Si3 domain

[ SBHM1
KD (942-1022)

SFig. 1. (A) Structure of the Si3 domain (light and dark green) of E. coli RNAP, its connection
to the trigger loop (TL). Mg?" bound at the active site and bridge helix (BH) are depicted as a
sphere and cartoon models. (C) Comparing the sizes of Si3 domain (without Tail sub-domain,
SBHM1) of cyanobacterial RNAP and the E. coli RNAP (Si3 of the E. coli RNAP is highlighted

in green).



SFig. 2
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SFig. 2. (A) Limited trypsinolysis of the TelSi3 protein analyzed by SDS-PAGE. Reactions
contained 10 mg/ml of TelSi3 and 0, 5, 50, 500 and 5000 nM of trypsin (lanes 1 to 5,
respectively). (B) 2Fo-Fc electron density map of the TelSi3dAN (gray transparent, o
cutoff=1.3) overlaid on a protomer I in an asymmetric unit (green cartoon model). The SBHM
are labeled (2 to 8) and sub-domains are indicated. Magnified view of a boxed area is shown
with a stick model of the TelSi3dAN (Head sub-domain). (C) Comparing the X-ray structure of
TelSi3dAN (left) with the structures predicted by AlphaFold2 (middle) and SWISS-MODEL

(right).



Osa KVQ

EMHWSTD[VYHAPEYQY|GN|. LRR|LPKIT SHLYIASVSMCRSSIASFE S|LHDQDIQMNTY SF SVDIGRYIFGLSMADDEVRHR
Zma KVORH|I|Y|SE[SD[EEMHWS TDVIYHAPEYQY|GN|. LRR|LIPK|T S HLIZ TpAS|V S|

279 289 29(? 309 31(? 32(? 339 34(? 359
Sel DINEDMANRIEK...... KVIR Si L@ E A AR S|V[6O K[ehde [ L. AlzlA QM| GEAVGMIANOSIGEPGTQLTNRTFHTGGVEF TGjagNA|
Tel VIVIRISILENeE A TG S|V[GR L{eh4e W L Al:IAR[T) GEAVGHMIANOSIGEPGTQLTNRTFHTGGVE TGjaYA)
Syn YV SILENEEAAR SV[®O N[e4el Wi I Ak G HK| GEAVGMIAMOSIGEPGTQLTNRTFHTGGVEF TGlaayAl
Ath S|T I4FEOR S T S W| I (&R L{ey4e RSP T):1G D|L| GEAVGMIAOSIGEPGTQLTHWMRTFHTGGVEF TG[eyyA|
Osa Y|T| ISR S T S W| I (&0 L{ep4e RIS T)z1G D|L| GEAVGNIAOSIGEPGTQLTHWMRTFHTGGVEF TGleyNA|
Zma DIGIGMVNRF|ITAFRAQPFRAQP(IY|T 1HFEMER S T SW|I[¢]O L{epqeREIP T)z1G D|L| GEAVGMIAOSIGEPGTQLTHMRTFHTGGVE TGleNNA|

369 379 38(? 39(? 40(? 419 429 439
Sel RLLRAIFVA[ET| IKLGKKIAR TR P|Yj3¥9:38:{e E YL LIAEANFDLVILEGKGRK . . . ETFAILOGHTI[F\YODGDKYAAEATI LAMVIPVSGRTK .|RT V|
Tel RQERAJFF A[ET|V|E|Y|GKK|LR VIR P|Y)3¥9:8:{e D DIAF| I[VETAGK|LIVIVKGGQQR . . . QE[FDLISQGEII|VILIJADGE T\YAAGQLLAIMVIAQAARS VRIKIAT]
Syn RQEKA)FED[ET|VIKWGKG|L{S TRKV)3¥938:{e F DIAEQVEIAGD|LIWKGEGKKAATQT|Y SLTPGELILENODGOT\YTAGQLMTIHI|SLSK . . TQRIST]
Ath EHVRAJFYN[EK| IKFINED(L|. VIHP|T)3¥938:{e H PPAF LICY IDLS|V|II|IESEDII. .. HSVTIPPKEF|LLYONDQYNMESEQVIAIMIREGTY . TFHFK]
Osa DLV[R/S)ZSN[EK|T|QFINGDL{. VIHP|T):¥9:8:{e:0 PYAF L/CYIDLHTI|T|IIIQSQDIL. . . HS|VT|IP SKELII|LYONDQYNE SEQVIAIMIRAGTS . AL|HF K|
Zma DLIR/SIEYSN[EK|TQFNED[L|. V|HP|Ti¥9:8:{eQ PE\F|LICY|IDLHV|T|IQSQDIL. . . HSVN|IP LKELILYONDQYNE SEQVIATIRAGT S . TLHFK

449 459 469 479 489 499 509 519
Sel KATIMDVIAITD|LA[EE IRFIQDIVPEEKTDRQGNT TRI|AQRGGL|LYVIRAGDVIYNLLP GAEP|T|V]ANGDRVIEVGDV LA E|T|
Tel KVTIADVIAISD|LA[EOVKE|VNLDAEEKRDRQGT|T TRIIAPKGGLIIVIES|GEVIYNLPP GAEP|VVIAINGDR|IEAGAV LAE|T
Syn RATIADVIAIGD|LA[EEVLEDRLVIPEEKTDRQGNT TRIIAQRGGLVEIPESGEVIYNLPP GAEPVVIAINDEQVIEVGS IMAE(T
Ath RVRIQY|TY|SD|SE[EMHWS TD[V|ISHAPEF TY|SN|. VHLILPKTSHLETMS|GGSICGSSLIRF STHMDQDQMNIPFLSAERKSISSLSVNNDQVSQK

H|I|Y|SE|SD

CRSSIASF S|LHMDQDOMNTY SF S[VD|GRYIFDFSMANDQVSHR

Q1 SBHM4

520 530 540 550 560 570 580
Sel ......... ERGGTVIRMGEDNGSSTHREVEI|ITASVVLDTATVIKAEASQGREHYVIETKGG. .[REFNLLAAP[E. . ... ... TKVITTGHV|V
Tel EHGGVVIRLPEQQDSKGGREVEI|ITASVMLDKAKV|LKETQQGREHYIIETATG. .[REFSLKAAP[E. . . . TK[VANGQ V|V
Syn NDGGVVIRLV...... SNREIEI|TTASVLLDQAQVEKLESSGGREQYVIYTADK. .[RFLLKAAP[E. . ... ... TK|VIQNH|S I|V
Ath FFSSDFADPKKLGIYDYSELNGNLGTSHYNL|I|YSATFHENSD|LLAKRRR. .NRFLIPFQSIQE[EKEFIPQS[EISVEIPINGI[FRRN|SIF
Osa LLDT..FGKKDREILDYSTPDRIMSNGHWNEV|YP|SILQNNIFD|LLAKKRR. .NRFAIPLOYHQE[MEKEPISCFE@ISIEIPFMGV|LRRNT IV
Zma LLDT..FGKKDREILDYLTPDRIVFNGHWNCE|YP|SILQDNSDLLAKKRR. .NRLVVIPLOYHQE[@EKERISCL[gISMEIPFMGV|LRRN[TIF

SBHMS Q2

Sel JLLKY|SGV.
Tel JILKYADI.
Syn .MIRYAGV. .
Ath T
Osa IVKEFRYRTLEDEYRT .. ... ......... REKDSENEYGSPENEYRTREEECKTLEDEYRTREEEYETLEDEYG
Zma IVKFRYRTLEEEYRTQEEEYRTREEEYRTREEDSEDEYESPENKYRTREG. . . ... ... ... EGEYKILEDEYR




Sel
Tel
Syn
Ath
Osa
Zma

Sel
Tel
Syn
Ath
Osa
Zma

Sel
Tel
Syn
Ath
Osa
Zma

Sel
Tel
Syn
Ath
Osa
Zma

Sel
Tel
Syn
Ath
Osa
Zma

Sel
Tel
Syn
Ath
Osa
Zma

Sel
Tel
Syn
Ath
Osa
Zma

IPENEYETLEDEYGILEDEYRTREEESEDEYGSPENKYRPRED
TLEDEYETLEDEYGILEDEYRTLEKDSEEEYGSLENKYRTREGEGEYEILEEESEEEYGSSEDGSEKEYGTLEEDSEEDSEEDSEDEYGS

SBHMS SBHM6

610 620 630 640 650 660 670 680
........... E|I|SKK[ERAKAKQGMEVTKGGT L LWEEP E}A TR E\VINKD IF LILINNE|D|GO|LVIEAIGEEVIVIKD IFCQTT) SN/TQNND I LRIHI|VjA
........... EVAKK[EK . . AKQGMEVLKGGT L LWhNP E}A TR E\VINKD IF LILMWYEDN|Q[Y[VIEAIGEEVIVIKD IFCQN S| ENYIQKNDILRATIIpY
........... EVAKGER . . . KQGMEVTKGGT L LWHIP EIYT):IE TNKID IR LIL INYED|G(O|Y|V|EAIGRYEVIVIKDIFCQS S EANJVQEKIND I LRINTITHS
LKADSIIQKEDMIEYREVOKIKTKME . MKVDRFEF|FP EAVEITTLPES . BJA TIM\YON|Y|S| I|T|G|V|DRYR L TILINI RS QV G| RIYE KKIKK . RT}AL/KpA
PEEDSVLKKGVL|IEHRETKEF SLKMO . KEVDRF F|FRLQOIALEITILPRS . BJS|LIKNLDN|S| I|T|G|V|DRYQ LI TKINTRSRLG RWYKRKIKS . HTAL/KpA
PEEDSILKKEGF|IEHR[ETKEFSLKRQ . KEVDRFFERLOILEII|LPR]S . BIS|LKWLIDN[S|I|I|G[VIDE§QLTKINTRSRLG] RMKREKIKS . HTIL/KpY

SBHM7 SBHM5 SBHM4

690 700 710 720 730 740 750 760

KPEDVHVLDDPD|TAAKYDE[ERIMVINAGEEVFPGLTAEQLVWAEAV. . . . . ... DIGTD|GP LILLL¥LVIQELV|IPDEPP[VIP . . . S{®DISSQEISS S
KP[EELHLVDD[P[EA . ARLKH[ETfAA

. RPGEEVLPGLVVDTLSQVD|YL{. .. .... ED[T|P|EIGP AT LLI#4VIQE[F|S|VIPDEP S[VIP . . . S[9D|SSD|.|GSG
KP[gDFY|QD[VDP|GS .|[VKIES[EORT/OPGODVFPGVTVSTLSQAEWTI|. . . .. ... E|S|PIEIGNG|LL LI VIEE|Y|KV|IFDEPARAP . . . SPIGSQNEEGG
FS[EDIHFPDKTDK .|I|SRHS[EIEIPPGRGKKNSKESKK. . FKNWIYVQRI. . TP|TK| AT|YEIADSINLATLEFPEDLEFREK. .
FS[EDIHFPEEADK.|IL. .GESIP LEREKKDSKESKK. . RENWVIYVQWKKILK|SKEKYF|[VLVI#4AVAY|EMNEGRNLATLFPEDLEFEEE . .
FS[EDIHFPEEADK. | IL.

.GEgSEIPPEREKKDSKESKK . . RKNWVYVQRKKF LK|SKEKYF[VS VIS4 AVAYEMDEGINLATLFPEDLLQEE . .

SBHMS SBHM4 SBHM3

77(? 78(? 799 80(? 81(? 829 839 849 85(?

RSTRIAAVORLQFQDGERIKS . . VEGVDLLR@MOMYT/ESE . . . .EGSSQLSADTIMLLPDSKDP[ETL OPVIIIEPVVIIRRDVASDTTHGST
QIS IRMIAVORLPYKHDERVKS . . VDGVD LIL RE§O)# . .SEAPQLAADIMIVITDEVDP[EAQ OMPVIILESLIIBRRDIAADQTQGST
ROIEMIASVORLEFYKDGDRVKS . . VEGAPLLSPOMYTIEIYGSGNEGISHLSADIIMLQDD . EEED|CQ OPVIILESLVLEIRDQESDPLGGAS
DINI|OMVENY IILYGNGKPTRGISDTSIQLVRECIAYTLINWDKNSSLEE . VRAFF[VIHV|STKGLIQD|F I GEPVIKSHISYIBWKRNNSPDSGLIS
GNLIQMALVNFI|SHENSKLTQRIYHTNSQF[VRECIAYTINWEQEE . KEE . ARASL|V]I¥I[RANGL IRD[F L G IIKSTISYTRKRYDSRSAGLIL
DINLOMILVNF|ISHENSKLTQRIYHTNSQFVRECIRYVINWEQEE . KEG . ARASLIVJJVIKTNDLIRD|F L EPVIKSTILYTIRRRYDRTSVGLIP

SBHM3

869 87(? 889 89(?
HTELRVEDG. « o v v ittt ittt e e e e e e e et QKVKPGAVIIACTQIQCKEA[VVRGIQEG. . ... ... SEAVRRLLVER.........
FIT|SILLVKDG . .« o o i it e e et e i e e e e DHIGPGAVIIARTDIKAKQA[MEVQGIVRS . . ... ... GESVRRILVVT.........
KTRLLVODG . o« i it e et e e e et e e e e e DIQIPPGAVVARTEIQCKEA[MTVRGIKEG. . . ... .. QESIRRVLLER. ........
ADHMNPFYSISPKSGILQQSLROQNHGTIRMFEFLNRNKESQS[L. LILSSSNCFRMEPFNHVKHHNVINQSIKKNT|.|. . . LITIKNSSGPLGT
HNRLDRTNTNSFYSKAKIQSLSQHQEAIGTLLNRNKEYQS|L|.MV|LSASNCSRI[EMFFKNSKNPNGVKESNPRIP|IPKFWGLFRNFSGLLGT
NNRLDRNNTNSFYSKAKIQSLSQHQEVIGTLLNRNEKEYPS|L.MILLASNCSRI[LFKNSKYPNAVKESNPRIPIRDIF....... GLLGV

Q3 SBHMS8 Q4

S

900 910

. .ERDCVTLDLD. . . VTAATQQ
. . .DSDRLRVETN. . .G.AKPT|VK
.............................................. AADRLVVDL. ... ovoeveeanannnnnennao. .. PSAPEVK
AT.PISNFYSFLPLLTYNQISLIKYFQLDNLKYIFQKI...NSYLIDENGIILNLDPYSNVVLNPFKLNWYFLHQNYHHNYCEETSTI[I|S
IAPSISNFSSSYYLLTYNQILLKKHLLLDNLKQNFKVLQGLKHSLINENQRTSNFD. .SNIMLDPFQLNWHFLPH. .. .DSWEETSAK/I/H
IVPSISNFSSSYYLLTHNQILLKKYLFLDNLKQTLOVLQGLKYSLIDENKRISNFD. .SNIMLEPFHLNWHFLHH. .. .DSWEETLAI|IH

SBHM8 SBHM2 Tl

920 930 940 950

PESLIVAGTQLVDGIIAPESGEVRAIAP. .. .GQOLQLIRT
V[ED|LVIRPGDE|LAKGVTAPE[TAAVMAVAD . . . . DHV|I LIRL
PEOLILVAGQELVPGVK[LEE|S GK|V|LE INGKGDN Y|Q LV LIAR]

970 990 1000

AV|LHVEDKG|LV|QR[EBIN#V|L LIV F)A RIAIK T|G|aRy I [eed B4R TIHE ||
AV|LQIEEGD|LV|QR[Es]N] AK T|G)sRS I {efeaM =R T)AE L1,
AV|L HIEDGD|LV|QR[e3s]Ni# AK T|GlsRsVieleaN=4R T)HE L1,

LEQFFICENVC|IAKKEPHLEKJSGQV|ILIIVIQR. . . . DIS|A|V IS
LEEQF|I|ICENVCILFKSH.|IKKSGQ|I|F|IVINI . . . .D[S|F|VI}JA}
LEEQFICENLCLFKLH. A

TF|I Y)YK|S|R S|GlsR T {efed B K VIHOV|L|
TF|I Y)AKAR S|S|sRET{e]ed N K VIHOIT|F'

IKK[SGQIFIIVINM. . . . D|SIF|V L TF|LY)HKSR S|S|sRYT{e]ed B K VIHO|I|F




SFig. 3. Si3 structure and sequence alignment. (A) The structure of elongation complex with
NusG are shown as transparent surface, and the Si3, DNA/RNA and trigger loop (TLx, TL()
are shown as cartoon models. The SBHM are labeled 1 to 8 and sub-domains (Tail, Fin, Body
and Head) are indicated. The active site of RNAP is indicated as it coordinating Mg?*
(magenta sphere). (B) Sequence alignment comparing cyanobacterial Si3 (Sel, Synechococcus
elongatus; Tel, Thermosynechococcus elongatus; Syn Synechocystis sp. PCC 6803) with the
corresponding inserts from chloroplast RNAP of plant (Ath, Arabidopsis thaliana; Osa, Oryza
sativa, Zma, Zea mays). The identical and conserved sequences are indicated by red
background and red text, respectively. The sequence alignment was performed using Clustal-
Omega (44) and visualized by Endscript 2.0 (45). The number scale above the sequences
corresponds to the Sel sequence. Insertions found in chloroplast Si3 domains are indicated by

Q.
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SFig. 4. Cryo-EM processing pipeline of the cyRNAP elongation complex with NusG. (A)
A representative micrograph used for data processing. (B) Cryo-EM data processing and
classification flow chart. (C) Selected representative 2D classes. (D) Fourier shell correlation

(FSC) plot for half-maps with 0.143 FSC criteria indicated. (E) Local resolution maps.
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SFig. 5. Structure and function of cyanobacterial NusG. (A) NusG interaction with DNA.
DNA/RNA scaffold and NusG (orange) from the EC-NusG are depicted with cartoon models
with transparent surface of NusG showing its electrostatic potential (blue and red, positive and
negative). A unique loop of cyanobacterial NusG (residues 110-112) is indicated by black. (B)
NusG increases stability of cyRNAP elongation complex. Elongation complex was assembled
using oligo DNA and RNA shown above the plot, and immobilized on Ni-NTA sepharose
beads via His6 tag on RNAP. Plot shows kinetics of RNA release from the elongation

complexes challenged with 300 mM NaCl, in percentage from total initial amount of RNA in

complex.
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SFig. 6. Cryo-EM processing pipeline of the iNTP bound cyRNAP elongation complex
with NusG. (A) A representative micrograph used for data processing. (B) Cryo-EM data
processing and classification flow chart. (C) Fourier shell correlation (FSC) plot for half-maps
with 0.143 FSC criteria indicated. (D) The structure of active site of iNTP bound EC overlayed
with cryo-EM map of DNA, RNA, iNTP and Mg (gray transparent). (E) The sequence of
DNA/RNA scaffold used for preparing the iNTP bound EC-NusG (template DNA, green; non-
template DNA, yellow; RNA, red). 3’-deoxy modified RNA was prepared by extending RNA
with 3’-deoxy ATP after assembled EC with cyRNAP, DNA/RNA and NusG. DNA and RNA

regions lacking cryo-EM density are underlined.
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SFig. 7. Activity of WT and ASi3 cyRNAPs. Kinetics of single NTP incorporation,
pyrophosphorolysis and phosphodiester bond hydrolysis (dinucleotide cleavage) in EC14,
EC15 and EC16. Representative gels are shown. Related to Fig 4C.



SMovie 1. Cryo-EM density map of the cyRNAP elongation complex with NusG.
Related to Fig. 2B.

SMovie 2. Conformational changes of trigger loop/helix, rim helix and Si3 during the

iNTP binding at the active site. Related to Fig. 4B.



Supplemental Table 1. X-ray crystallographic data collection and structure refinement

statistics of the TelSi3AN

PDB code 8EMB
Data collection Refinement
Space group P3(2)21 Resolution (A) 50-3.06 (3.10-3.06)*
Cell dimensions Ruwork 0.249 (0.387)*
a(A) 178.663 Riree 0.278 (0.371)*
b (A) 178.663 No. of atoms 21,086
c (A) 281.038 No. of waters 0
a, B,y ) 90, 90, 120 R.m.s deviations
Resolution (A) 50-3.07 (3.12-3.07)* Bond length (A) 0.014
Total reflections 1,165,515 Bond angles (°) 1.557
Unique reflections 96,754 (4,161)* Clashscore 17.63
Redundancy 12.0 (9.5)* Ramachandran 91.97
favored, %
Completeness (%) 98.9 (85.8)* Ramachandran 0.07
outliers, %
Ilo 17.0 (0.74)*
cc2 0.999 (0.645)*
No. of Se sites 44
FOM 0.753

*Highest resolution shells are shown in parentheses




Supplementary Table 2. Cryo-EM data collection, refinement and validation statistics

Data collection and
processing

Magnification

Voltage (kV)

Electron exposure (e/A?)
Defocus range (pum)

Pixel size (A)

Symmetry imposed

Initial particle images (no.)
Final particle images (no.)
Map resolution (A)

FSC threshold

Map resolution range (A)

Refinement

Initial model used (PDB code)
Model resolution (A)
FSC threshold

Map sharpening B factor (A?)
Model composition
Non-hydrogen atoms
Protein residues
Nucleic acid residues
Ligands

B factors (A4?) (mean)
Protein

DNA/RNA

Ligand

R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Validation
MolProbity score
Clash score

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

EC-NusG
(EMD-40874)
(8SYI)

75,000
300
45
-0.75 to -2.5
0.87
Cl
501,431
176,309
2.94
0.143
2.82-11.48

8EMB, 8GZG
2.94
0.143
-109

29,500
3,537
91
Zn:2, Mg:1

71.71
171.97
100.75

0.005
0.644

2.46
6.85
6.09

91.95
7.74
0.31

EC-NusG_CTP

(EMD- 42502)
(SURW)

105,000
300
40
0.75 to -1.75
0.855
Cl
414,959
132,172
2.79
0.143
2.47 -8.67

2.79
0.143
-53.4

29,896
3,574
94
Zn:2, Mg:1

106.22
195.73
61.08

0.003
0.562

2.26
6.27
4.41

93.54
6.12
0.34



