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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). ¢ 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
(Mg?*) 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 o, respectively.
The distances (angstrom, A) between Mg?* 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. ¢ Focused refinement
after erasing the smeared density in b obtained a 4.5 A map of CD'. The original CD’ map of class 1 is
shown in the left panel. The CD’, RdARp, 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 RARp-PRNTase of L-P copy 2 at 7.0 A. The RdRp-PRNTase map and structure of L-P
copy l inclass 1 are fitted into the reprocessed map. Rotated view by 90° 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 RARp domains between hPIV3 and other viral polymerases.

The polymerase RdRp domains of hPIV3 (a); PIV5 (PDB 6V85) (b); VSV (PDB 6U1X) (¢); 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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DDTGIFIHNPR{eTIHOYCOMLINTLISISAIHLAAVKVGVRVSAMVQEOAT
ADS|GIFIHNPR[EHEIIHelY CISLIYTLISISAIHLAAVRVGVRVSAMVQ[EOAT
PNDQIFIKYPMleJe TiHelY COISLITISTIPYLYLAAYESGVRIASLVQ[ESINOTI
PEDDIFIHYPK[EEIINeY SOIMTTIATIPFLFLSAYETNTRIAAIVQ[EBINESI
INGDIFIVSPR[EHEIIHLCOISANTMISIAVIIILSATESGTRVMSMVQ[EIIOAT
PNDDIYIVSAR[EETIIHELCOIALNTMISIAAIQLAAARSHCRVACMVQ[EIOV I
DEQSGLYRYHM[e T)HeWC[OALNTIEAISLLDLISLKGKFSITALIN[EMOST
EEQSGLYRYHM[efe T|HeWC[MLINTMEAISLLDVVSVKTRCQOMTSLLN([EOST
TISQRVCWQGQE[Ele LINE LRING|YTILNLLVIQREAKIRNTAVKVLAQEMOV I
SNGPTCWNGOD[e[e] LI LR[ING|SLVSLLMIDRESQIRNTRTKILAO[EIRIOVL
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AVTTRVPNNYD...YRIKKEIVYKDEVRFF ALFAALSRCVFWS
AVTTRVP|TNYD. . .[YKTKKEIVYKDVVRFF ALIJALSRCVFWS
AVTSRVPV|TIQT . . .|YKQKKTHVYEE[I|TRYF CLIALTRCVFWS
AVTSRVPVRAQT. . .YKQKKNHVYEEITKYF CLIJALTKCVFWS
AVTKRVP|S[TWP . . .[YNLKKREAARV|TRDYF S|LIAS|IARCVFWS
AITQKVHPNLP. . .[YKVKKEICAKQAQLYF ALJ{SMSRCCFWS
AVTTRVPR[SLP . . .[TLEKKTIAFR[SCNLFF ALIINASKLCLTA
AVTREVRPDDS . . .PESVLTQLHEASDNFF VILIIN|SSKLVLVS
DISKPIRLMEG. . . QTHAQAD|. YLLALNSL S|IIfKVLRVGPWI
DVSKPVKLSEG . . . LDEVKAD|. YRLAVKML P IJdKVLRVGPWI
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ETVIDETRSASSNLA[T]. . .[SFAKAIENG]Y] PVLIGYACSIFKNIQQLY[IALIGMN . KDQY[F..........
ETIIDETRSASSNLAT|. . .SFAKAIENGY| PVLGYVICSIFKNIQQLYIALGMN. KDQYF..........
ETLVDENRSACSNIAT|. . .SIAKAIENG|Y| P|ILGY|/C/IALFKT/C/QQVIC|I|S|LiGM[T|. KDQYF..........
ETLVDENRSACSNI|S|T|. . .[SIAKAIENG|Y P|ILGY|/C/IALYKT/C/QQVIC|I|S|LiGM[T|. RDQYF..........
ETIVDETRAACSNIAT|. . .TMAKSIERG[Y| RYLAYSLNVLKV|IQQI|L|IIS[LGF|T|. VIIPLL..........
ETLVDETRSACSNI|S|T|. . .TIAKAIENG[LS|. . . RNV|GY/CINILKV|IQQLL|ISTEF|S|. TSPIS..........
DVLGECTQSSCSNLA[T|. . .TVMRLTENGV| .KDIICFYLNIYMT|IKQL|SYD[IIFP)|. TLEYT..........
GDLSENTVMSCANI[S|S|. . .[TVARLCENGL KDF|CYYLNYLMS|C|IQT|YFD|SEF|S|. NOSWI..........
NTILDDFKVSLESIGS|. . .LTQELEYRGE LLCSLIFRNVWLYNQ IALQLKNH . DILKVLKHLKTFFNL
NTILDDIKTSAESI|GS|...LCQELEFRGE IIV|SLILRNFWLYNLYMHESKQH,. QLNKTLTSVQRFFEI
NDQIPTCANIMSSV|STNALTVAHFAENP[IN|. . . AMIQY|.. NYFGTFARLLILMMHDPA KIPGL..........
NDQIVNLANIMSTV|ST. . .NALTVAQHS|QSLIKPMRDF|.|. LLMSV|Q VFHML FSPP|T SAREGE. .........
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RCAILIPANI[JeJFNYMSTARICFVEINIGHPAVAALADLKRFI
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IRMALLPAPI[eMNYLNMSKLF VEINIGPPVT|S|SIADLKRMI
ITAALIPAPI[EFNYLNLSKIFVRINIGPPVTASLADLKRMI
SRLALLPSQL[Je|LNYLSCSKILFNEINIGHPVVISAVADLKRLI
HS[YVLTPAQL[Je|LISNLQYSHLYTEINIGPP GTTAFAEVKRLEAVGLL . . . . . v v v v n. ..
TLYMNLPMLF[eJe|GDPNLL YIS F YBRRTPPIFLTEAIVHSVFIL
DLWMNIPMQF[JelGDPVVF Y)HSFYRIRTPFLTEAISHVDILLKISAN. . .. .....
YAMLYLDPSI[elViISGMSLSKFLIBGAFPPPVTESLSFWRFIHVHA. .|. .. ... ....
SRIIYLDPSL[JeISGMSLGIFHIKOFSPPVSEGLSFWREIWLSS . .|. . ... .....
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.[ESSFLDWASPEYSCNLPQSQNITTMIKNITARNVLQD[SP|. . .ljJPLLSGLFTNTMIEEDEELAEFLMDRKVILERVAERDILDN
ESSFLDWASPIIYSCNLPQSQNITTMIKNITARNVLQD|SP|. . . PLLSGLFTPT*IEEDEELAEFLMDRKIILPRVAHDILDN
.DSSFLDWASPIIYSCNLPHSQSITTIIKNVTARSVLQE|SP|. . .l\PLLSGLF SE|S|S|SEEDLN[LASFLMDRKAILIZJRVAHEILDN
.[DSSFLDWASPIIYSCNLPHSQSITTIIKNITARSVLQE|SP|. . .\\PLLSGLFTE|T|S|GEEDLN[LASFLMDRKVILIZJRVAHEILGN
.[DSSFLDWASPIIYSANLVCVQSITRLLKNITARFVLIHSP|. . .fPMLKGLFHDDSKEEDERLAAFLMDRHIIV|]JRAAHEILDH
.DASFLDWASPIIYSGNLPD|SQSITKTIKNITARTILRN|SP|. . .\PMLKGLFHDK|SFDEDLELASFLMDRRVILIZRAAHEILDN

GSWATLAAPIIYSINIEYQYPPTTALKRHTQQALMELIST|. . .|\lPMLRGIFSDNAQAEENNLARFLLDREVIF]JRVAHIIIEQ

GDWASLCNPJJYSFNFESVASPSIVLKKHTQRVLFETICS|. . .|\\PLLSGVHTEDNEAEEKALAEYLLNQEVIHJZdRVAHAIMEA
PNAEFVTLMRPIJOALGSERQAKITSEINRLAVTEVLS[TAP|. . .]\JKIFSKSAQ.|HYTTTEIDLNDIMQONIEPTY]JHGLRVVYES
ERATLTTLMRPIIJOAVGSERQAKVTSDINRTAVTSILS[LISP|. . .]\JQLFSDSAI.|HYSRNEEEVGIIAENITPVY]HJHGLRVLYES
RITHIDKLVEPIITSLNIAMGMSPANLLKTEVKKCLIESRQTIRNQVIKDATI.|YLYHEEDRLRSFLWSINPLF|HRFLSEFKSG
TLESFTRLLEPJITTLNIRGGASPTILLKDAIRKALYDEVDKVERNSEFREAIL.|LSKTHRDNFILFLISVEPLF|JRFLSELFSS
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SLTGIRNAIAGMLDTTKSLIRVGINRGGLT[YSLIRKISNYDL ETLSRTL|.RLIV|SDKI|....RYEDMCSVDLAIA
SLTGIRNAIAGMLDTTKSLIRVGINRGGLTYNLLRKISTYDI| ETLSKTL|.KLVV|SDK[I|....RYEDMCSVDLAIS
SLTGVREA[IAGMLDTTKSLVRASVRRGGLS[YSILRRLINYDI| ETLTRTL|.RKPVKDN[I|....EYEYMCSVELAJIG|
SLTGVREA[IAGMLDTTKSLVRASVRK|GGLS|YGILRRLVNYDL| ETLTRTL|.RKPVKDN[I|....EYEYMCSVELAVG|
SVTGARE|SIAGMLDTTKGLIRASMRK|GGLT/SRVITRLSNYDY| RAGMVLL|. TGRKRNV[L. . . . IDKE[SCSVQLARA
SLTGAREE[IAGLLDTTKGLIRSGLRK|S|GLQPKLV/SRLSHHDY| LILNKLL|.SNRRQND[L....ISSNTCSVDLARA
TSVGRRKQIQGYLDSTRSIMRKSLEIKPLSNRKLNEILDYNI AYNLALL.KNAIEPPTYLKAMTLETCSIDIARN
SSVGRRKQIQGLVDTTNTVIKIALSRKPLGIKRLARIINYSS| MLFRDD SNRANHPL..VSSDMCSLALADY]
LPFYKAEKIVNLISGTKSITNILEKT/SAIDLTDIDRATEMMR TLLIRIL|.PLDCNRDKREILSMENLSITELSKY
LPFHKAEKVVNMISGTKSITNLLQRT/SAINGEDIDRAVSMML GLLSRIL|.SVVVDSIEIPIKSNGRLICCQISRT
TFLGVADGLISLFQNSRTIRN.SFK.KKYHRELDDLIVRSEYV| THLGKLHLRRG|S .|....CKMWTCSATHADT
SFLGIPES[IIGLIQNSRTIRR.QFR.KSLSKTLEESFYNSEI SRMTQTPIQRVIG[.|. . .[.]. . ... GVWPCSSERADL
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IHL|SGGRMI|SELETEDP LELL. S[GVV[I|TG S|E H[C/K I[C|¥[S|SD[GTNP . Y TWMYLPGN IKI|GS DERSEA

IHLSGGRI|IN[ELET|IDPLELL|. S|GIL/I|/T/GSEHCRIICY|S|TEGN|SP.YTWMYLPNNLN[IGS DERSEA
FH|LTYGRP|IH[ELETIHDPLELL|. RGSF|I[EGSEICKF|C|. RSEGNNPMYTWFYLPDNIDLDT DERSEA

IHLTYGRPIH[ELET|IDPLELL . RGIF|I[EGSEV|CKLC|. RSEGADPIYTWFYLPDNIDLDT DERSEA
ARLARGRP|IY[ELEV)]DVLESM. RGHLIRRHET/CVI .|G|SVN .|[YGWFFVP SGC|QLDD DERTDM
RELALGRV|I]Y[LEVIDALEAM. VIGRY|I|T|GS|LECQI GN|T|M .YGWFFVPRDS|QLDQ DERSDI
APLLGGRNLE[LET|IDPIEIT|. AGAL/IVGSGYCEQ GDNR .FTWFFLP SGIE|IGG DERRVA
SP|LTGGRK|IL[EVSNIEIDTIELV|. E[GE I|L|S|I S|GG[C/SK| GDE|Q .FTWFHLP SN IEL/TD QERRAA
S.|.|. .LSNIV[EVTS|EHSIMYTM.DIIKYT.|. TSTT. .|.|.|.|. .|.|. S|S.GIIIEKYNVN[S[LTR|.|. QEKKTM
N.|.|. .NMEI[V[VTSjdSITTCM. DVIIYAR|.|. TSSH. .|.|.|.|. .|.|. LK.GIIIEKFSTDR|TTR|.|. QEKKLV

.|GR[T[V|]I[¢T TV} HP LEMLGP|QHRK . S|GF|N .[YVSVHCPDGI[HD|. . SESTSI
. GRKVV[ETTVIIHP SEMLGLILPK]S|. GlGNP . RVSVSVLPSFD SMSTQL
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hPIV3 L
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hPIV3_L QLGYIKN. PAKAAIRIAMIYTAFGNDE|/ISWMEAS|QIAQTRANFTLD|SLKILTPVATSTNLSERILKDTA .[TQMKFSSTSL
cPIV3_L QLGYIKN. PAKAAIRIAMIYTPAFGNDE/ISWMEAS|QIAQTRANFTLDNLKILTPVTTSTNLSESILKDTA . TOQMKFSSTSL
hPIV1_ L QLGYVKN. PAKAAIRIAMVYT|AYGTDEISWMEAALIAQTRANLSLENLKLLTPV|STSTNLSEILRDTA . TOQMKFSSATL
Sev_L QLGYVRN PAKAAIRIAMVYT|AYGTDEISWMEAALIAQTRANLSLENLKLLTPV/STSTNLSESILKDTA . TQMKFSSATL
MeV_L KLAFVRA SLRSAVRIATVYS|JAYGDDD(S|SWNEAWLLARQRANVSLEELRVITPISTSTNLAERILRDRS.TQVKYSGTSL
Niv_L KLGNVKR. ALRSAIRIATVYT|AYGDNEECWYEAWYLASQRVNIDLDVLKAITPV|STSNNLSEBILRDKS . TQFKFAGSVL
PIV5_L SMAYIRG. SLKAVLRLAGVYI|WAFGDTLENWIDALDLSHTRVNITLEQLQSLTPLPTSANLTEILDDGT. TTLKFTPASS
NDV_L SLAKIAH HVKAALRAS|SVLI|JAYGDNDINWTAALKLARSRCNISSEYLRLLSPLPTAGNLQE#ILDDGI.TQMTFTPASL
RSV_L PVYNRQV KQRDQIDLLAKLD|JVYASIDNKDEFMEELSIGTLGLTYEKAKKLFPQYLSVNYLEILTVSS. RPCEFPASIP
hMPV_ L PVYNRQI. QQREQLEATIIGKMR|JVYKGTPGLRRLLNK/ICLGSLGISYKCVKPLLPRFMSVNFLERILSVSS. RPMEFPASVP
VSV_L LQPWERESKVPLIKRATRLRDAIS|FVEPDSKLAMTILSNIHSLTGEEWT|.KRQHG.FKRTGSALEIFSTSRMSHGGFASQ. S
RABV L FHAWEKVTNVHVVKRALSLKESIN|FITRDSNLAQALIRNIMSLTGPDFP.LEEAPVFKRTGSALEBIFKSARYSEGGYSSV.C
loop Intrusion loop
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hPIV3 L TT =% T..T TTT 000000000000000000 —_—
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hPIV3_L IRVSRFITMSND|. .NMS[IKEANETKDTNLIY[JOIMLTGLSVFEY[LFRLKETTGENPIVMHLHIEDECCIKE SFNDEH[INPE[S|T
cPIV3_L VRVSRFITISND,. . T/IKEANETKDTNLIY[OVMLTGLSTFEYLFRLRDNTGHNPIVMHLHIEDKCCIKESYNDEHINPEST
hPIV1_L VRASRFITISND|..NMALKEAGESKDTNLVY[OIMLTGLSLFEFNMRYKQGSLSKPMILHLHLNNKCCIIESPQELNIPPRST
Sev_L VRASRFITISND. .NMALKEAGESKDTNLVY[QIMLTGLSLFEFNMRYKKGSLGKPLILHLHLNNGCCIMESPQEANIPPRST
MeV_L VRVARYTTISND|. . NLSFVI|SDKKVDTNFIY[OGMLLGLGVLETLFRLEKDTGSSNTVLHLHVETDCCVIPMIDHPR[IP|SSRK
Niv_L NRVSRYVNISND. .NLDFRIEGEKVDTNLIY[QAMLLGLSVLEGKFRLRLETDDYNGIYHLHVKDNCCVKEVADVGQVDAELP
PIV5_ L YTFSSFTHISND|..EQYLTINDKTADSNIIY[OLMI|TGLGILETWNNPPINRTFEESTLHLHTGASCCVRPVDSCILISEALTV
NDV_L YRVSPYVHISND|. RLFTEEGVKEGNVVY[QIMLLGLSLIESLFPMTVTKTYDEITLHLHSKFSCCIREAPVAVPFELTGV
RSV_L AYRTTNYHFDTSPINRILTEKYGDEDIDIVFNCISFGLSLMSV EQF|T . NVCPNRIILIPKLNE . IHLMKP|. . .P I[F|T/GDVD
hMPV_ L AYRTTNYHFDTSPINQALSERFGNEDINLVF[NAIS|CGISIMSVVEQLT.GRSPKQLVLIPQLEE.IDIMPP|...PVFQGKFN
VSV_L TAALTRLMATTD|. . TMRD,.|.|. LGDQNFDFLF[QATLLYAQITTTVARD.|. . .GWITSCTDHYHIACKSCLRPIEEITLD|. SSMD
RABV L PNLLSHISVSTD|..TMSD|.LTQDGKNYDFMF[PLMLYAQTWTSELVQRD. .TRLRDSTFHWHLRCNRCVRPIDDVTLE|. ‘ﬂs I
as3 ni1 54
hPIV3 L 000
1399 1409 1419 1429 143(? 1449 1459
hPIV3_L [LELIRYPE[SNEF[IYDKDP LKDVDLSKLMV IKDHS[YT C[TAJI[T IAD TMS|QILDRDIN[L
cPIV3_ L [LELIKYPESNEFIYDKDPLKDIDL|SKLMSIRDHSY|T| C|TA/STIADTMS|QILDRD|N|L
hPIV1_L [LDLEITIQENNKLIYDPDPLKDIDLELFSKVRDVVHT C|TAMTIADTMS|QLDRD|NL
Sev_L LDLEIT|QENNKLIYDPDPLKDVDLELFSKVRDVVHT C|TAMTIADTMS|QLDRD|N[L
MeV_L LELRAE[LCTNPLIYDNAPLIDRDATRLYTQSHRRHL S[TALSMIDLVTKFEKDH
Niv_L IPEYTEVDNNHLIYDPDPV|SEIDCSRLSNQESKSRE TVAQTVLEIITKADKDVL
PIV5_L [KPHITVP[Y|[SNKF[VFDEDPLSEYETAKLESLSFQAQL FITARQIINAITGLDES|VS
NDV_L APDLRVVASNKFMYDPNPVAEGDFARLDLAIFKSYE S|ISGKLIGQSVVSYDEE[TS
RSV_L IHKLKQVIQKQHMFLPDKISLTQYVELFLSNKTLKS .LSTNLAGHWILIIQLMKDS|.]|.
hMPV_L YKLVDK[I|T|SDQHIFSPDKIDMLTLGKMLMP|TIKGQK NKRENYFHGNNLIESLSAALACHWCGILTEQCIE|.|.
VSV_L YT .PPD[VSHVLKTWRNGEGSWGQ .|.|. .EIKQIYP\fE WKNLAPAEQSYQVGRCIGFLYGDLAYRKSTH,.|.
RABV L [FE.FPDV ISRMVSGAYV . .RLPDIRLRP FESLSGREKSHHIGSAQGLLYSILVAIHDSG.|.
ass as56 as7 a59
hPIV3 L Q000
1459 1479 1489 1499 0 1529 1539
hPIV3_L KEII NDBD[INS|LITEFLTLDILVFLKTFGGLLVINQFAYTLY]| DY[IMRTLRD/TSHSILKVLSNALS
cPIV3_L KELV NDPID|INS|LITEFLTLDILIFLKTFGGLLVNQFAYTIY)| D|Y|ITRTLRD|TSHSVLKVLSNALS
hPIV1_L KEMI NDPID|INS|LITEFMVIIDIPLFCSTFGGILINQFAYSLY)| GYVIRIIKDTSHAVLKVLSNALS
Sev_L KEMI NDPIDVNS|LITEFMVIIDVPLFCSTFGGILVNQFAYSLY| GHVVRILKDTSHAVLKVLSNALS
MeV_L NEIS GDPBIDINSFITEFLLIEPRLFTIYLGQCAAINWAFDVH, ELLSSFLSRMSKGVFKVLVNALS
NiV_L KQHL SDPININSLITEFLIVDPELFALYLGQSISIKWAFEIH DIL|L/SD|LVSNTSKHTYKVLSNALS
PIV5_L LTND ASYVSNWISECMYTKLDELFMYCGWELL,LLELSYQMY DY|SYMILRRIPGAALNNLASTLS
NDV_L IKND VIY]pINTRNW|/ISEAQNISDVVRLFEYAALEVLLDCSYQLY)| LYMSDLYKNMPGILLSNIAATIS
RSV_L KGIFEKDWGEGYITDHMF|INLKVFFNAYKTY SDLLCVLELIDSSYWKSMSKVFL
hMPV_L NNIFKKBWGDGFISDHAFMDFKIFLCVFKTK| E/SIDKLLR|.|IDNTFWRMF SKVMF
VSV_L ... ... LSIQGR/IRGRGFLKGLLDGL RASCCQVI GGLI YL IDK| .|.SPPFL.SLT
RABV L  ....... VNIYGKVSPRDYLRGLARGVLIGSSICFL IGVI|SYILLR .HPSLY.IML
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hPIV3_L HPKVFKRFWDC| QIKLALSIICEYALDLF|...MREWLNGVSL. ISRHL|SF
cPIV3_L HPKVFKRFWDC QIRLALSVICEYSLDLE|. REWLNGSSL. ISRHLAF
hPIV1 L HPKIFKRFWDA KILLAISVICEYSVDLE|. RDWQEGIPL. LARHLAY
Sev_L HPKIFKRFWNA KILLALSVICEYSVDLEF|. HDWQGGVPL. LARHLAY
MeV_L HPKIYKKFWHC LHTITVCNMVY/TCYMTYLDLLLNE . ELEEF . QAKHLICV
Niv_L HPRVFKRFVNC FEKLSQNLLV|TS|Y] MNWCDFKKS . TSKHLICV
PIV5_ L HPKLFRRAINL YIKMSVDAILWGCKR NVLSNGGDL. IARKLT[L
NDV_L HPIIHSRLHTYV| FIELSAKLLV|SCTRR SGLYAGNKY. ISRLCCL
RSV_L EQKVIKYILSQDASLHRVKGC. .|.|. o o|o|e]ufe v u | HSFKL LKRLNVA. . . EFT.|[.|. ... .|cole o] ofo]ele o oo o]a]s
hMPV L EPKVKKRIMLY 1S 0 18 1 R P IGFKNW. . .FIEQLRSA. . .ELH.|.|. . .|. .| | o|ofe ofe|e]e oo v ..
VSV_L RSGPIRDELET MGVIIVRNY[FKYQCRLI. . .EKGKYRSHYS. FSISTTL
RABV. L REPSLRGEIFS GNRSILCYLQHVLRYE...REIITASPENDWLWI TYQSHL
* Kk dok o e [}
ni2
hPIV3 L Q0..40 TT
162(? 1639 1650
hPIV3_L V|CCLAE.IAS GP|.N. .LLNT]. ... ........... DLLKQYLELNIKEDPT .............. LKYV[Q
cPIV3_L VICC[LAE.IAS GP|.D. . LITNL/. . . .o v vt eee .. ETLKCYLDLNIKEDPT. ............. LKYV]Q
hPIV1_L LCS[LAE.IAK GP|.K..LESM............... ESLKEYLELTFLDDPI.............. LRYSQ
Sev_L LICS[LAE. ISR GP[.R..LESM. .............. ESLKSYLELTFLDDPV. .. ........... LRYSQ
MeV_L LADLYC.QPG CP[.P. . IRGL. . . ..o v v v LTDHIKAEARLSPA. ... .......... GSSWN
Niv_L I|IDILYA .NHH PP[.W. . IIDL{. . . ¢ e oot eee e DFISKSRHVDTS. ............. SRSWN
PIV5_L LSL|IHH.NGL LP.K. . IKGF|. . ............. LTEFLRKVVNSGLSSI........ ENLSNFMYN
NDV_L YTVILFA.TTR IP.K. . IRGL. . .. ... LTEYLLSDAVRPLL. . .......... SPEQVD|S
RSV.L .. ofefeee e CP|.W. . VIVNI............... AILTYIDLVRMGLINIDRIHIKNKH. .KFNDEFY
hMPV_L S 8 P IP.W. . IVNAL. .............. KSIKIYLOLIEQSLEFL. ... . .vuuvveunnnnnl|e
VSV_L LQILYKPFLSGK KNELRE[L SSLLRS..G.. .EG.WE.|.D|. I .HV.KF .[.[FT|.||c o vttt
RABV_ L LLQRVERNLS. .[. KSMRDN]L| SSLMRQVLGGHGEDTLESDDNIQRL ............................
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hPIV3 L — 00..000000
1669 167(? 1699 1709 1719
hPIV3_L IS|GLLIKSFP|S[TVTYVREK IRGIsP...... PE. .[VIDDWDPIEDENMILDNIVKT. .
cPIV3_L VS|GLLIK[SFP[STVTYVRK| IRGISP...... PS. .|IIEDWDPVEDENILDNIAKV. .
hPIV1 L LTGLV/IKIFPSTLTYIRK VRGIGI...... PE. .[VLEDWDPDADSMLLDNITAE. .
SeV_L LT|GLVIKVFPSTLTYIRK| TRGIGV...... PE. .[VLEDWDPEADNALLDGIAAE. .
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Supplementary Fig. 4. Structure-based sequence alignment of nsSNSV L proteins.

Secondary structure elements of hPI1V3 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 B-strand latch
of hPIV3 L RdRp and C-terminal B-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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EBOV RdRp + template RNA RSV RdRp + template RNA

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); ¢ hPIV3; d PIV5 (PDB 6V85); e RSV (PDB 6PZK); f h\MPV
(PDB 6US50). 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 motifis directed towards the RNA cavity
in the hPIV3 structure, but situated away from the cavity in other structures. The red star indicates the RARp
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); ¢ hPIV3; d PIV5 (PDB 6V85); e RSV (PDB 6PZK); f h(MPV
(PDB 6U50). The putative priming and intrusion loops and the CD domain of hPIV3 L-P structure are
compared to those of RABV (¢), 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 state!” 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 state*’ 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 B-strand latch of hPIV3 L RdRp is labeled. Rotated view by 90° 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. ¢ 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.
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Supplementary Fig. 9. The modeling reveals disruption of the short -sheet formed with the B-strand
latch during elongation.

The domains of hPIV3 L are colored as depicted in Fig. 1a. RARp and PRNTase domains are shown as
surface, while other domains are shown as ribbons. The B-strand latch (Phe641-Lys644) extended from
RdRp is labeled, and the disordered region followed by the B-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 B-sheet formed between the B-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 (BANB84668.1), MeV (NP_056919.1), NiV
(NP_112022.1), PIV5 (YP_138512.1), NDV (ALP75892.1), RSV (YP_009518853.1) and hMPV

(Q8B9QS).
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Supplementary Fig. 11. Comparison of L-P binding between hPIV3 and other nsNSVs including
PIVS (a), NDV (b), RSV (¢), hMPV (d) and EBOV (L-VP35) (e).

The RdRp and PRNTase structures of PIV5 (PDB 6V85), NDV (PDB 7YOV), RSV (PDB 6PZK), hMPV
(PDB 6U50) 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 (¢, d). Red arrows indicate the typical antiparallel B-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 PIVS5
structure due to low resolution.
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C hPIV3 LCD’ NDVLCD VSV LCD

sequence identity: 17%, similarity: 41% sequence identity: 9%, similarity: 26%
r.m.s.d of 2.07 A over 204 Ca atoms r.m.s.d of 3.38 A over 139 Ca atoms

d hPIV3LCD’ NDVLCD VSVLCD

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 a-helix (al) is invisible in CD’. The disordered
region containing the missing short helix a3 of CD’ is shown as a dotted line. The major structural
differences are the loops between a8/a9 and al11/B2 at the L-L interface and the bent helix a2 of CD’ (a2).
b Two CD domains located at both sides of RARp-PRNTase of L. All domains are shown as surface. ¢
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.

20



Polymerase’ Polymerase

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 N°, 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 N° is shown in the free state, but in infected cells, it would likely be in an N°-P
complex.
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Supplementary Table 1. Cryo-EM data collection, structure refinement and model statistics

hPIV3 L:P complex hPIV3 L:P complex
class 1 (incomplete class 2 (monomeric form)

dimeric 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/A2) 50 50
Defocus range (um) -1.5t0-2.0 -1.5t0-2.0
Pixel size (A) 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 (A) 2.7 3.3

FSC threshold 0.143 0.143
Map resolution range (A) 0—2.7 0—3.3
Refinement
Initial model used (PDB code) 6V85 6V85
Map sharpening B factor (A2 -45 -109
Model composition

Non-hydrogen atoms 20,861 18,808

Protein residues 2,584 2,329

Ligands Mg?* (1), Zn?* (2) Mg?* (1), Zn?* (2)
B factors (A?)

Protein 70.77 92.68

Ligand 70.00 104.78
R.m.s. deviations

Bond lengths (A) 0.003 0.003

Bond angles (°) 0.525 0.495
Validation

MolProbity score 1.28 1.48

Clashscore 5.27 6.45

Poor rotamers (%) 0.04 0.05
Ramachandran plot

Favored (%) 98.01 97.36

Allowed (%) 1.99 2.64

Disallowed (%) 0.00 0.00
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