viral proliferation, as they form the
macromolecular complexes that are responsible for the transcription and replication of most single-stranded RNA
viruses. The influenza A virus (IAV) polymerase catalyzes RNA synthesis within the context of vRNPs where
genomic viral RNA (vRNA) is packaged by the viral nucleoprotein (NP). We used high-speed atomic force
microscopy and electron microscopy to study the conformational dynamics of individual IAV recombinant RNPs
(rRNPs) during RNA synthesis. The rRNPs present an annular organization that allows for the real-time tracking of
conformational changes in the NP-vRNA template caused by the advancing polymerase. We demonstrate that the
rRNPs undergo a well-defined conformational cycle during RNA synthesis, which can be interpreted in light of
previous transcription models. We also present initial estimations of the average RNA synthesis rate in the rRNP and
its dependence on the nucleotide concentration and stability of the nascent RNA secondary structures. Furthermore,
we provide evidence that rRNPs can perform consecutive cycles of RNA synthesis, accounting for their ability to
recycle and generate multiple copies of RNA.
KEYWORDS: Influenza A virus, RNA synthesis, Conformational dynamics, High-speed atomic force microscopy,
Electron microscopy, Single-molecule biophysics

Influenza A virus (IAV) is a global public health threat that
is responsible for seasonal epidemics and occasional
pandemics of respiratory disease that cause substantial

morbidity and mortality in humans. The viral genome consists
of eight different segments of single-stranded, negative-polarity
RNA (vRNA) assembled into viral ribonucleoprotein com-
plexes (vRNPs).1−5 The vRNP is the functional context in
which the viral RNA-dependent RNA polymerase (RdRp)
transcribes and replicates the vRNA.6 Within each vRNP,
partially complementary ends of the vRNA associate with
RdRp to form the promoter for RNA synthesis.7,8 The rest of
the vRNA is bound to multiple copies of a nucleoprotein

(NP), with a stoichiometry of approximately 24 bases per
monomer.9 Each vRNP adopts an antiparallel double-helical
structure with the RdRp at one end and an NP loop structure
at the other.2,4 Recent biochemical and cryogenic electron
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Figure 1. Visualization of conformational cycles of individual rRNPs during RNA synthesis. (A) 2D average of EM images of individual
rRNPs showing their annular organization and the relative positions of the RdRp and NP/RNA template (number of images = 3648; scale
bar = 20 nm). (B) Successive HS-AFM video frames of a single rRNP in the reaction buffer without NTPs, Supplementary Video 1 [2
frames/sec (fps)]. The RdRp and the NP/RNA template are clearly discernible. The rRNP preserves its structural organization and height
profile after scanning times longer than 100 s (scale bar = 20 nm). Additional HS-AFM videos in the absence of NTPs are shown in
Supplementary Video 2. C) Successive HS-AFM video frames of a single rRNP in the reaction buffer containing NTPs (100 μM) and ApG
primer (100 μM), Supplementary Video 3 (1 fps). Under these conditions, the rRNP rapidly loses its annular organization and goes through
conformational transitions before returning to its initial conformation. (D) Height profiles of frames 0, 9, and 15 s from C. Red lines indicate
the axis on which the height measurements were taken. (E) Temporal evolution of the maximum height of the representative rRNP complex
shown in C (red dots, Supplementary Video 3). Gray dots show the variation of the maximum height of the rRNP shown in panel B.
Additional HS-AFM videos in the presence of NTPs are shown in Supplementary Videos 5−8. (F) Schematic diagram of the conformational
cycle of rRNPs during RNA synthesis. (1) The rRNA template (red) is pseudo-circularized by promoter binding to the RdRp (blue) with the
rest of the RNA forming a ring coated by NP (orange spheres); the RdRp active site is shown in green. (2) In the presence of NTP/ApG, the
advancement of the RdRp during polymerization peels off the NP from the vRNA template, while the 3′ end of the template docks into a
secondary binding site on the RdRp, where it remains bound until the end of the RNA synthesis cycle.11 Local transient interactions between
the peeled NP (gray sphere) and the RdRp would help to hold the NP in place for rebinding to the outgoing ssRNA template. (3) to (5) As
the template is progressively translocated through the RdRp active site, the nascent RNA (black) grows and NP/RNA template loops are
formed on both sides of the polymerase. The incoming loop shrinks while the outgoing loop grows as RNA synthesis proceeds. (5) to (1)
Upon reading the full template and the concomitant disappearance of the incoming loop, the rRNP recovers its initial annular organization.
Green arrows indicate the direction of template movement relative to the position of the RdRp. Supplementary Animation 1 presents a
visualization of the proposed conformational cycle.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c01362
ACS Nano 2024, 18, 19518−19527

19519

https://pubs.acs.org/doi/10.1021/acsnano.4c01362?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01362?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01362?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c01362/suppl_file/nn4c01362_si_015.avi
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c01362/suppl_file/nn4c01362_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c01362/suppl_file/nn4c01362_si_003.avi
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c01362/suppl_file/nn4c01362_si_003.avi
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c01362/suppl_file/nn4c01362_si_005.avi
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c01362/suppl_file/nn4c01362_si_013.mp4
https://pubs.acs.org/doi/10.1021/acsnano.4c01362?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c01362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


microscopy (cryo-EM) structural studies revealed that native
vRNPs maintain their overall structures during the RNA
synthesis cycle. This ability was attributed to highly dynamic
vRNP interstrand interactions, in which the sliding of opposite
strands allows the polymerase to access the entire RNA
template while still binding to both 5′ and 3′ termini.5

Additionally, the outgoing vRNA template would adopt a
structure similar to the original superhelical genome segment.
In this way, after synthesis of the full-length RNA template, the
structure of the vRNP would be identical to the initial one,
allowing the RdRp to initiate a new RNA synthesis cycle and
generate multiple transcripts from a single vRNP. Despite the
vRNP maintaining its overall structure during RNA synthesis,
recent X-ray and cryo-EM structural studies of isolated actively
transcribing RdRp from IAV and influenza B virus suggested
that the topological constraint imposed by binding at both
ends of the template would imply significant local restructuring
of the NP-RNA strand at the polymerase location.10,11 As the
RdRp pulls the template vRNA from the NP into its active site
during elongation, the outgoing template protrudes to form a
growing loop, while the incoming template loop would
simultaneously shrink. However, the bulky double-helical
structure of the vRNPs prevented the detection of such
putative local conformational changes in template direction-
ality and hindered the precise localization of the RdRp position
within the complex without labeling.

Considerable effort has been made to understand the
structure and biochemical properties from isolated IAV
RdRp.10−14 However, these studies have provided snapshots
of the highly dynamic process of RNA synthesis and outside its
physiological context, the vRNP. Understanding the structural
dynamics of vRNPs during RNA synthesis is essential to
elucidating the real-time kinetic and morphological mecha-
nisms underlying viral transcription and replication reactions.
Here, we aimed to address these knowledge gaps by visualizing
the structural dynamics of individual recombinant RNPs
(rRNPs) during RNA synthesis using high-speed atomic
force microscopy (HS-AFM). This technique allows for real-
time observation of single biomolecules at 2−3 nm lateral and
∼0.1 nm vertical spatial resolutions under near physiological
conditions without chemical labeling.15−20 We used rRNPs
that bear the same protein components as native vRNPs, but
contain an RNA segment only 352 nt in length, which was
previously shown to prevent supercoiling of NPs.9 Instead,
individual rRNPs presented a characteristic annular organ-
ization, in which the RdRp could be clearly differentiated from
the NP-vRNA template.21,22 HS-AFM videos revealed
conformational changes in individual rRNPs during RNA
synthesis in real time. Backed by EM imaging, our results
showed that during RNA synthesis individual rRNPs undergo a
well-defined conformational cycle that could be interpreted in
light of previous RNA synthesis models. In addition, we
showed evidence that rRNPs can perform several consecutive
cycles of RNA synthesis, accounting for their predicted ability
to recycle and generate multiple copies of mRNA. Finally, we
provide estimations of the average RNA synthesis rate within
the rRNP and its dependence on the NTP concentration and
stability of nascent RNA secondary structures.

RESULTS AND DISCUSSION
HS-AFM Imaging Reveals Conformational Dynamics

of rRNPs under Conditions Competent for RNA Syn-
thesis. rRNPs were generated by in vivo amplification using

cDNAs of the three polymerase subunits, the NP, and a model
vRNA-like genome of 352 nt9 (Experimental Section and
Figure S1A). Different fractions from the purified rRNPs were
assayed for in vitro transcriptional activity (Figure S1B).
Initially, preparations of transcriptionally active rRNPs were
visualized by negative staining EM and HS-AFM under
conditions not compatible with RNA synthesis, i.e., in the
absence of NTPs and ApG as a primer (Figure 1; Experimental
Section). Classification and 2D averaging of the EM images
showed that the rRNPs present annular shapes with the
majority containing 12 NP monomers and a prominent mass at
the external side of the NP ring consistent with the presence of
the RdRp (Figures 1A and S1C). This organization is
comparable to that of rRNPs with similar vRNA-like genome
lengths studied previously.9,21−23 Similarly, HS-AFM images of
rRNPs deposited on bare mica also showed well-defined
annular shapes with a protruding volume of the RdRp and
dimensions compatible with those measured in EM images
(Figures 1B and S2). These images contrast with those of full-
length vRNPs where the double-helical structure of the
complex impedes localization of the RdRp (Figure S2). In
the absence of NTPs/ApG, the rRNPs maintained their overall
organization during the entire observation time and showed
only small distortions due to thermal agitation (Figure 1B,
Supplementary Videos 1 and 2). Topographic images provided
by HS-AFM showed average heights for the RdRp and the NP-
RNA template of 8 ± 1 and 6 ± 1 nm, respectively. These
heights are consistent with those obtained from the volumes of
the three-dimensional reconstruction of rRNPs bearing ssRNA
templates with similar lengths22 and the crystal structure of
IAV RdRp.12,24

Next, we aimed to investigate the conformational dynamics
of the rRNPs under conditions compatible with RNA synthesis
in the presence of the four NTPs (100 μM) and the
dinucleotide ApG (100 μM) to prime RNA synthesis25,26

(Experimental Section). Under these conditions, HS-AFM
imaging revealed that some rRNPs lost their annular
organization quickly and went through conformational
transitions before returning to the original annular shape
(Figure 1C and Supplementary Video 3). During these
conformational transitions, the positions of the RdRp and
the NP ring were no longer discernible. Instead, the height of
the rRNP nearly doubled locally before returning to its initial
values (Figure 1D and E). This local increase in height (13 ± 1
nm) is compatible with superimposition of the RdRp and one
NP monomer. We consistently observed this behavior across N
= 10 independent rRNPs (Supplementary Table S1). As
described before, none of these conformational changes and
height variations were observed in the absence of NTP/ApG
(Figure 1B and E). These results strongly suggest that these
conformational changes are associated with the RNA synthesis
reaction by the RdRp within the rRNP context. Based on these
and the results described below, Figure 1F and Supplementary
Animation 1 depict schematic representations of the relative
motion of the RdRp and NP/RNA template during RNA
synthesis.

Conformational Transitions of rRNPs Correlate with
RNA Synthesis. To confirm that the conformational
transitions of the rRNPs in the presence of NTP/ApG are
linked to RNA synthesis, we first measured the consequences
on the conformational dynamics of rRNPs of stopping RNA
synthesis once it has started. In this case, HS-AFM experiments
were performed in a reaction buffer containing ApG (100 μM)
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as primer and a mixture of the four NTPs (100 μM) including
the nonhydrolyzable UTP analogue UpNHpp (2 μM). Under
these conditions RNA synthesis would start normally, but the
eventual competitive binding of UpNHpp will pause the
synthesis reaction11 and, consequently, also halt the conforma-
tional transitions. In these assays, HS-AFM imaging showed
that the rRNPs initially undergo the same shape and height
changes; however, the complexes never recover the original
height and ring structure even if the observation time is
prolonged (N = 3), Figure 2A and B, Supplementary Video 4.
To visualize the rRNP in more detail, we performed 2D
classification of the HS-AFM movie frames. This processing
helps to mitigate the effects of lateral diffusion and drift
observed during HS-AFM imaging. The 2D averages revealed
an accumulation of elongated, bow-tie-like structures with an
internal prominent bulge with an average height of 15 ± 1 nm
(Figure 2C). These heights and morphologies were indis-
tinguishable from those observed during the conformational
transitions of the rRNPs in reactions run without UpNHpp.
Overall, these results indicate that interference with RNA
synthesis indeed arrests the conformational dynamics of the
rRNP, showing the interdependence of these two processes.

The nascent single-stranded RNA associated with rRNPs
during conformational transitions cannot be visualized with the
current spatial resolution of HS-AFM. Thus, to visualize the

nascent RNA synthesized by the rRNPs, we resorted to EM
imaging. For these experiments, RNA synthesis reactions were
started in the bulk in the presence of the ApG primer and NTP
mixtures with UpNHpp (Experimental Section). After defined
incubation times, the rRNPs were adsorbed on carbon-coated
grids and imaged by negative staining EM (Experimental
Section). Under these conditions, we observed the accumu-
lation of elongated, compact complexes clearly discernible
from the characteristic annular shape of the rRNPs not
engaged in RNA synthesis. Classification and 2D averaging of
these images revealed they present shapes and sizes compatible
with those obtained from 2D averaging of individual HS-AFM
frames (Figure 2D). In this case, the higher spatial resolution
of EM clearly identified a bowtie-like organization of the
arrested complexes, which presented two well-defined loops
flanking a central density (Figure 2D). The relative sizes of the
loops may reflect rRNPs at different stages of the elongation
phase of RNA synthesis (Figure 2E). Importantly, in
independent EM images, it was possible to clearly identify
protruding filaments associated with the bowtie-like rRNPs
(Figure 2F). These filaments were never observed in rRNP
samples assayed under conditions not compatible with RNA
synthesis. The filaments presented a width compatible with
that of ssRNA visualized by negative staining EM and exhibited
an overall morphology identical to that of ssRNA associated

Figure 2. Correlation between conformational transitions of rRNPs and RNA synthesis. Interference of RNA synthesis by nonhydrolyzable
UTP analog UpNHpp prevents the rRNP from recovering its initial annular organization and stalls conformational states with a local height
increased. (A) Successive HS-AFM video frames of a single rRNP in the reaction buffer containing ApG (100 μM) and an NTP mixture (100
μM) including the nonhydrolyzable UpNHpp (2 μM), Supplementary Video 4 (2 fps); scale bar = 20 nm. (B) Variation of the relative
maximum height over time in the presence of UpNHpp for the rRNP shown in A (blue dots, Supplementary Video 4). For comparison, gray
and red symbols show the changes in time of relative maximum heights in the absence and presence of the four natural NTPs, respectively
(as shown in Figure 1E). (C) Left panels show the 2D averages of HS-AFM frames of the major conformational states observed in the
presence of UpNHpp (N = 60 and 62, first and second panel, respectively). Images were taken from two independent movies. Panel on the
right shows the 2D average of HS-AFM frames of rRNPs in the absence of NTPs (N = 168). (D) Left panels show the 2D averages of EM
images (N = 3414 and 2576, respectively) of major conformational states observed in the presence of UpNHpp. The panel on the right
shows the 2D average of EM images of annular rRNPs in the absence of NTPs (as shown in Figure 1A). In C and D scale bars = 15 nm. (E)
Diagrams depicting the corresponding conformational states of the rRNPs (as shown in Figure 1F). (F) EM images of rRNPs upon
incubation in a reaction buffer competent for RNA synthesis containing UpNHpp (Experimental Section). Annular rRNPs (a) and rRNPs in
compacted conformational states (b) can be observed. Red arrows show the position of fibers and other structures associated with the
compacted rRNPs. None of these structures were observed in the absence of NTPs and are compatible with ssRNA synthesized during rRNP
activity.
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with actively transcribing native vRNPs studied previously by
EM.5 Note that the flexibility of the nascent ssRNA impedes its
visualization in the 2D average images of the arrested
conformations. This evidence strongly suggests that the
filaments associated with the arrested, bowtie-like compact
rRNPs may correspond to the nascent ssRNA, supporting a
direct link between the conformational transitions of the rRNP
and RNA synthesis.

RNA Synthesis Rate Is Modulated by NTP Concen-
tration and the Stability of the Nascent RNA Secondary
Structure. According to the above results, there is a direct link
between the conformational transitions observed by HS-AFM
and RNA synthesis. As described for other RNA poly-
merases,27−29 the average RNA synthesis rate of the IAV
RdRp is expected to depend on NTP concentration.
Therefore, it follows that the average time it takes for an
individual rRNP to go through a full conformational cycle
(defined as all of the transitions between two consecutive
annular shapes) should also depend on the NTP concen-
tration. We aimed to check this possibility by measuring the
average conformational cycle duration of individual rRNPs at
increasing NTP concentrations from 25 to 1000 μM and with
ApG at 100 μM (Supplementary Videos 5−8). Supplementary
Table S1 lists the number of active, independent rRNPs
measured for each condition. The time to accomplish a full
cycle decreased gradually as the NTP concentration increased,
reaching saturation at concentrations above ∼400 μM (Figure
3A). These results further support the correlation between the
cycle of conformational changes and the synthesis of nascent
RNA. Since rRNPs present a template with a well-defined
length, the average rate of RNA synthesis can be estimated by
dividing the number of template nucleotides (352 nt) by the
time required to complete a single conformational cycle. As
expected, the average RNA synthesis rate increased sigmoidally
until saturation at 400 μM NTP with a value of 31 ± 4 nt/s,
Figure 3B.

Several lines of evidence in bacterial and eukaryotic RNA
polymerases have shown that secondary structure within the
nascent RNA chain regulates average transcription rates.29−32

According to UNAfold secondary structure predictions,33 the

nascent RNA leaving the rRNP can form stable secondary
structures (Figure S3). To determine the effect of nascent
RNA secondary structure stability on the average RNA
synthesis rate, we measured the time for individual rRNPs to
undergo a conformational cycle in the presence of increasing
NTP concentrations, where UTP was replaced by N1-methyl-
pseudouridine (m1Ψ) or 5-methoxy-uridine (mo5U). Although
these two UTP analogs maintain the same Watson−Crick base
pairing relationships, m1Ψ increases while mo5U decreases
base pairing stability.34 Neither of these analogs significantly
affected in vitro RNA synthesis by the rRNPs (Figure S1B).
HS-AFM imaging revealed that incorporation of m1Ψ slowed
down the average rate slightly with respect to control UTP
conditions, an effect mainly observed at saturating NTP
concentrations (Figure 3B, Supplementary Video 9). Interest-
ingly, mo5U had a more noticeable effect; at all NTP
concentrations this analog increased the average RNA
synthesis rate by 1.5 to 2 times with respect to control UTP
conditions (Figure 3B, Supplementary Video 10). These
results strongly suggest that the stability of the secondary
structure of the nascent RNA regulates the activity of the IAV
RdRp within the context of the RNP. In particular, nascent
RNAs with weaker secondary structures would favor the
average synthesis rate of the polymerase.

Consecutive Cycles of RNA Synthesis by Individual
rRNPs. Under conditions that favored RNA synthesis, HS-
AFM imaging revealed that a significant number of rRNPs
(∼16% of the active rRNPs imaged in this study) went through
consecutive conformational cycles (Supplementary Videos 11
and 12, Figure 4A). In other words, upon finishing a
conformational cycle and recovering their initial height, these
rRNPs again proceeded through one or more similar
conformational transitions (Figure 4B). Notably, the times to
complete each conformational cycle were similar to those
measured for rRNPs that underwent only a single cycle, and
they presented an identical dependence on NTP concentration
(Figure 4C). These results further support that a full
conformational cycle would correspond to the processing of
the full template, which in turn, validates our estimations of the
average RNA synthesis rates. In addition, these results provide

Figure 3. RNA synthesis rate is modulated by NTP concentration and stability of nascent RNA secondary structures. (A) Average duration of
the conformational transitions between consecutive annular shapes as a function of NTP concentration (Supplementary Videos 5−8). (B)
Variation of the average RNA synthesis rates with increasing concentrations of a mixture containing the four natural NTPs (labeled as UTP,
red) or methyl-pseudouridine (m1Ψ, purple) or 5-methoxy-uridine (mo5U, green) instead of UTP. mo5U promotes less stable secondary
structures on ssRNA than m1Ψ and UTP. In A and B lines serve as visual guides. The error bars represent the standard error of the mean.
Supplementary Table S1 lists the number of active, independent rRNPs measured for each condition. Supplementary Videos 9 and 10 show
HS-AFM videos taken in the presence mo5U and m1Ψ, respectively.
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direct experimental evidence of the ability of the RdRp to
undergo consecutive rounds of RNA synthesis within the RNP
context.

The rRNP conformational cycle revealed by our studies can
be interpreted in light of models previously proposed for the
vRNP transcription cycle (Figure 1F and Supplementary
Animation 1).5,11 Recent cryo-EM-based studies of actively
transcribing native IAV vRNPs showed that the RdRp carries
out transcription attached to the two ends of the NP/RNA
template and without disrupting the overall double-helical
structure of the vRNP complex (processive helical track
model).5 Later structural studies on active RdRp bound to a
short RNA fragment provided a detailed picture of the intricate
conformational changes of the template and RdRp structures
required to ensure transcription without losing the two ends of
the template.11 According to these works, during transcription
elongation, advancement of the RdRp along the template
holding its two ends would promote the formation of two
template loops on either side of the polymerase; one loop
would correspond to the incoming template, and the other to
the outgoing template. In agreement with this prediction, the

characteristic annular organization of rRNPs allowed for clear
visualization of the formation of template loops during RNA
synthesis. Classification and 2D averaging of HS-AFM video
frames and EM images of conformational states of rRNPs
stalled during RNA synthesis showed the accumulation of
bowtie-like structures with two loops protruding from a central
mass (Figure 2C−E). In these images, the central mass would
correspond to the position of the polymerase, and the loops to
the incoming and outgoing RNA/NP template, which would
shrink and grow, respectively, as RNA synthesis proceeds. In
fact, the stalled conformations identified in this work present
loops of different sizes, suggesting that they correspond to
rRNPs in different stages of RNA synthesis.

During transcription elongation, each NP was transiently
peeled off the vRNA template. This is because the active site of
the RdRp binds roughly the same amount of vRNA that can
bind to one NP (∼25 nt).9−11,35 Daisy-chain NP−NP
interactions would prevent NP release, while transient
interactions between the peeled NP and a putative NP
docking site at the polymerase surface would hold the NP in
place for rebinding to the outgoing vRNA template.4,11,21,36

Figure 4. Consecutive rounds of RNA synthesis by individual rRNPs. (A) Successive HS-AFM video frames of a representative rRNP
undergoing two consecutive conformational cycles (cycle 1 and cycle 2) of similar durations under conditions compatible with RNA
synthesis (ApG 100 μM, NTPs 50 μM), Supplementary Video 11 (1 fps); scale bar = 20 nm. Additional HS-AFM videos of consecutive
conformational cycles are shown in Supplementary Video 12. (B) Red symbols show the variation of the maximum height over time of the
rRNP shown in A. The two conformational cycles are observed as consecutive periods of increased maximum height. As indicated in the
main text, 16% (N = 21) of the active rRNPs imaged in this study (N = 134) went through consecutive conformational cycles. In contrast, no
significant changes in the maximum height of rRNPs were observed in the absence of NTPs (gray symbols). (C) Time to complete a single
conformational cycle as a function of NTP concentration for rRNPs that undergo one cycle (filled red symbols) compared with rRNPs that
complete several consecutive cycles (empty red symbols).
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Interestingly, HS-AFM imaging revealed that the conforma-
tional transitions of the rRNP during RNA synthesis were
always accompanied by a local increase in the height of the
complex, which was compatible with the superposition of the
heights of RdRp and a single NP protein. This observation
supports the idea that local transient interactions could be
stabilized between the two proteins during the elongation
phase of RNA synthesis (Figure 1F and Supplementary
Animation 1) and interactions that may occur at the
hypothesized polymerase-NP docking site.

Several lines of evidence have implied that single vRNPs can
perform several rounds of RNA synthesis or transcription:
vRNPs preserve their overall structure during transcription;5

transcription does not require additional viral components;37

and viral mRNA accumulates in the presence of the
translational inhibitor cycloheximide.38 Our HS-AFM experi-
ments showed that a significant number of rRNPs performed
consecutive cycles of RNA synthesis within our observational
time window. This result demonstrates their ability to recycle
while maintaining both their structural and functional integrity
during the RNA synthesis cycle. This recycling capability
would enable each individual vRNP to produce multiple copies
of mRNA and is therefore essential for efficient viral
multiplication.

Knowing the average duration of the conformational cycle
allowed us to estimate the average rate of RNA synthesis in
rRNPs at NTP concentrations > 400 μM to be approximately
30 nt/s. This value is consistent with the average rates of the
elongation phase of transcription for other DNA- and RNA-
dependent RNA polymerases studied in singulo at saturating
NTP conditions and room temperature, which range from 10
to 30 nt/s.30,39−41 According to this result, native vRNPs
would transcribe the longest IAV genome segments (e.g., PB1;
2200 nt) within approximately 1 min. Although conditions in
vivo would vary, the relatively fast average synthesis rates of the
RNPs and their ability to recycle measured in this work predict
that individual vRNPs of IAV would be capable of producing
multiple copies of mRNA in the early stages of infection.42,43

In addition, our results showed the effect on average RNA
synthesis rate caused by incorporation of UTP analogs into the
nascent RNA that altered the stability of the RNA secondary
structure. Incorporation of m1Ψ, which stabilizes the secondary
structure of RNA by increasing the average base pairing energy
by 0.18 kcal/mol relative to UTP,34 decreased the average
RNA synthesis rate by ∼15% at saturating nucleotide
concentrations (≥400 μM). On the other hand, incorporation
of mo5U, which decreases the base pairing energy by 0.28 kcal/
mol relative to UTP,34 increased the average RNA synthesis
rate of the rRNP by up to 2 times at all NTP concentrations
tested. These results argue that the stability of the secondary
structure of the nascent RNA modulates the average
replication rate of the RdRp. In particular, our results are
consistent with the fact that a less-structured nascent RNA is
beneficial for the RNA synthesis rate of IAV RdRp within the
context of the RNP. This observation is in line with the well-
known effect of co-transcriptional folding on regulating the
average transcription rates of DNA-dependent RNA poly-
merases.29 In particular, formation of secondary structure in
the nascent RNA modulates the propensity of the polymerase
to enter and exit pause states during transcript elongation.30

Taken together, our data strongly suggest that nascent RNA
with a less stable secondary structure would increase the

average RNA synthesis rate of the RdRp by decreasing its
pause occupancy.

CONCLUSIONS
Annular rRNPs serve as an optimal model system for
monitoring the conformational dynamics of the NP-RNA
template during RNA synthesis with HS-AFM. Moreover, this
technique allows us to track the activity of one rRNP at a time,
providing information about the kinetics of the RNA synthesis
reaction that is unattainable with other methods. For instance,
transcriptional pausing is an intrinsic property of most RNA
polymerases, and its regulation constitutes one of the central
mechanisms of control of gene expression.44 Future single-
molecule experiments of real-time RNA synthesis kinetics by
the IAV RdRp within the context of the RNP will help to
elucidate the nature of putative pause states and their roles in
viral transcription and replication.

EXPERIMENTAL SECTION
Production, Purification, and Functional Characterization

of rRNPs. rRNPs carrying a 352-nt fragment of IAV NS protein
genomic RNA (Supporting Information (SI) Figure S1A) were
produced, amplified in vivo, and purified following previously
described methods (SI).9,22 Fractions from the purified rRNP were
assayed for in vitro transcriptional activity as described in Figure S1B.

HS-AFM Imaging and Analysis. A custom-built HS-AFM
apparatus45,46 was used to scan the samples in liquid using the
tapping mode. The free-oscillation amplitude of the cantilever (A0)
was set to ∼2 nm, and the set point of the feedback amplitude was set
to ∼0.9 × Å. To reduce the tapping force, a recently developed “only
trace imaging” mode was employed in several observations.47 A glass
stage (Japan Cell Co., Ltd., Japan; 1.5 mm in diameter and 2 mm in
height) with a mica disc (Furuuchi Chemical Corp., Japan; 1.5 mm in
diameter and 0.05 mm in thickness) was attached to the top of the Z-
scanner by using nail polish. Cantilevers (BL-AC10DS-A2, Olympus,
Japan) with a spring constant of ∼0.15 N/m, resonance frequency of
∼500 kHz in water, and quality factor of ∼1.5 in water were used. The
detailed procedures of HS-AFM measurement and tip preparation are
described elsewhere and in the SI Methods section.48

rRNPs were diluted in the reaction or imaging buffer (50 mM Tris-
HCl [pH 8.0], 2 mM MgCl2, 100 mM KCl, and 1 mM DTT)
containing 100 μM ApG (TriLink BioTechnologies Inc., USA) and
the indicated concentrations of NTP or NTP−uridine analogue
mixtures (TriLink BioTechnologies Inc., USA). After incubation for
15 min at 30 °C, 2 μL of the mixture was deposited on a freshly
cleaved mica surface; after 3 min incubation in a humid chamber, the
sample on the stage was rinsed with imaging buffer. Measurements
were performed at 25 °C after adding ApG (100 μM) and the
indicated concentrations of NTP or NTP−uridine analogue mixtures
to the imaging buffer (SI).

To obtain two-dimensional (2D) averages from the HS-AFM data,
the corresponding video frames were converted to mrc image format
using BSOFT software.49 These frames were imported as particle
images in Scipion50 and treated as analogous to EM data except that
contrast transfer function (CTF) estimation was not applied in this
case. To produce the 2D averages, images were subjected to an
unsupervised 2D classification using the CL2D algorithm51 as
implemented in Scipion software.

The average RNA synthesis rate within the context of the rRNP
was estimated by dividing the template length (352 nt) by the time
required to accomplish a full conformational cycle. Events 6 times
longer or shorter than the average were discarded since they may
correspond to inactivated molecules or failure of RNA synthesis
initiation.

Electron Microscopy Imaging and Analysis. For the analysis
of RNA synthesis with negative staining EM, rRNPs were incubated
in the reaction buffer containing 1 U/μL RNasin, 100 μM ApG, 1
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mM NTPs, and 12.5 μM of the nonhydrolyzable nucleotide analogue
UpNHpp (ratio UTP:UpNHpp 80:1) at 30 °C for 3 h. After
incubation, samples were applied to carbon-coated grids and
visualized in a JEOL 1400 Flash electron microscope (SI Methods).
For image processing, operations were carried out using the
Xmipp52,53 and RELION54 processing packages within the Scipion
platform (http://scipion.i2pc.es/50). Further details of image
processing are described in the SI Methods section.
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