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Supplementary Fig. 1. Cryo-EM data processing. 
a Flow chart of single particle cryo-EM data processing. b Angular distribution of the particles for class 1 
(left panel) and class 2 (right panel). c The Fourier shell correlation (FSC) curves were used to calculate 
the resolutions of the final reconstructions with the cutoff of 0.143 and the resolutions are consistent with 
the model-to-map correlation (0.5 criterion). d, e Local resolution estimation of the reconstructed cryo-EM 
density maps of class 1 with CD′ (d) and class 2 without CD′ (e). Overview on the left and cut-out view on 
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the right. f B-factor analysis of the class 1 structure showing the rigidity and flexibility. The coloring-
thickness scale varies from blue and thin (rigid residues) to red and thick (flexible residues). g, h 
Representative electron density maps around the RdRp active site including the presumed magnesium ion 
(Mg2+) and catalytic residues 772-GDN-774 (g), and at the L-L dimeric interface between CD′ and RdRp-
PRNTase of the intact L (h). The maps are shown as grey mesh, contoured at 8.0 and 5.0 σ, respectively. 
The distances (angstrom, Å) between Mg2+ and the oxygen atoms of two coordinated residues are labeled. 
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Supplementary Fig. 2. Reconstruction of L-P copy 2 in class 1 particles by subtraction of the 
“complete” L-P copy.
a 2D classification of L-P copy 2 after subtraction of the “complete” L-P copy 1 from class 1 particles. b
3D classification with good CD′ alignments derived from the refinement of class 1. c Focused refinement 
after erasing the smeared density in b obtained a 4.5 Å map of CD′. The original CD′ map of class 1 is 
shown in the left panel. The CD′, RdRp, PRNTase domains are shown in ribbons. The N- and C-terminal 
residues of CD′ and the visible loop between Lys1459 and Asp1469 of CD′ in the focused refined map are 
labeled. d Reconstruction of the particles from the 2D classes in a with re-calculated alignments obtained
a map of potential RdRp-PRNTase of L-P copy 2 at 7.0 Å. The RdRp-PRNTase map and structure of L-P
copy 1 in class 1 are fitted into the reprocessed map. Rotated view by 90o about the horizontal axis is shown 
in the right panel. The proposed template entry, template exit and RNA tunnel are labeled.
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Supplementary Fig. 3. Similarity of the RdRp domains between hPIV3 and other viral polymerases.
The polymerase RdRp domains of hPIV3 (a); PIV5 (PDB 6V85) (b); VSV (PDB 6U1X) (c); RSV (PDB 
6PZK) (d); FluB (PDB 6QCX) (e); SARS-CoV-2 (PDB 7BV2) (f). The RdRp subdomains are colored as 
depicted in Fig. 2a. The catalytic residues and magnesium ions at the active site are shown as sticks and 
sphere, respectively. Structures are superimposed to hPIV3 RdRp domain including the N-terminal region 
(NTD) with low structural similarity, and the root mean square deviation (r.m.s.d) value and residue
coverage are marked.
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Supplementary Fig. 4. Structure-based sequence alignment of nsNSV L proteins. 
Secondary structure elements of hPIV3 L are shown above the alignment. The presumed catalytic residues 
and critical residues at the RdRp active site are indicated by red stars below the alignment. The residues 
involved in L-L interactions of hPIV3 L are indicated by circles: residues on the RdRp and PRNTase 
domains of the intact L and the CD domain (CD′) of the second L are colored in cyan and red, respectively; 
residues participated in polar and hydrophobic interactions are shown as solid and hollow circles, 
respectively. The basic residues that constitute the positively charged surface of CD′ connected to the 
putative template RNA entry of the adjoining L are shown as blue stars. The residues of hPIV3 L involved 
in the interactions with P-OD and P-XD are indicated by pink and maroon triangles, respectively. Motifs 
A–G of the RdRp domain, the priming loop and intrusion loop of the PRNTase domain, the β-strand latch 
of hPIV3 L RdRp and C-terminal β-strand tail of VSV L CTD are labeled. The sequences of L proteins are 
from the following viruses: hPIV3 (NP_067153.2), caprine parainfluenza virus 3 (cPIV3, 
YP_009179212.1), human parainfluenza virus 1 (hPIV1, NP_604442.1), Sendai virus (SeV, BAN84672.1), 
Measles virus (MeV, NP_056924.1), Nipah virus (NiV, NP_112028.1), parainfluenza virus 5 (PIV5, 
YP_138518.1), Newcastle disease virus (NDV, ALP75897.1), respiratory syncytial virus (RSV, 
YP_009518860.1), human metapneumovirus (hMPV, Q6WB93), vesicular stomatitis virus (VSV, 
NP_041716.1) and rabies virus (RABV, ABN11300.1). 
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Supplementary Fig. 5. Comparison of hPIV3 RdRp active site with modeled dsRNA to EBOV (a) and
RSV (b) RdRp active site bound to the template strand RNA.
The RdRp active site of hPIV3 L is colored in cyan, and the template and primer (product) strand RNAs of
the modeled dsRNA from FluB RdRp structure (PDB 6QCX) are colored in light orange and marine blue,
respectively. The RdRp active site and the template strand RNA of EBOV (PDB 8JSN) and RSV (PDB
8SNX) structures are colored in grey. Three critical residues identified in hPIV3 structure and the
corresponding residues that interact with the 10-nt template strand RNA in EBOV and RSV structures, as
well as the catalytic residues are shown as sticks. The magnesium ion in hPIV3 structure is shown as sphere.
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Supplementary Fig. 6. Comparison of the putative priming loops and intrusion loops between hPIV3
and other nsNSV polymerases.
a VSV (PDB 6U1X); b RABV (PDB 6UEB); c hPIV3; d PIV5 (PDB 6V85); e RSV (PDB 6PZK); f hMPV
(PDB 6U5O). The RdRp domains are shown as aquamarine surface at the same view as in Fig. 2e, while
the priming and intrusion loops in PRNTase are shown as ribbons in claret and blue, respectively. The
conserved GxxT motif and HR motif are shown as sticks. The HR motif is directed towards the RNA cavity 
in the hPIV3 structure, but situated away from the cavity in other structures. The red star indicates the RdRp 
active site.
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Supplementary Fig. 7. Comparison of L CD-MTase-CTD between different nsNSVs reveals 
structural correlation between the conformations of priming and intrusion loops and the
rearrangements of CD, MTase and CTD domains of L.
a VSV (PDB 6U1X); b RABV (PDB 6UEB); c hPIV3; d PIV5 (PDB 6V85); e RSV (PDB 6PZK); f hMPV
(PDB 6U5O). The putative priming and intrusion loops and the CD domain of hPIV3 L-P structure are
compared to those of RABV (c), with VSV structure adopting a similar conformation to RABV structure
(a, b). The shifts are indicated by straight arrows, and potential steric clashes between the priming/intrusion
loops of hPIV3 structure and the CD domain adopting the same conformation as RABV are indicated by 
red dashes. The movement of CD-MTase-CTD of hPIV3 compared to that of VSV and RABV in a pre-
initiation state1–3 is indicated by a curved arrow. PIV5 (d), RSV (e) and hMPV (f) L-P structures are
compared to that of hPIV3. The CD-MTase-CTD that are invisible in RSV and hMPV L-P structures in a
non-initiation state4–7 are shown as cartoon models with the putative movements shown by dashed arrows.
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Supplementary Fig. 8. Comparison of hPIV3 L and NDV L structures. 
a Comparison of CD-MTase-CTD of hPIV3 (yellow-orange-red) and NDV (PDB 7YOU) (grey). The 
RdRp-PRNTase domains of hPIV3 and NDV are superimposed and only the hPIV3 RdRp-PRNTase are 
shown as surface. The β-strand latch of hPIV3 L RdRp is labeled. Rotated view by 90o about the x axis is 
shown in the right panel. b Comparison of the putative priming loops and intrusion loops between hPIV3 
and NDV. The disordered regions of the loops are shown as dotted lines. Only His1268 residue of the HR 
motif of NDV L was built in the EM density map. The hPIV3 RdRp is shown as surface. The red star 
indicates the RdRp active site. c The interactions between the putative priming/intrusion loops and CD.
Potential steric clash between NDV priming loop and the CD adopting the same conformation as hPIV3 is 
indicated by red dashes. The movement is indicated by an arrow. 

Priming loop
hPIV3 vs NDV

HRHR
H1268H1268

Intrusion loop
hPIV3 vs NDV

RdRpRdRp

b

hPIV3 priming loop
NDV priming loop

hPIV3 intrusion loop
NDV intrusion loop

NDV CD
hPIV3 CDhPIV3 CD

c

PRNTasePRNTase

hPIV3 β-strand latch

RdRpRdRp

MTase

CTD

CDCD

hPIV3 vs NDVa

PRNTasePRNTase

hPIV3 β-strand latch

RdRpRdRp

MTase

CTD

CDCD

90º



16

Supplementary Fig. 9. The modeling reveals disruption of the short β-sheet formed with the β-strand 
latch during elongation.
The domains of hPIV3 L are colored as depicted in Fig. 1a. RdRp and PRNTase domains are shown as 
surface, while other domains are shown as ribbons. The β-strand latch (Phe641–Lys644) extended from 
RdRp is labeled, and the disordered region followed by the β-strand latch is shown as a dotted line. The 
nascent RNA modeled from FluB RdRp structure (PDB 6QCX) is colored in marine blue, and the 
elongation from the RNA tunnel is indicated by a blue dashed arrow. The part that affects the nascent RNA 
exit in the priming loop is omitted from the PRNTase surface and shown as ribbons. The shift of the CD 
domain and the potential movement of CD-MTase-CTD for RNA tunnel opening during elongation are 
indicated by thick dashed arrows. The disruption of the short β-sheet formed between the β-strand latch
and CTD is indicated by a black cross and dashed arrow.
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Supplementary Fig. 10. Structure-based sequence alignment of nsNSV P proteins. 
Secondary structure elements of hPIV3 P (P4-OD and single XD) are shown above the alignment. The 
residues of hPIV3 P-OD and P-XD involved in the interactions with L are indicated by pink and maroon 
triangles, respectively. The sequences of P proteins are from the following viruses: hPIV3 (NP_067149.1), 
cPIV3 (YP_009179208.1), hPIV1 (NP_604435.1), SeV (BAN84668.1), MeV (NP_056919.1), NiV 
(NP_112022.1), PIV5 (YP_138512.1), NDV (ALP75892.1), RSV (YP_009518853.1) and hMPV 
(Q8B9Q8). 
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Supplementary Fig. 11. Comparison of L-P binding between hPIV3 and other nsNSVs including 
PIV5 (a), NDV (b), RSV (c), hMPV (d) and EBOV (L-VP35) (e).

The RdRp and PRNTase structures of PIV5 (PDB 6V85), NDV (PDB 7YOV), RSV (PDB 6PZK), hMPV
(PDB 6U5O) and EBOV (PDB 7YES) are superimposed to that of hPIV3 with surfaces of hPIV3 RdRp 
and PRNTase shown. HPIV3 L and P are colored as depicted in Fig. 4a, while P or VP35 proteins of other
nsNSVs are colored in dark grey. Both OD and XD domains of hPIV3, PIV5 and NDV P proteins as well
as the OD and CTD domains of EBOV VP35 adopt similar conformations and bind to the same approximate
positions on L (a, b and e). RSV and hMPV also dock the tetrameric helical OD domains of P on the L
surface like hPIV3 and extend their C-terminal helices of one monomer to roughly the same position as 
hPIV3 P-XD (c, d). Red arrows indicate the typical antiparallel ȕ-sheet between L and P-OD shared among
hPIV3, NDV, RSV, hMPV and EBOV (between L and VP35-OD), while it was not resolved in PIV5 
structure due to low resolution.
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Supplementary Fig. 12. The CD domain (CD′) of the second L of hPIV3.
a CD is superimposed to CD′ with the secondary structure elements and both N and C termini labeled, and 
RdRp and PRNTase domains shown as surface. The first α-helix (α1) is invisible in CD′. The disordered 
region containing the missing short helix α3 of CD′ is shown as a dotted line. The major structural 
differences are the loops between α8/α9 and α11/β2 at the L-L interface and the bent helix α2 of CD′ (α2′). 
b Two CD domains located at both sides of RdRp-PRNTase of L. All domains are shown as surface. c
Structural similarity between hPIV3 L CD′ (left) and the CD domains of another paramyxovirus NDV L 
(PDB 7YOU) and the rhabdovirus VSV L (PDB 6U1X). Structures were superimposed to CD′ of hPIV3 
L, and the r.m.s.d value and residue coverage are marked. The sequence identities and similarities of the 
CD domains compared to that of hPIV3 are also shown. d The positively charged surface on CD′ of hPIV3 
L (left) and the comparable surface on the CD domains of NDV L and VSV L at the same top view as in 
Fig. 7f. The putative RNA paths are indicated by dashed arrows. 
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Supplementary Fig. 13. The captured hPIV3 L-P dimer should not be symmetric.
Dimer modeling using two same hPIV3 L-P monomers by superposition of the CD domain of the second 
L-P to the second CD (CD′) in the incomplete dimeric hPIV3 L-P structure showed that two L-P monomers 
have serious steric clashes, shown in the dashed box. The original L-P of Polymerase is colored as depicted 
in Fig. 1a, while the superimposed L-P of Polymerase′ is drawn in close colors. 
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Supplementary Fig. 14. The dimeric L-P polymerase model in RNA replication.
Schematic diagram illustrating a speculative model for the function of the dimeric L-P polymerase. In this 
schematic diagram, the right-hand polymerase represents the L-P complex for which an almost intact 
structure was obtained by cryo-EM, and the left-hand polymerase represents the L-P complex for which 
most parts were unresolved, except for the CD domain. It should be noted that the cartoon is not a precise 
2D projection but is a “flattened” representation so that the RNA and NTP channels of both polymerases 
could be depicted. According to this model, the left-hand polymerase (Polymerase′) contacts the template 
and synthesizes RNA. The retracted priming loop into the cavity of the PRNTase, together with the 
intrusion loop, pushes away the CD with dramatic movement of the adjacent C-terminal MTase-CTD, 
resulting in a dynamic structure. The opening of the product exit channel allows nascent RNA to travel 
along the positively charged surface of CD′ towards the right-hand polymerase. The right-hand polymerase 
might play a role in encapsidating the RNA in the presence of soluble N0, although the site of encapsidation 
is not known (as indicated with a dotted line and a question mark). In this model, the unresolved parts of 
the left-hand polymerase in the dimeric hPIV3 L-P cryo-EM structure are highlighted by dashed strokes. 
The putative priming and intrusion loops in pre-initiation state are indicated by dashed transparent lines. 
For simplicity, soluble N0 is shown in the free state, but in infected cells, it would likely be in an N0-P
complex.
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Supplementary Table 1. Cryo-EM data collection, structure refinement and model statistics 
 hPIV3 L:P complex  

class 1 (incomplete 
dimeric form) 

hPIV3 L:P complex  
class 2 (monomeric form) 

PDB entry 8KDB 8KDC 
EMDB entry EMD-37130 EMD-37131 
   
Data collection and processing   
Magnification    81,000 81,000 
Voltage (kV) 300 300 
Electron exposure (e–/Å2) 50 50 
Defocus range (μm) −1.5 to −2.0  −1.5 to −2.0 
Pixel size (Å) 1.087 1.087 
Symmetry imposed C1 C1 
Initial particles (no.) 3,288,374 3,288,374 
Final particles (no.) 102,956 137,294 
Map resolution (Å) 
    FSC threshold 

2.7 
0.143 

3.3 
0.143 

Map resolution range (Å) ∞–2.7 ∞–3.3 
   
Refinement   
Initial model used (PDB code) 6V85 6V85 
Map sharpening B factor (Å2) -45 -109 
Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Ligands 

 
20,861 
2,584 
Mg2+ (1), Zn2+ (2) 

 
18,808 
2,329 
Mg2+ (1), Zn2+ (2) 

B factors (Å2) 
    Protein 
    Ligand 

 
70.77 
70.00 

 
92.68 
104.78 

R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.003 
0.525 

 
0.003 
0.495 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    

 
1.28 
5.27 
0.04 

 
1.48 
6.45 
0.05 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
98.01 
1.99 
0.00 

 
97.36 
2.64 
0.00 
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