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Therespiratory syncytial virus (RSV) polymerase is a multifunctional RNA-dependent
RNA polymerase composed of the large (L) protein and the phosphoprotein (P).
It transcribes the RNA genome into ten viral mRNAs and replicates full-length viral

genomic and antigenomic RNAs'. The RSV polymerase initiates RNA synthesis by
binding to the conserved 3’-terminal RNA promoters of the genome or antigenome?.
However, the lack of a structure of the RSV polymerase bound to the RNA promoter
hasimpeded the mechanistic understanding of RSV RNA synthesis. Here we report
cryogenic electron microscopy structures of the RSV polymerase bound toits genomic
and antigenomic viral RNA promoters, representing two of the first structures of an
RNA-dependent RNA polymerase in complex withits RNA promoters in non-segmented
negative-sense RNA viruses. The overall structures of the promoter-bound RSV
polymerases are similar to that of the unbound (apo) polymerase. Our structures
illustrate the interactions between the RSV polymerase and the RNA promoters and
provide the structural basis for the initiation of RNA synthesis at positions 1and 3 of the
RSV promoters. These structures offer adeeper understanding of the pre-initiation
state of the RSV polymerase and could aid in antiviral research against RSV.

RSVis ahighly contagious human pathogen that causes severe respira-
tory tract infections, particularly in young children, older adults and
individuals who are immunocompromised®*. RSV is responsible for 55%
of infant infections, making it the second deadliest infectious agent
in children under 1 year of age**. RSV belongs to the Pneumoviridae
family in the order of Mononegavirales, also known as non-segmented
negative-sense (NNS) RNA viruses. The RSV RNA genome consists of
asingle-strand negative-sense RNA encapsidated by the nucleopro-
tein (N) to form a ribonucleoprotein particle. This ribonucleoprotein
particleistranscribed and replicated by the RSV RNA-dependent RNA
polymerase (RARP), which is composed of a multifunctional large (L)
polymerase protein and a cofactor phosphoprotein (P). The RSV L
protein consists of five domains: the RdARp domain, the capping domain
(Cap), the connector domain (CD), the methyltransferase domain (MT)
and the carboxy-terminal domain (CTD). Of these, three domains—
RdRp, Cap and MT—possess enzymatic activity and are responsible
for RNA synthesis. The RSV P protein, by contrast, has three domains:
the amino-terminal domain (Pyp), the oligomerization domain (P,p)
and the CTD (P.p;) (Fig. 1a).

Inrecent years, cryogenic electron microscopy (cryo-EM) has been
used to obtain several structures of the apo polymerases from differ-
ent NNSRNA viruses. These structures have provided critical insights
into the enzymatic domains responsible for RNA synthesis (reviewed
inrefs. 5,6). These cryo-EM structures include those from vesicular
stomatitis virus (VSV), rabies virus (RABV), RSV, human metapneumo-
virus (HMPV), parainfluenzavirus (PIV), Newcastle disease virus (NDV)
and Ebola virus (EBOV)” . These structures share strikingly similar

architectures, with only the RdRp and Cap domains being consist-
ently modelled among the five domains of the L protein. Notably, the
other three domains (CD, MT and CTD) of the L protein are missingin
the cryo-EM structures of RSV and HMPV (both from the Pneumov-
iridae family), as well as in that of EBOV (from the Filoviridae family).
However, these domains canbe modelledin VSVand RABV (both from
the Rhabdoviridae family), as well as PIVand NDV (both from the Para-
myxoviridae family; reviewed in refs. 5,6).

The RSV polymerase recognizes the promoter sequences at the 3’
ends of the genome and antigenome, namely the leader (Le) and trailer
complementary (TrC) sequences, respectively”?*, These sequences
arehighly similar, differing by only 1 nucleotide (nt) in the first 11 nt"'*$,
One unique feature of RSV RNA synthesis is that the RSV polymerase
can initiate RNA synthesis at two distinct positions: positions1and 3
of the promoters' 2, Specifically, the RSV polymerase initiates the
replication of genome or antigenome RNA at position 1of Le or TrC
promoters, respectively, butinitiates mRNA transcription at position 3
of the Le promoter in cell-based assays®. Notably, in vitro experiments
show that the RSV polymerase can de novo synthesize RNA at positions
land 3 usingshortLeand TrC templates®?**%, Despite extensive stud-
ies, the structural basis for the two distinct initiation positions remains
unclear, mainly owing to the lack of atomic-resolution structures of
polymerases complexed with RNA promoters.

Wereporthere cryo-EM structures of the RSV polymerase complexed
withRNA templates derived from 3’ genomic and antigenomic RNA pro-
moters, representing two of the first structures of an NNS viral RARP in
complexwith its RNA promoters. We used the high-quality recombinant
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Fig.1|Cryo-EMstructure of the RSV polymerase in complex with theleader
(Le10) promoter of the RSV genome. a, Schematic representation of the RSV
polymerase (L-P complex) with labelled domainboundaries and P regions
interacting with N° (RNA-free N), M2-1,N (RNA-bound N) and L proteins. The
domains with missing density are coloured grey. The key residues for each
functional domain are highlighted above withblue and underlined residue
numbers. AU, absorbance units. b, The size-exclusion chromatography and
SDS-polyacrylamide gel electrophoresis (PAGE) gel results show the quality
and purity of the purified RSV L-P complex. Alldatashown arerepresentative
ofthreeindependent experiments (n = 3), and the uncropped SDS-PAGE image
isshowninSupplementary Fig.1.c, Thesequence and structure of the Le10

RSV polymerase (L-P complex) and an in vitro transcription assay to
identify suitable RNA templates for structural analysis'®**%, The overall
structures of the promoter-bound polymerases are similar to that of
the apo polymerase. RSV L, but not RSV P, directly interacts with the
RNAtemplates. Our structures uncovered that the RSV Linterfaces with
the conserved 3’ Le or TrC promoter sequences, corresponding to the
initiation at positions 3and 1, respectively. Our structures showed that
the ‘supporting helix’ (residues 666-676) that was missing in the apo
polymerase'®" could be modelled in both Le and TrC promoter-bound
RSV polymerase complexes. We found that the ‘supporting loop’ (resi-
dues 656-665) stabilizes the first nucleotide of the Le promoter and
provided structural evidence that the RSV polymerase prefers aguanine
(G) base at the +1 catalytic site for RNA synthesis initiation. Insummary,
this study provides valuable insights into the structural basis for RSV
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RNAtemplateinthe Lel0-bound RSV polymerase. The residues are labelled as
thetemplate (T) position number and base name. d, Schematic diagrams of the
RSV polymerase in complex with Lel0 intwo orientations. The atomic model of
the RdRp domain (blue) and the Cap domain (green) of RSV L, as well as Py, (red)
and Pc;p (orange) of atetramer of RSV P, are shown. The Py and P;p domains
ofeachP monomer arelabelled as P1, P2, P3 and P4. The missing domains
(coloured grey) include the CD, the MT domain and the CTD of RSV L, and the
Pyrp OF RSV P. The domains are colour-coded, asin a, and the Le10 RNA template
iscolouredyellow, asinc. The ‘GDN’motif (residues 810-812) from the RdRp
domainis shown as magentaspheres, and the ‘'HR’ motif (residues 1338-1339)
fromthe Cap domainis shownaslight brownspheres.

RNA synthesis initiation, which may facilitate the development of new
antiviral drugs and vaccines.

Structure determination

Large quantities of homogeneous full-length wild-type L and P pro-
teins were co-expressed in insect cells and co-purified through affin-
ity, ion-exchange and size-exclusion chromatography, as previously
described' (Fig. 1b). The purified recombinant RSV polymerase (L-P
complex) was active inde novo and primer-based transcription assays
using short Le or TrC promoter sequences, although non-processivein
the absence of the N protein®*?. We determined that the minimal tem-
platelength required for de novo RSVRNA synthesisis 8 nt, whereas tem-
plates of 10 nt or longer show similar functional activities*. To analyse



thestructures, we selected 10-nt-long RNA oligonucleotides from the 3’
end of Leand TrC promoters and named them Lel0 (3’-UGCGCUUUUU)
and TrCl10 (3’-UGCUCUUUUU) RNA templates. We assembled the RSV
polymeraseincomplexwith Le10 (Le10-bound) or TrC10 (TrC10-bound)
byincubating the RSV polymerase with the respective RNA promoters.

We collected cryo-EM micrographs of the Lel0-bound and
TrC10-bound RSV polymerases using several 300-kV Thermo Fisher
Scientific Titan Krios microscopes and Gatan K3 cameras. We processed
and analysed the collected data using RELION v3.1.3, which included
two-dimensional (2D) and 3D classification, refinement and polishing®.
We picked 3,658,410 particles of the Le10-bound RSV polymerase and
3,646,076 particles of the TrC10-bound RSV polymerase using crYOLOY.
Further data processing and refinement resulted in 3D reconstructions
0f3.40 A and 3.41 A resolution for the Le10-bound and TrC10-bound
RSV polymerase, respectively (Extended Data Figs. 1and 2 and Sup-
plementary Table 1). We built the atomic models of the Le10-bound
and TrC10-bound RSV polymerase structures using UCSF ChimeraX
and COOT?*?°, We used the apo RSV polymerase (Protein Data Bank
(PDB) ID: 6UEN) as the initial model for model building. We refined the
atomic models using PHENIX and COOT software, and model geom-
etrieswere validated using MolProbity? . lllustrations depicting how
the representative models of the priming loop, supporting loop and
supporting helix, as well as the RdRp, Cap, Pyp and Py, domains, fit-
ted with the cryo-EM maps in the Le10-bound and TrC10-bound RSV
polymerase complexes, are shown in Extended Data Fig. 3. Finally, we
prepared the figures using PyMol*.

Wefirst discuss the Le10-bound RSV polymerase structure for clarity
and simplicity, followed by the TrC10-bound RSV polymerase structure.

Overview of Le10-bound RSV polymerase

Thecryo-EMstructure of the Le10-bound RSV polymerase revealed the
presence of the RdRp and Cap domains of the L proteinand the Py, and
P.rp domains of the P protein. Conversely, the CD, MT and CTD domains
ofthe L protein and the Py, are disordered and not visible, consistent
with the apo polymerase structure'®" (Fig. 1a,d). The RdRp and Cap
domains of the RSV L form a ‘bowl’ structure that provides sufficient
space to accommodate the RNA template and the newly synthesized
RNA productwithaburied surface areabetween the RdRp and Cap of
4,666 A% The ‘catalytic pocket’ for RNA synthesisislocated inside the
bowl with the catalytic ‘GDN’ motif (residues 810-812) from the RARp
domain and the catalytic ‘HR’ motif (residues 1338-1339) from the Cap
domainsituated at opposite locations. The tetrameric RSV P proteins
docktothe RdRp domainwithaburied interfacearea of about 4,500 A2
with one P, wrapping around the NTP entrance channel outside the
centre of the RARp domain near the ‘GDN’ motif (Fig. 1d).

Inthe Le10-bound RSV polymerase structure, the 3’end of anincom-
ing Le10 RNA template enters the template entrance channel, briefly
touchesthe edge of the Cap domain, and runs towards the ‘GDN’ motif
of the catalytic pocket from the bottom of the bowl. There are 6 ntin
thetemplate entrance channel and 4 ntinthe catalytic pocket (Figs. 1c
and 2a and Extended Data Fig. 4a).

For clarity, we labelled each nucleotide in the Le10 RNA sequence
(3’-UGCGCUUUUU) with a numerical position, starting from the 3’
end and naming the template (T) with position number and base name
(for example, T1U). The second (T2G) and fourth (T4G) positions in
LelO RNA are larger purine bases (G), whereas the other positions are
smaller pyrimidine bases (U or C). The 3D map of the Le10-bound RSV
polymerase enabled ustomodel T1IU and T2G at the counter level of 1.50
and T3Cto T10U at the counter level of 2.50 (Extended Data Fig.4a). The
sufficient resolution of the 3D map allowed us to determine that T2G
and T4G correspond to the larger purine base G. The map of the other
positions is consistent with smaller pyrimidine bases (Extended Data
Fig. 4a). Although GTP and CpNpp were supplemented, no cryo-EM
density was observed for the RNA product. Additionally, the ‘priming
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Fig.2|Structural basis of the interactionsbetween RSV polymerase (L-P)
and RNA template LelO. a, Theinteractions between the RSV L proteinand
LelO RNA template canbe divided into three parts: (I) T1-T4, (1) T5-T7 and (I1I)
T8-T10.Thezoomed-ininsets show the detailed interactions of RSV L residues
and three parts of RNA with dashed lines. The conventional right-hand
‘fingers-palm-thumb’ polymerase fold of the RARp domain of RSV Lis shown
as‘fingers’ (blue), ‘palm’ (red) and ‘thumb’ (brown). The Cap domainis coloured
green, and the peripheral regions are coloured grey. The Le10 RNAis coloured
yellow. The ‘GDN’ motifis shown as magentaspheres. b, Residues of RSVL
involvedintheinteractions with Lel0. Theresidues are coloured the same as
ina.Residuesinrectanglesinteract withRNA bases. Residuesinbold are
conserved across NNSRNA viruses.

loop’ (residues 1250-1280) of the Cap domain was distant from the
activesite, indicating that the structure represents a pre-initiation state
for de novo RNA synthesis at position 3 of the template.

Interactions between RSVL and Lel0O

The RdRp domain of the RSV L adopts a conventional right-hand
‘fingers-palm-thumb’ polymerase fold, as illustrated in Fig. 2a. Most
of the interaction between Le10 RNA promoter and RSV L occurs at
the ‘fingers’ (blue) and ‘peripheral’ (grey) regions, which form a com-
posite tunnel for the RNA template to enter (Fig. 2a). The RNA-protein
interactions can be divided into three parts: (I) positions 1-4 of Le10
and the catalytic pocket; (II) positions 5-7 of Le10 and the template
entrance channel; (Ill) positions 8-10 of Le10 and the gate of the tem-
plate entrance channel (Fig. 2a(I-11I)).

Specifically, the TIU backbone of LelO interacts with the residue T660
fromthe supportingloop and K783 of the ‘palmy’, contributing to the RNA
template stability. No interaction was found between T2G and RSV L.
Positions 3 and 4 of Le10 (T3Cand T4G) are opposite to the catalytic resi-
due D811, which occupies the -1and +1 catalytic sites for RNA synthesis.
Thebackbone of T3C interacts with residues K540, R637 and Q640 from
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Fig.3|Cryo-EMstructure of the RSV polymerase incomplex with the
trailer complementary (TrC10) promoter of the RSV antigenome. a, The
interactions between the RdARp domain of RSV L and TrC10 RNA template.

The RdRp domainis coloured the sameasin Fig.2a,and the TrC10 is coloured
orange. b, Residues of the RSV Linvolvedintheinteractions with TrC10. The
residues are coloured the same asina. The RNA residues with missing density
arecoloured grey. Residues inrectanglesinteract with RNA bases. Residuesin
boldare conserved across NNSRNA viruses. ¢, The superimposition of the RSV
polymerase incomplex with Le10 (Le10-bound) and TrC10 (TrC10-bound). The

the fingers region to stabilize the RNA template during initiation. T4G
isoppositetotheincoming NTPinthe +1 catalyticsite. The base of T4G
interacts with residues K619, F629 and E778, all of which are conserved
across the polymerases of NNSRNA viruses (Extended Data Fig. 5). The
oxygen (06) of the T4G base interacts with the nitrogen (NZ) of residue
K619, and the nitrogen (N2) of the T4G base interacts with the oxygen
(OE1) of residue E778. This may explain why RSV polymerase prefersaG
atthe +1catalyticsite for de novo RNA synthesisinitiation, as Gis the only
base that containsan O atom towards K619 and an N atom towards E778.
The T4Gbase forms i-interactions with residue F629 (Fig. 2a(l),b). The
bases of positions 5to 7 of Lel0 are stacked with each other (Fig. 2a(ll)).
TheRSV Linteracts with the backbone but not the bases of positions 5-7
ofLelO through residues E620, R580, Y13,R747 and S1155 (Fig. 2a(ll),b).
Note thatresidue S1155is from the Cap domain. Positions 8 and 9 of Le10
(T8U and T9U) are in two small pockets formed by the fingers region
and part of the Cap domain, which involve residues R580 and E584 for
T8U and T551, R555, K570 and R747 for T9U. The base of T8U interacts
withresidues R580 and E584, and the base of T9U interacts with residue
R555.T10U s located at the gate of the template entrance channel and
itsbackbone interacts with the residue E57 (Fig. 2a(lll),b).

TrC10-bound RSV polymerase

The sequence of TrC10 is similar to that of Lel0, except for the base
compositionat position4:Lel0 hasa purine base G, whereas TrC10 has
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LelO RNAisshowninyellow, asinFig.2a,and the TrC10 RNAisshownin orange,
asina.TheinteractionsofLel0 T3Cand TrC10 T1U (at the -1 catalytic site) and
Lel0 T4G and TrC10 T2G (at the +1 catalytic site) with RSV polymerase (L-P) are
shownintheright panels (I) and (II), respectively. The ‘GDN’ motif is shown as
magentaspheres. The supporting helix (residues 666-676) and supporting
loop (residues 656-665) are shown for Le10-bound (tan) and TrC10-bound
(red) RSV polymerases. Note that part of the supportingloop is too flexible to
buildinbothstructures.

apyrimidine base U (Extended Data Fig. 4b). We were able to identify
the larger base of TrC10 T2G at the counter level of 2.50. Moreover,
the electron density of the 5’-end RNA residue TrC10 T8U contains a
phosphate group, whichis different from that of Le10 T10U (a hydroxyl
group, ‘~OH’), confirming that the RNA template conformationsinLel0-
and TrC10-bound structures are different (Extended Data Fig. 4). Asa
result,inthe TrC10-bound RSV polymerase complex, we modelled the
first 8 ntfrom the 3’ end of TrC10 RNA with the first 2 nt (T1U and T2G)
in the catalytic pocket and the other 6 nt (T3C to T8U) in the template
entrance channel (Fig. 3a). The T1U backbone of TrC10 interacts with
residues R637, Q640 and G779 from the fingers region. T2G of TrC10
interacts withresidues A541,K619,F629,A630 and E778. Among them,
the T2G base of TrC10 has t-Trinteractions with F629. The polar oxygen
and nitrogen atoms of the T2G base interact with residues K619 and E778
(Fig.3b). The remaining 6 nt of TrC10 are in the template entrance chan-
nel and interact with more than a dozen residues, including residues
E620,R580, Y13,Y249,R747,S1155,E584, T551, R555,K570, E57,H229 and
Y249.The T6U base of TrC10 interacts with residuesR580 and E584, and
the T7Ubase of TrC10 interacts with residue K570 (Fig. 3b). These inter-
actions are mostly similar to those observed in positions 5-10 of Le10.

Comparing the TrC10- and Le10-bound RSV polymerase complexes,
the visible 8 nt of TrC10 RNA correspond to positions 3-10 of the Le10
RNA (Fig. 3¢c). Despite the difference in RNA, the supporting helix can
be modelled at the counter level of 2.50in both structures (Extended
DataFig. 3c,j). The loop before the supporting helix is flexible and



we can build only part of the supporting loop at the counter level of
1.50, including the residue T660 that interacts with the backbone of
Lel0 T1U (Extended Data Fig. 3b). The T1U of TrC10 and T3C of LelO,
occupying the catalytic sites -1, are opposite to the ‘GDN’ motif and
interact with similar residues from the RARp domain (Fig. 3¢(I)). Both
Lel0 and TrC10 promoters prefer a G base at the catalytic site +1 for
de novo RNA synthesis initiation in the promoter-bound RSV poly-
merase structures. The G base is stabilized by hydrogen bonds with
the side chain of residues K619 and E778 and -t interactions with
residue F629 of the RSV L (Fig. 3c(ll)).

Comparisonwith apo RSV polymerase

The overall structures were similar (Extended Data Fig. 6a) when the
promoter-bound RSV polymerases were superimposed onto theapoRSV
polymerase (PDBID: 6UEN). However, a notable difference was observed
for the supporting helix of the RdARp domain of RSV L. In the absence of
RNA, the supporting helix s flexible and not visible in the cryo-EM map
ofthe apo RSV polymerase. By contrast, the promoter-bound structure
shows asolid density for the supporting helix, suggesting that the RNA
binding stabilizes the conformation of the supporting helix, and the
RSV L undergoes conformational changes during different stages of
RSV RNA synthesis (Extended Data Figs. 3c,jand 6b).

When fixing the location of the RdARp domain, the RNA binding causes
the Cap domain of RSV L to shiftinward by approximately 1.8 A, result-
ing in a more compact catalytic pocket (Extended Data Fig. 6a, red
arrow). This suggests that RNA binding leads to slight conformational
changesin RSV L. However, the Cap domain alone does not exhibit
notable differences between the apo and promoter-bound structures.
The priming loop remains distant from the active site (Extended Data
Figs.3e,land 6¢), indicating that the Cap domain plays alesser role in
template recognition than other domains.

In the apo RSV polymerase, the RSV P is identical to the promoter-
bound RSV polymerase, but certain loops connecting the helix in the
RSV P show worse density, suggesting greater flexibility following RNA
binding (Extended Data Fig. 6d).

Comparison with other viral RNA polymerases

With the recent advancements in cryo-EM technology, the structures
of RNA polymerases from several NNS RNA viruses have been deter-
mined” . This study presents two of the first cryo-EM structures of
anNNS viral polymerasein complex withits RNA templates. Tocompare
our findings with those for other viruses, we superimposed the RSV
polymerase in the promoter-bound RSV polymerase structures with
RNA polymerases from other NNS RNA viruses, including HMPV, VSV,
RABV, PIV5,EBOV and NDV’ ", These polymerases share asimilar overall
structure. Notably, three domains (CD, MT and CTD) of the L protein can
be modelledin VSV, RABV, PIVand NDV, but not in RSV, HMPV or EBOV
(Extended DataFig.7a). These RNA polymerases share similar structures
inthe RdRp and Cap domains of L proteins (Extended Data Fig. 7b,c),
with notable differences observed in the supporting helix of the RdRp
domain (Fig.4a) and the priming and intrusion loops of the Cap domains
(Fig.4b,c). Forinstance, in the EBOV polymerase, the supporting helix
ismoredistant withalong supportingloop (Fig.4a).InVSVandRABVL,
the primingloop insertsinto the catalytic pocket and remains near the
‘GDN’ motif, whereas in RSV, HMPV, EBOV, NDV and PIV5, this priming
loop swings away from the ‘GDN’ motif (Fig. 4b). This difference suggests
that they are in different stages of RNA synthesis. InRSVL, the ‘intrusion
loop’ (residues 1329-1352), which contains the ‘HR’ motif from the Cap
domain, isadjacentto the primingloop and away from the ‘GDN’ motif.
Notably, in PIV5and NDV L proteins, the intrusion loop is close to the
‘GDN’motifinstead of the primingloop (Fig.4b), whichwas thought to
regulate transcriptioninitiation®. Inaddition, the P proteins fromRSV,
HMPV, PIV and NDV and VP35 from EBOV are all tetramers and adopt a

a b Priming loops

Supporting 4

helix @3

/‘!v? . Supporting
@& | P,

\ A intrusion loop
=,/ )RABV

\ /4 ‘*Swmsb‘

B RSV L RdRp

Il RSV L Cap

O RNA template (Le10)
E RNA template (TrC10)
O HMPV L (6U50)

O EBOV L (7YES)

B VSV L (6U1X) RABV

O PIV5 L (6V85) intrusion loop

I RABV L (6UEB) Modelled

O NDV L (7YOU) GDN RNA
product

Fig.4|Structural comparison of the RNA polymerases from different NNS
RNAviruses. a, Structural comparison of the supporting loop and helix in
RdRp domains of RNA polymerases from RSV (blue), HMPV (PDB: 6U50; grey),
EBOV (PDB: 7YES; pink), VSV (PDB: 6U1X; cyan), PIV5 (PDB: 6V85; yellow-green),
RABV (PDB: 6UEB; brown) and NDV (PDB: 7YOU; tan). b, Structural comparison
ofthe priming and intrusionloopsin Cap domains of the RNA polymerases
fromvirusesasshownina. The RSV Cap domainis coloured green and the other
viruses’ polymerases are coloured the same as a. Potential priming residues
(WorY)inprimingloops are highlighted with red ovals. ¢, Azoomed-in view of
the modelled RSV product (light blue) in theinitiation state interacting with
modelled primingloops from VSV (PDB: 6U1X; cyan) and RABV (PDB: 6UEB;
brown). Theintrusion loops of PIV5 (PDB: 6V85; yellow-green) and NDV (PDB:
7YOU; tan) are shown. The ‘GDN’ motifis shown as magentaspheres.

similarinteraction pattern with the L proteins (Extended Data Fig. 7d).
However,in VSV and RABV polymerase (L-P), some fragments of P were
found to wrap around the CTD domain (Extended Data Fig. 7d).

During the final review process of our manuscript, the cryo-EM struc-
ture of viral RNA promoter-bound EBOV polymerase (L-VP35-RNA)
complexwas published®. Comparison of the EBOV L-VP35-RNA (PDB:
8JSM) and our Lel0-bound RSV polymerase (PDB: 8SNX) shows that
they share a similar overall structure (Extended Data Fig. 8a). How-
ever, in the structure of the EBOV polymerase complex, the first 3 nt
ofthe RNA arelocatedinthe catalytic pocket and have nointeractions
with the supporting loop or helix (Extended Data Fig. 8b). Another
differenceliesin the gate region (T8-T10 of RSV Lel0; T7-T10 of EBOV
RNA) of the template entrance channel, which involved three structural
differencesin L proteins: residues 220-233 of RSV L corresponding to
residues158-173 of EBOV L; residues 554-581 of RSV L corresponding to
residues 499-515of EBOVL; residues 1144-1158 of RSV L corresponding
toresidues 1051-1069 of EBOV L (Extended Data Fig. 8c).

We also compared the RNA polymerases between RSV and viruses
other than NNS RNA viruses, such as Lassa virus (LASV) apo polymer-
ase (PDB: 70E3)*, batinfluenza A (FIuA) pre-initiation complex (PDB:
6TON)*and La Crosse virus (LACV) initiation complex (PDB: 7ORN)*,
in Extended Data Fig. 9. The RARp domains of these viruses’ polymer-
ases all adopt conventional ‘fingers—palm-thumb’ right-hand motifs
(Extended DataFig. 9a-d) and the RNA templates share similar confor-
mationinthe catalyticsites -1to +2 (Extended Data Fig. 9e). Addition-
ally, we noticed that the RNA templates in these polymerases all have
atwist between the catalytic positions +1and +2, and the twist angle
isthe biggestin RSV pre-initiation complex (Extended Data Fig. 9e).
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Fig.5| The models of the RSV polymerase (L-P) at the position3and1
pre-initiationstates.a-d, The RSV polymerasein complex with LelO,
representing the position 3 pre-initiation state (a,b), and TrC10, representing
the position1pre-initiationstate (c,d). a,c, The sequence positions (from the 3’
end, 1-10) and catalytic positions (+1, -1, -2 and -3) of the RNA are shown above
theactualresiduesinyellow (Le10) and orange (TrC10) circles. The active site

Tobetter understand the mechanism of RNA synthesis initiation of
RSV polymerase, we modelled the first 2 nt of the RNA product at the
catalytic site -1and +1 between the template and the catalytic ‘GDN’
motif (Fig. 4c, modelled RNA product). Comparing RSV polymerase
with those of VSV and RABV, we observed that the side-chain indole
groups of W1167 in the VSV L priming loop and W1180 in the RABV L
priming loop are parallel to the base of the first nucleotide of the RSV
RNA product at the catalytic site -1 (Fig. 4c¢). W1167 (VSV) and W1180
(RABV) have been proposed to play acritical role and serve as the prim-
ingresidue for de novo RNA synthesisinitiation, as they engageinam-1
interaction with the base of the first nucleotide’ ®*. However, we also
noticed that the intrusion loops from PIV5 and NDV are distant from
the modelled RNA product (Fig. 4c).

Discussion

RSVisasignificant cause of respiratory infections worldwide. The RSV
polymerase, composed of the L and P proteins, has a vital role in RSV
RNA synthesis. The RSV polymerase catalyses RARP RNA synthesis,
which consists of the initiation, elongation and termination stages.
Understanding the atomic interactions between the RSV polymer-
ase and its RNA template during RNA synthesis is crucial to devel-
oping effective treatments and preventative measures against RSV.
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Template entrance

D811isshown asamagentadot. The bottom panels show the D811 (magenta
sphere) and the density map (mesh) of the RNA templates LelO (at the counter
level of 1.50) and TrC10 (at the counter level of 2.50) and trigger loops (at the
counter level of3.50).b,d, Schematic models of the RSV polymerase in complex
withtheLelO (b) and TrC10 (d) promoters. Domains are coloured asin Fig.1.

Although the structures of the apo RNA polymerases from several NNS
RNA viruses show overall similar architecture, except for the varying
locations of the priming loop and the visibility of the supporting helix,
the structures of RNA-bound polymerase have not yet beenreported.

To fill the knowledge gap, we determined two of the first cryo-EM
structures of an NNS viral polymerase in complex with its RNA pro-
moters, shedding light on the mechanisms of RNA synthesis in NNS
RNA viruses. Our studies revealed that binding of the RNA promoters
tothe polymerase leads to specific conformational changes, including
tighter packing of the RdRp and Cap domainsto create asmaller cata-
lytic pocket and stabilization of the supporting helix. We also found that
the template RNA enters the catalytic pocket from the bottom of the
bowl formed by the Cap and RdRp domains to initiate RNA synthesis,
and the RNA template was speculated to exit through the centre of the
Cap domain during RNA synthesis®?.

Our studies explain the unique ability of RSV polymerase to initiate
RNA synthesis at either position 1or 3 of the RNA promoters from the
genome and antigenome %, Our structural models of the polymer-
ase in complex with 10-nt promoters from Le and TrC regions show
different pre-initiation positions. We reveal that the polymerase pre-
fers to initiate RNA synthesis at positions 3 of the Le10 promoter and
1of the TrC10 promoter (Fig. 5a,c). The in vitro RSV RNA synthesis
assay revealed that for both the Le and TrC promoters, a minimum



8-nt template length is required for position 1initiation, and a10-nt
template length is needed for position 3 initiation** (Extended Data
Fig.10). Although the Le10-bound complex has two more nucleotides
inthe catalytic pocket thanthe TrC-bound complex, they share 8 nt—of
which 6 ntareinthetemplate entrance channel,and 2 ntareinthe cata-
lytic pocket (Fig. 5b,d). This finding explains the minimum template
length requirements observed in the assay*.

Theinteractions between the RNA templates and the RSV polymerase
contribute to the formation of the pre-initiation complex. This study
demonstrated that positions 3and 4 of Lel0 and1and 2 of TrC10 occupy
the -1and +1 catalytic sites, respectively. The catalytic residue D811
from the RARp domain is opposite to the —1and +1sites (Fig. 5). In the
structures of Le10-and TrC10-bound RSV polymerase, the +1 catalytic
sites are both occupied by G. We observed interactions between the
G base and residues of the surrounding RdRp, such as K619, F629 and
E778 (Figs. 2b and 3b,c(ll)), which are strictly conserved in the RdRp
domains of NNS viral polymerases (Extended Data Fig. 5a). Our find-
ings suggest that the initiation process of other NNS RNA viruses may
be similar to that of RSV. Positions 5-10 of Le10 and 3-8 of TrC10 are
situated in the template entrance channel and interact similarly with
RSV L, which are all pyrimidines (U or C), indicating smaller bases are
preferred in the template entrance channel (catalytic cites +2 to +7;
Fig.5) during the formation of the pre-initiation complex. Our previous
research showed that the RNA synthesis activity of the RSV polymerase
is higher when positions 5-7 of the template TrC10 are pyrimidines (U or
C) rather than purines (A or G)*.In addition, we observed that the RNA
residues twist at the catalytic sites +2 and +5 in both promoter-bound
structures (Fig. 5b,d). In the Le10-bound structure, there are twists at
positions 5and 8, followed by a 90°rotation for the bases of positions
8-10 (Fig. 5b). The twists occur at positions 3and 6 in the TrC10-bound
polymerase structure (Fig. 5d). We speculate that the twist may also
favour a small pyrimidine base of U or C at the twist pivot point during
RNA synthesis initiation, which explains why positions 3, 5and 8 of the
Leand TrCtemplates were found tobe criticalina previousin vitro RSV
RNA synthesis assay'®?*. The twisted structure of the RNA template in
the template entrance channel may also help to stabilize the RNA con-
formation, suchasthe Ginthe+1catalyticsite, inthe pre-initiation state.

The cryo-EM structures of the RSV polymerase complexed with the
viral RNA promoters presented in this study provide a better under-
standing of the RNA synthesis initiation process. To our knowledge,
these structures are two of the first structures of an NNS viral poly-
merase in complex with its RNA templates to have been determined.
As the polymerases from NNS RNA viruses are similar, nearly all con-
taining a supporting helix with a supporting loop, our findings allow
us to extrapolate the interactions of conserved residues to other NNS
viral polymerases. Understanding the complex enzymatic function of
RSVRNA synthesisis essential for developing effective antiviral drugs.
These findings provide amechanistic understanding of the RNA synthe-
sis process, which will be valuable in developing effective treatments
and preventative measures against RSV and other NNS RNA viruses.
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Methods

Expression and purification of the RSV polymerase

(L-P complex)

The expressionand purification of the RSV polymerase (L-P complex)
were carried out as follows. The codon-optimized helper plasmids of
the RSV (strain A2) L and P proteins were obtained from BEIResources.
TheLand P geneswere subclonedinto the pFastBac Dual vector (Invit-
rogen) withthe RSVL geneatopenreading framelandthe RSVPgene
atopen reading frame 2. A 6xHis tag was added to the N terminus of
the RSV L protein, separated by aTEV protease cleavage site. Then, the
recombinant pFastBac Dual vector was transformed into Escherichia
coli DH10Bac for bacmid DNA generation. The Cellfectin Il reagent
(Thermo Fisher Scientific) was used to transfect the bacmid DNA into
Sf21 cells (Thermo Fisher Scientific) to obtain the recombinant bacu-
loviruses. Sf21 cells were infected by the recombinant baculoviruses
in suspension culture and collected 72 h post-infection by centrifu-
gation for 15 min at 1,000g. The collected cells were resuspended in
lysis buffer (50 mM sodium phosphate pH 7.4, 300 mM NaCl, 6 mM
MgSO0,,10%glycerol, 0.2% NP-40, EDTA-free protease inhibitor), lysed
with a homogenizer and clarified through centrifugation for 60 min
at16,000g. The clarified lysate was incubated with Co*-NTA agarose
resin (GoldBio) and washed with wash buffer (50 mM sodium phosphate
pH 7.4,300 mM NacCl, 6 mM MgSO0,, 10% glycerol, 10 mM imidazole),
and the RSV L-P complexes were eluted with elution buffer (50 mM
sodium phosphate pH 7.4, 300 mM NaCl, 6 mM MgSO,, 10% glycerol,
250 mMimidazole). The eluted sample was treated with TEV enzyme
and applied to Co*"-NTA agarose resin. The flowthrough sample was
applied to a heparin column and further purified by size-exclusion
chromatography with gel filtration buffer (25 mM HEPES pH 7.4,
300 mM NaCl, 6 mM MgSO0,, 0.5 mM tris(2-carboxyethyl) phosphine
hydrochloride (TCEP)) using a Superose 6 Increase 10/300 GL column
(GE Healthcare). SDS-PAGE was used to analyse the quality of purified
proteins. The pure proteins were stored in 30-pl aliquots at —80 °C after
being flash-frozeninliquid nitrogen for further use. These procedures
have been described previously™.

Invitro RNA synthesis assay

In the RNA synthesis assay, RNA promoter sequences with different
lengths of the Le region of the genome and TrC region of the antige-
nome were used. The oligonucleotides, such as Le10 and TrC10, were
chemically synthesized by Integrated DNA Technologies (Coralville,
IA, USA) or Horizon Discovery (Waterbeach, UK) and had hydroxyl (OH)
groups atboth 3’ and 5’ terminals.

Radioactive isotope-labelled nucleotides, [a->P]GTP and [y-2P]ATP,
were purchased from Perkin Elmer. The reaction mixtures consisted
of 2 LM RNA template (without RNA template as the control), the RSV
L-P complexes (about 300 ng RSV L), NTPs (ATP at 50 uM with 5 pCi
of [y-**P]JATP or CTP at 1.25 mM and ATP at 50 uM with 5 pCi of [y-**P]
ATP were used in Extended Data Fig. 10a,c; GTP at 50 pM with 5 pCi of
[a-**P]GTP or CTP at 1.25 mM and GTP at 50 pM with 5 puCi of [a-*?P]
GTP were used in Extended Data Fig. 10b; GTP at 50 pM with 5 pCi of
[a-**P]GTP or ATP at 1.25 mM and GTP at 50 uM with 5 pCi of [a-**P]
GTP were used in Extended Data Fig.10d) and reaction buffer (50 mM
Tris-HCI pH 7.4, 8 mM MgCl,, 5 mM dithiothreitol, 10% glycerol) in a
final volume of 20 pl. The reaction mixtures were incubated at 30 °C
for2 hand heated to 90 °Cfor 5 min. Then, 5 pl of the stop buffer (90%
formamide, 20 mM EDTA, 0.02% bromophenol blue) was added to
each reaction mixture (Extended Data Fig. 10). The isotope-labelled
nucleotides with the same concentration were purchased fresh and
used for the reactions. Only the reaction mixtures containing the
same radioactive isotope-labelled NTPs were directly compared for
clarity. The RNA products were analysed by electrophoresis on a
20% polyacrylamide gel containing 7 M urea in a Tris—-borate-EDTA
buffer, followed by phosphorimaging with a Typhoon FLA 7000

scanner (GE Healthcare). The molecular weight ladders were gener-
ated by labelling Tr5, Tr7, Tr14, Tr21and Tr25 with [y-**P]ATP using T4
polynucleotide kinase (M0201L, NEB) following the protocols of the
manufacturer (NEB).

Cryo-EM grid specimen preparation and data acquisition
Weincubated 0.35 mg ml™ purified RSV polymerase with 30 pM Le10,
150 uMGTPand CpNpp or30 uM TrC10,150 uM GTP and ApNpp at room
temperature for 1 h. Subsequently, we applied 3.0 pl of the assembled
complexes onto glow-discharged UltrAuFoil 300 mesh R1.2/1.3 grids
(Electron Microscopy Sciences) for Le10 and TrC10, respectively. After
this, weblotted the grids for 3 sat about 100% humidity and flash-froze
theminliquid ethane using an FEI Vitrobot Mark IV.

Images were collected with Leginon 3.5 on FEI Titan Krios micro-
scopes operated at an acceleration voltage of 300 kV with a Gatan K3
camerawitha1.058 A pixelsize. The defocus range was set from -0.8 um
to-2.5 um. Dose-fractionated images wererecorded with a per-frame
exposure time of 2,000 ms and a dose of about 1.305 electrons per
square angstrom per frame. The total accumulated dose was about
52.21electrons per square angstrom. A total of 6,741 micrographs were
collected for the Le10-bound RSV polymerase, and 7,777 micrographs
were collected for the TrC10-bound RSV polymerase.

Cryo-EM data processing

Motion correction of the data for RSV polymerase in complex with Lel0
was carried out with the program MotionCor2 (ref. 37). The contrast
transfer function was estimated using the program CTFFIND4 (ref. 38).
Atotal of 3,658,410 particles were auto-picked by crYOLO?, and abox
size of 200 pixels was used to extract the particles. Particle 2D clas-
sification, initial 3D model building, 3D classification, 3D refinement,
contrast transfer function refinement and polishing were carried out
using RELION 3.1.3 (ref. 26). The final refinement was validated using
cisTEM?®, using the best class as the initial model. The global search
was carried out once without the mask, followed by another global
search using a soft mask (6-pixel soft edge) generated in RELION.
After 2D and 3D classifications, 358,385 particles were selected for
final 3D refinement and polishing, resulting in a cryo-EM map with a
resolution of 3.40 A. The TrC10-bound RSV polymerase dataset was
processed using a similar method. A total of 3,646,076 particles were
picked for further data processing. Finally, 197,859 particles were
selected after 2D and 3D classifications and subjected to final 3D
refinement and polishing, yielding a cryo-EM map with aresolution
of 3.41A.

All reported resolutions were based on gold-standard refinement
procedures and the Fourier shell correlation = 0.143 criterion. The local
resolution was estimated using ResMap*°. Further data processing and
refinement details are summarized in Extended Data Figs.1and 2 and
Supplementary Table1.

Model building and figure preparation

Theinitialmodel docked into the cryo-EM map for the RSV polymerase
complexwithLelO or TrC10 was the apo RSV polymerase coordinates
(PDB: 6UEN). UCSF Chimeraand COOT were used for fitting the initial
model®?, The final structures of the RSV polymerase in complex with
Lel0 or TrC10 were built and refined using COOT and PHENIX, and the
model geometries were validated using MolProbity?*~* Supplementary
Table1summarizes the data collection and model refinement statistics.
The software used in this project was curated by SBGrid*. All of the
figures representing model and electron density maps were generated
using COOT?, UCSF Chimera® and PyMOL??. Multiple sequence align-
ment was carried out using Multalin** and ESPript*.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|Cryo-EM data processing of therespiratorysyncytial  classification.Scalebar:100 A. (c) The datasets, classification, and refinement

virus (RSV) polymerase in complex withleader promoter LelO. (a) The proceduresused in thiscomplex. (d) The gold-standard Fourier shell
representative micrograph (1out of 6,741 micrographs) of the RSV polymerase correlation (FSC) curves for cross-validation between the corrected, masked,
(L:P complex) in complex with leader promoter Lel0. Scale bar: 500 A. (b) The and unmasked maps. (e) The angular distribution heatmap of particles used for

representative 2D class averages obtained from the reference-free 2D refinement.
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Extended DataFig.2|Cryo-EM dataprocessing of RSV polymerasein
complexwith trailer complementary promoter TrC10. (a) Therepresentative
micrograph (1out of 7,777 micrographs) of the RSV polymerase (L:P complex) in
complex with trailer complementary promoter TrC10. Scale bar:500 A. (b) The
representative 2D class averages obtained from the reference-free 2D

classification. Scale bar:100 A. (c) The datasets, classification, and refinement
procedures usedin this complex. (d) The gold-standard Fourier shell correlation
(FSC) curves for cross-validation between the corrected, masked, and unmasked
maps. (e) The angular distribution heatmap of particles used for refinement.
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Extended DataFig.3| Therepresentative modelsfit with electron domain (a, h), supportingloop (b, i), supporting helix (c,j), Cap domain (d, k),
microscopy densitiesinLel0 and TrC10-bound RSV polymerase complexes.  primingloop (e, 1), Py, (f, m), and Pcyp, (g, n), fitting with the density maps at the
Electron microscopy density segments for representative regions of the Le10 counterlevel of 1.50,2.50 0r 3.5 0, were shown with the same color scheme as

(a-g) and TrC10 (h-n) bound RSV polymerase complexes. The models of RARp Fig.1.
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Extended DataFig.4|Thesequences, models, and cryo-EM densities of the
RNA templates. (a) The sequences, models, and cryo-EM densities of leader
promoter LelO (the position 3 pre-initiation state). The electron density maps of
LelOwereshownatthe contourlevelsof2.5and 1.5c. Detailed electron density
maps for Le10-T1U (1.5 0), Le10-T2G (1.50), Le10-T4G (2.50), and Le10-T10U (2.5
o) werealsoshown. (b) The sequences, models, and cryo-EM densities of trailer

RNA template: Le10
3 4 5 6 7 8
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Le10-T1U (1.5 0)

complementary promoter TrC10 (the position1pre-initiation state.) The

RNA template: TrC10
1 4 7 9 10

T3C 14y o
TrC10-T2G (2.50)  TrC10-T8U (2.50)

electrondensity map of TrC10 was shown at the contour levels of 2.5 0. Detailed
electrondensity maps for TrC10-T2G (2.5 o) and TrC10-T8U (2.5 o) were also
shown. Theresidueis denoted by the template (T) position number with the
base name. Note that the 5'ends of the visible RNA residues Le10-T10U (the
ending hydroxyl group) and TrC10-T8U (the internal phosphate group) are
different, confirming the difference between the modelings of Le10 and TrC10.
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Extended DataFig. 5|See next page for caption.



Extended DataFig.5|Sequence alignment of the RdARp and Cap domains
amongnonsegmented negative-sense (NNS) RNA viruses. (a) Sequence
alignment of the RdRp domain of the L proteinsamong NNSRNA viruses. The
RdRp domain features a conventional right-hand ‘fingers-palm-thumb’
polymerase fold. The ‘fingers’, ‘palm’, and ‘thumb’ regions are colored blue,
red,and brown, respectively. The supporting loop and helix were colored
orange. The catalytic ‘GDN’ motifis labeled with a magentastar. Highly
conserved and identical (100% conservation) residuesinvolved inthe
interaction with the RNA template arelabeled withgreenandred triangles,
respectively. (b) Sequence alignment of the Cap domain of the L proteins
among NNSRNA viruses. The catalytic ‘HR’ motifis labeled with alight brown
star. The ‘GXXT motifis highlighted and colored green. The priming loop
regionwas colored orange with potential priming residues in RSV (W1262),
RABV (W1180), and VSV (W1167) highlighted. The secondary structures of the

HRSVLidentified are shown above the alignment. The alignment graphics were

prepared with Multalinand ESPript. The sequences of the L proteins here were

obtained from the UniProt website: HRSV, human respiratory syncytial virus
(https://www.uniprot.org/uniprotkb/P28887/entry); HMPV, Human
metapneumovirus (https://www.uniprot.org/uniprotkb/Q6WB93/entry); SeV,
Sendaivirus (https://www.uniprot.org/uniprotkb/055528/entry); MeV,
Measles virus (https://www.uniprot.org/uniprotkb/P12576/entry); HeV,
Hendravirus (https:/www.uniprot.org/uniprotkb/089344/entry); PIVS,
Parainfluenzavirus5 (https://www.uniprot.org/uniprotkb/Q88434/entry);
MuV, Mumps virus (https:/www.uniprot.org/uniprotkb/P30929/entry); NDV,
Newcastle disease virus (https://www.uniprot.org/uniprotkb/Q9DLD3/entry);
MARYV, Lake Victoriamarburgvirus (https://www.uniprot.org/uniprotkb/
P31352/entry); ZEBOV, Zaire ebolavirus (https://www.uniprot.org/uniprotkb/
QO05318/entry); RABV, Rabies virus (https://www.uniprot.org/uniprotkb/
P11213/entry); BEFV, Bovine ephemeral fever virus (https://www.uniprot.org/
uniprotkb/Q9E784/entry); VSV, Vesicular stomatitis Indiana virus (https://
www.uniprot.org/uniprotkb/P03523/entry).
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Extended DataFig. 6 | Structural comparison ofapo and promoter-bound
RSV polymerase (L:P). The Land P proteins are almost identical in Le10-bound
and TrC10-bound RSV polymerase structures. Thus, only Le10-bound RSV
polymeraseis used toalign with the apo RSV polymerase. (a) Overall
comparison of apo (gray) and Le10-bound RSV polymerases (L:P) (colored the
sameasFig.1). Compared withapoRSV L, the Cap domain of Le1l0-bound RSVL
shiftsinward by approximately 1.8 A (red double-arrow), yielding amore
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m RdRp
M Cap
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compact catalytic pocket. (b) Structural comparison of the RARp domains of the
L proteinbetween apo and Lel0-bound RSV polymerases. The supporting helix
andthe supportingloop are colored orange. (c) Structural comparison of the
Cap domainsofthe L protein between apoand Lel0-bound RSV polymerases.
The primingloopis colored orange. (d) Structural comparison of the RSV P
between apo and Lel0-bound RSV polymerases (L:P). The ‘GDN’ motifis shown
inmagentaspheres, and the ‘HR’ motifis showninlight brownspheres.
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Extended DataFig.7|Structural comparison of the RNA polymerases from
different NNS RNA viruses. (a) The overall structural comparison of the RNA
polymerases from RSV (colored as Fig. 1d), HMPV (PDB: 6 U50, gray), EBOV
(PDB: 7YES, pink), VSV (PDB: 6U1X, cyan), PIV5 (PDB: 6V85, limon), RABV (PDB:
6UEB, brown) and NDV (PDB: 7YOU, tan). (b) Structural comparison of the RARp

Cap domains

m RSV LRdRp

m RSV LCap

m RSV P,

m RSV P,

= RNAtemplate (Le10)
OHMPV L:P (6U50)
EBOV L:VP35 (7YES)
0 a} b

m PIV5L:P (6V85)

m RABV L:P (6UEB)

O

domains of RNA polymerases in panel (a). (¢) Structural comparison of the Cap
domains of the RNA polymerases in panel (a). (d) Structural comparison of the
P proteins, or VP35 from EBOV, of the RNA polymerases in panel (a). The ‘GDN’
motifis shown as magentaspheres, and the ‘HR’ motifis shown aslight brown
spheres. The RNA template LelOis colored yellow.
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Extended DataFig. 8| Structural comparison between the viral RNA
promoter-bound EBOV polymerase (L-VP35-RNA) complex and
Lel0-bound RSV polymerase complex. (a) The overall structural comparison
of'the viral RNA promoter-bound EBOV polymerase (L-VP35-RNA) complex
(PDB: 8JSM, pink) and Le10-bound RSV polymerase complex (PDB: 8SNX,

colored asFig.1d). (b) Close view of the RNAin RSV and EBOV polymerase
complexes. (c) Close view of the gate region of the template entrance channel
inRSVand EBOV polymerase complexes. The ‘GDN’motifis shown as magenta
spheres, and the ‘HR’ motifis shown aslight brown spheres. The RNA template
LelOis colored yellow. The viral EBOV L-VP35-RNA complex is colored pink.
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Extended DataFig. 9 |Structural comparisonbetweenthe RSVRNA (e) Thecomparison of the RNAs and catalytic residues among the polymerases
polymerase and RNA polymerases from viruses other than NNS RNA from (a-d). The catalyticsites -1, +1,and +2 are labeled. An ATPis located at the
viruses. (a) The RdARp domain of Lassa virus (LASV) apo polymerase (PDB: +1 catalyticsiteinthe LACV polymeraseinitiation complex. The RdARp domains
70E3). (b) The RdRp domain and RNA of Bat Influenza A (FIuA) polymerase ofthe RNA polymerase were shown as conventional “fingers-palm-thumb”

pre-initiation complex (PDB: 6TON). (c) The RdARp domainandRNA of LaCrosse  right-hand motifs, which are displayed as the fingers (blue), the palm (red),
virus (LACV) polymerase atinitiation stage (PDB: 7ORN). (d) The RdARp domain and the thumb (brown). The PDB accession codes are underlined.
and RNA of RSV polymerase at pre-initiation state (PDB: 8SNX, this work).
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Extended DataFig.10|RSVRNA synthesis initiation at positions1and3
testing withLeader (Le) or trailer complementary (TrC) promoters. (a) RSV
RNA synthesisinitiation at position 1of Le10 labeled with [y—**P]-ATP. (b) RSV
RNA synthesis initiation at position 3 of Le10 labeled with [a—>?P]-GTP. (c) RSV
RNA synthesis initiation at position1of TrC10 labeled with [y—>2P]-ATP. (d) RSV
RNA synthesis initiation at position 3 of TrC10 labeled with [a—*2P]-GTP.
Corresponding NTPs used for eachsample are labeled below the figure. ATP at
50 pM with 5 uCi of [y—**P]ATP or CTPat1.25 mM and ATP at 50 uM with 5 uCi of
[y->*P]1ATP were used in panels (a) and (c); GTP at 50 uM with 5 uCi of [a—**P] GTP
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orCTPat1.25mMand GTP at 50 uM with 5 uCi of [a—**P] GTP were used in panel
(b); GTPat 50 pM with S pCiof [a—*2P] GTP or ATPat1.25mMand GTP at 50 uM
with 5 pCiof [a—*’P] GTP were used in panel (d). Reactions without RNA
templates with corresponding NTPs were used as controls. Position1required
aminimum template length of 8 nts for initiation, whereas position 3 required
aminimum length of 10 nts. All datashown are representative of three
independent experiments (n = 3),and the uncropped autoradiographimages
areshowninSupplementary Fig.1.
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Not applicable

Reporting on race, ethnicity, or Not applicable
other socially relevant

groupings

Population characteristics Not applicable
Recruitment Not applicable
Ethics oversight Not applicable
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine the sample size. The sample size of the cryo-EM data was chosen based on the sufficient
number of particles to achieve high-resolution reconstructions. We also processed the data in parallel with the data collection to make sure
the sample size is large enough to achieve high-resolution reconstructions. A total of 6,741 micrographs were collected for the Le10-bound
RSV polymerase, and 7,777 micrographs were collected for the TrC10-bound RSV polymerase. Both provided sufficient particles to achieve
high resolution structures.

Data exclusions  No data were excluded.

Replication The in vitro RNA synthesis assay was repeated twice to confirm the results. All attempts at replication were successful.

Randomization  Randomization is not relevant to this study as no clinical trails or drug treatment assays were performed and no grouping was needed.

Blinding Blinding is not relevant to this study as no clinical trails or drug treatment assays were performed and no grouping was needed for this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|:| Antibodies |Z |:| ChiIP-seq
|Z Eukaryotic cell lines |Z |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|:| Animals and other organisms
|:| Clinical data

|:| Dual use research of concern

[] Plants
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Sf21 cells derived from the parental Spodoptera frugiperda cell line IPLB-Sf-21-AE are purchased from thermofisher scientific.
Authentication Sf21 cell line is insect cell line and the cell line used was not authenticated.
Mycoplasma contamination This cell line was not tested for Mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines used in this study.
(See ICLAC register)
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