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Abstract

Transcription by RNA polymerase in bacteria requires specific promoter recognition

by o factors. The major variant o factor (c°*) initially forms a transcriptionally silent

complex requiring specialised ATP-dependent activators for initiation. Our crystal

structure of the 450 kDa RNAP-c"* holoenzyme at 3.8 A reveals molecular details of

o and its interactions with RNAP. The structure explains how o' targets different

regions in RNAP to exert its inhibitory function. Although o°* and the major & factor,
70

o', have similar functional domains and contact similar regions of RNAP,

unanticipated differences are observed in their domain arrangement and interactions



with RNAP, explaining their distinct properties. Furthermore, we observe
evolutionarily conserved regulatory hotspots in RNAPs that can be targeted by a

diverse range of mechanisms to fine tune transcription.

Gene transcription is a tightly regulated event. A range of factors are required to
maintain RNAP in a signal responsive, but inhibited state and to target it to specific
genes (/). Bacterial sigma (o) factors, eukaryotic TFIIB and other general
transcription factors, are the primary promoter recruitment factors. The major variant
o°* (also called o") is utilised in transcribing genes for numerous stress responses (2).
Unlike the major o’ class, which recognises the -35 and -10 promoter DNA elements,
the 0 class directs RNAP to promoter sites through the -24 and -12 DNA elements
and forms a stable closed promoter complex that is unable to spontaneously melt
DNA and initiate transcripts (3). Instead, the initiation process requires ATP-

dependent activator proteins bound to upstream enhancer sites to actively remodel the
RNAP-6>*-DNA complex (4).

Our crystal structure of RNAP-0>* reveals that 0>* contains four structural domains
connected by long coils and loops that span a large area of the RNAP core enzyme,
which consists of two o, 3, B’ and w subunits (5, 6) (Fig. 1A-C, Fig. SIA-B, Table
S1). o> Region I (RI, residues 1-56) forms a hook comprised of two o-helices.
Region II (RII, residues 57-120) also contains two a-helices (residues 57-85) in
addition to loops that are buried inside the RNAP (Fig. 1A, 1C). The RNAP core-
binding domain (CBD) of o°* extends as a structural fold to residue 250 and consists
of two a-helical subdomains. Following on from the CBD, the backbone extends back
to connect to a loop region, before an extra long a-helix (residues 315-353, hereafter
called ELH, spanning 50 A) followed by the HTH domain (residues 365 — 385),
involved in interaction with the -12 promoter elements (3). The domain containing the
RpoN box (RpoN domain), responsible for recognizing the -24 promoter elements,
consists of a three-helical bundle (residues 415 — 477) (Fig. 1A) (3). The o
polypeptide chain snakes back and forth through its loop regions embedded in the
RNAP. We carried out crosslinking experiments between o' and RNAP in solution
using a p-benzoyl-L-phenylalanine-incorporated RNAP library. The amino acids that
are crosslinked to 6™* agree well with the RNAP-c°* crystal structure (Fig. 1D yellow,
Fig. SIC).



We crystallized RNAP-6"* in complex with a 28 bp DNA containing the -24 and -12
promoter elements. The crystals diffracted to 8 A resolution, with the electron density
for DNA being unambiguous (Fig. 1E), and the molecular envelope for the
holoenzyme clear. We thus constructed a structural model of RNAP-0°*-DNA (Fig.
1E, Fig. S1D).

All o factors contain a major RNAP core-binding domain (CBD) and a major DNA
binding domain, recognising either the -35 or -24 elements. The CBD of 6 (Fig. 1A)
binds towards the upstream face of the RNAP (Fig. 1C, based on promoter DNA
binding orientation) making extensive interactions with many functional modules
within the RNAP including the B-flap (residues 835-937), the C-terminus of the 3
subunit (residues 1267 — 1320), the 3 zipper/Zn-binding domain (residues 35-100),
the 7 dock domain (residues 370-420) as well as the o subunit carboxyl terminal
domain (a-CTD) (Fig. 2A). Using FeBABE cleavage assays, residue 198 of ¢*
(within the CBD) can indeed be mapped to a region within the $-flap (7).

The RpoN domain of ¢™* is the most conserved domain among o from different
organisms (Fig. S2). This domain extends from the main body of RNAP and does not
contact other parts of 6°* nor core enzyme (Fig. 1A, 1C). Instead, it interacts with an
adjacent RNAP molecule in the crystal, suggesting that its location is flexible in
solution. In the RNAP-c”*-DNA complex model, the RpoN domain is indeed moved
relative to the RNAP-o”* structure (Fig. S1D). Unlike the flexible RpoN domain, the
RII-HTH domain of ¢, which binds to the -12 promoter region, stably associates
with the RNAP core through RI-RIII (Fig. 1E, Fig. SID) (8-10). Our data thus
suggest that -12 binding is a major functional determinant for o' holoenzyme

promoter recognition as well as stable closed complex formation.

The o°* RI plays an inhibitory role and contains contact sites for its cognate activator
proteins (77, 12). RI interacts with RIII, forming a structural module that lies along
the cleft between § and B’ (Fig. 1C and Fig. 2B), where template strand DNA enters
the active site cleft (/3). Our structure clearly suggests that the entry of promoter
DNA into RNAP is blocked by RI and RIII of ¢>*. Fitting of the RNAP-0>* crystal
structure into the cryo-EM map of activator bound RNAP-0°* holoenzyme (/4)

positions the RI helices inside the connecting density leading to the activator protein,



indicating that RI in the RNAP-0>* structure is presented favourably to contact the

activator (Fig. S3A).

RII penetrates deeply into the DNA binding channel (Fig. 1, Fig. 2C-D). RII can be
divided into three sub-regions based on their locations in the holoenzyme. RII.1
(residues 57-85) occupies the downstream DNA-binding cleft of RNAP, just above
the bridge helix, thus playing an inhibitory role (Fig. 1 and Fig. 2C-D, Fig. S3A right).
RIL.2 (residues 86-105) occupies the space of the DNA template strand (Fig. 2C-D),
indicating that RII.2 has to relocate to permit template-strand DNA access into the
RNAP active site and for transcription initiation. RIL.3 (residues 105-120) extends
along the path that is occupied by RNA in the transcribing complex (Fig. 2C-D),

suggesting that it will also need to relocate upon RNA synthesis.

Comparisons between o' and ¢’° holoenzyme structures reveal that overall they
contact similar regions of the RNAP core enzyme (Fig. 3A-B), in agreement with the
idea that specific factors unrelated by structure and sequence can be functionally
similar (/5). However, the relative location of functional domains is completely
different. For example, the o>* CBD is located upstream, blocking the RNA exit
tunnel (Fig. 3C) while 0,, the major core binding domain of o'°, contacts the
downstream B’ region (Fig. 3A-B). The structural differences suggest that 6°* CBD,
and hence o', will have to dissociate or relocate to allow progression from
transcription initiation to elongation while '’ can loosely associate with the RNAP
core even during transcript elongation, in agreement with earlier biochemical data (76,
17). 6" region 4 (o4), which recognises the -35 promoter element, occupies the

upstream surface blocking the RNA exit channel instead (Fig. 3B).

The inhibitory RI of o’* interacts with RIII across the RNAP cleft, blocking the
template strand from entering. On the other hand, o;; of o”°, which also has an
inhibitory role (/8), is located in the downstream DNA channel, overlapping with the
region occupied by o* RIL1 (Fig. 3), suggesting that o;.; and RII.1 might play related
roles in transcription regulation. However, o, connects with o, by only a single
flexible linker, allowing the o ;to move readily from the RNAP cleft (Fig. 1B, Fig.
3B). >* RIL1 is connected to the RI and hence the RIII-ELH as well as the CBD and
the linker that connects RII.1 with the CBD is embedded in the DNA/RNA channel of



RNAP (Fig. 2C-D). Due to its topological restraint, o>* RII.1 cannot relocate easily
without affecting the conformation of other parts of o', RIL1 will thus block

downstream DNA entry.

Notable conformational differences exist between the ¢'° and o' holoenzymes in
many key modules within the RNAP when superposed on the bridge helix, chosen
since the catalytic centre must be conserved (Fig. S3B). The B’ coiled-coil, and the
whole 8’ subunit, is rotated, narrowing the downstream DNA channel by as much as
5 A (Fig. S3B). However, the clamp, which consists of  and > domains forming the
walls of the downstream DNA channel, was shown to adopt multiple conformations
in solution (19). The B’ coiled-coil forms helical bundles with o, of 6’° and helps to
stabilise the unpaired non-template DNA strand, and hence the transcription bubble
(20) (Fig. S4A). B-linker of TFIIB also interacts with 3* coiled-coil (Fig. S4B). In the
o°* holoenzyme structure, the B’ coiled-coil does not form a helical bundle with ¢*
(Fig. S4C). However, it is possible that en-route to transcription initiation, this

interaction is established, in agreement with our biochemical data (Fig. S4D).

o°* occupies multiple locations along the DNA and RNA path within the RNAP core.
These locations are also targeted by other regulatory factors and in other RNAPs. For
example, RI and RIII sit across the RNAP cleft, blocking the DNA template strand
entry (Fig. 4A). At similar locations, domains 2 and 3 (o, and 03) of 6’° form a V-
shaped wedge that acts as a gate to allow the template strand to enter the active cleft
(Fig. 4B) (13, 21). TFIIB also uses two sub-domains, the core binding domain and the
B-linker, to occupy similar areas in Pol II (Fig. 4C). This area is thus occupied by ¢
to inhibit while by 6’° and TFIIB to guide the template strand delivery. Furthermore,
0, of " contains a number of aromatic residues that are shown to interact with non-
template strand, therefore facilitating DNA melting and transcription bubble
formation (20). In o°*, there are few aromatic residues in this region (RI and RIII-
ELH) that could facilitate DNA melting, in agreement with data showing that
although deletion of °* RI can bypass the requirement of activator proteins, it fails on
double-stranded DNA (/7). Activator proteins may therefore be directly required for
transcription bubble opening. The downstream DNA channel is occupied by both
RIL1 of 6™ and o1, of 0’° (Fig. 4D). A negatively charged region of TFIIF is also
located in the downstream DNA channel of Pol II (22). RIL2 of ¢ is located in the



channel that is occupied by the template strand DNA in the transcribing RNAP (Fig.
2D). 0’ and TFIIB lack equivalent structural features. This area, however, is
occupied in Pol I by part of the expander (Fig. 4E), a unique insertion in Pol I
compared to Pol II and shown to stabilize an expanded active centre cleft (23, 24)
(Fig. 4E). Similar to RIL3, both region 3.2 in 6"’ (o finger) and the B-reader in TFIIB
are shown to overlap with the space that would be occupied by RNA (Fig. 4D-F) (25).
Indeed, RIL.3 shares sequence homology with o finger, especially the highly
conserved DDE motif (Fig. S2). Acidic residues in these elements are proposed to
facilitate template DNA loading and RNA separation from DNA, guiding it towards
the exit channel (25-28). It is possible that RIL.3 also performs similar roles.

Our structure uncovers a diverse range of regulatory strategies utilised by o in
tightly controlling transcription initiation. These include blocking the template strand
from entering the RNAP active cleft by RI and RIII, occupying the downstream DNA
channel by RII.1, interfering with the template strand and synthesized RNA by RII.2-
RIL.3. The position of RI and RIII plays a vital role in these regulatory functions.
Activator proteins interact with RI and could relocate RI, RIII-ELH as well as RII,
releasing the inhibition posed by some of these structural elements (Fig. S3A) (29, 30).
Precisely how activators overcome these multiple modes of inhibition, and the role of
ATP in this process, remains to be determined. Furthermore, we show that although
o>*, 6’°, TFIIB, TFIIF and Pol I subunits have no sequence or structural similarities,
they target the same elements within their respective RNAPs. Our structure and
comparisons thus provide clear evidence that regulatory hotspots within RNAPs are
functionally conserved. Different transcription factors, irrespective of their structures
and sequences, are utilised to target these hotspots in order to exert a fine-tuned
transcription regulation strategy (Fig. S5). It will be interesting to see the extent to

which additional multi-subunit RNAPs employ these regulatory strategies.
Legends

Figure. 1. Structure of complete RNAP-6"". (A) Structure and schematic diagram of
6>*. (B) Structure of ¢’° (PDB 4IGC) with similar functional domains colored
accordingly. (C) Holoenzyme in different orientations, RNAP core in cylinders. 3-
cyan, p’-salmon pink, o-grey, o-pale blue, o>* in ribbon and colored as in (A), DS

represents downstream, US represents upstream. (D) Residues of § and 3’ subunits



that are crosslinked to ¢>* are mapped onto the structure and colored in yellow (E)

Electron density map and structural model of RNAP-6*-DNA.

Figure 2. Functional domains of o> and interactions with RNAP core (A)
Detailed view of the CBD and RNAP interactions. (B) RI and RIII, (C) DNA-RNA
channels, DNA-orange, RNA-magenta and (D) Overlay with RII.1, RII.2 and RII.3.

Figure 3. Comparisons of o' and o’ holoenzymes. (A) RNAP-o>* with RNAP
g p \

displayed as spheres and o™ as surface. (B) RNAP-0”’, same view as in (A). (C)
Elongation complex (PDB code 205J).

Figure 4. Regulatory elements of o°* and comparison with ¢'°, TFIIB and Pol I.
(A) 6>* (B) 0"’ and (C) TFIIB in relation to template strand (gold) as defined in the
complex with a full transcription bubble (4YLN). (D-F) Comparison of o°* with ¢'°,
Pol T (4C2M) and TFIIB (4BBS) in the RNAP DNA-RNA channel; structures are
superposed on the bridge helix. o™ represented as spheres while 6’°, TFIIB and Pol I

expander as ribbons, RNAPs as cylinders.
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Materials and Methods
RNAP core purification

The Plasmid pGEMABC (addgene #45398) encoding E. coli rpoA, rpoB and rpoC (31)
and plasmid pACY CDuet-omega (encoding rpoZ) were co-expressed in BL21(DE3) gold
cells. The cells were grown at 25 °C to ODggo = 0.8 and then induced with 1mM IPTG for
3 hrs at 25 °C. Cells were harvested via centrifugation and re-suspended in lysis buffer
(50 mM Tris-HCI (pH 8.0), 1 mM EDTA, 5 mM DTT) supplemented with 1mM PMSF
and protease inhibitor tablet (Sigma) and lysed through sonication. The soluble
supernatant was collected and precipitated with 0.4% (final concentration) Polymin P (pH
7.9), followed by centrifugation at 18,000 g for 15 min. The precipitate was then washed
with TGED buffer (10 mM Tris-HCI (pH 8.0), 5% glycerol, 0.1 mM EDTA, 1 mM DTT)
with 500 mM NaCl. The sample was then eluted with TGED buffer + 1 M NaCl and
precipitated with ammonium sulfate (with a final concentration of 50%). The precipitates
were collected and suspended with TGED buffer and dialysed against TGED buffer +
100 mM NaCl. The sample was further purified with BioRex70 (BioRad) and HiTrap Q

column (GE Healthcare). Purified protein was concentrated and stored at -80 °C.

o™ purification

ot from Klebsiella pneumoniae M5A1(32) was expressed in BL21 (DE3) gold cells
using pET28b-0>* (33). K. pneumonia o> was used for consistency as it has been
extensively studied in combination with E. coli core RNAP and is 90% identical ( 97%
similar) to that of E. coli. Cells were grown at 37 °C until ODggo reached 0.6 and were
induced at 22 °C with 1 mM IPTG. Cells were harvested through centrifugation and lysed
by sonication. The soluble supernatant was collected and further purified through Ni and
Heparin affinity chromatography (GE Healthcare). Selenomethionine substituted o™ was
expressed in B834 cells (methionine auxotrophic) and was purified using the same

protocol as wild-type protein.

RNAP-0"* holoenzyme purification and crystallization
The RNAP-0°* was formed by incubating RNAP with o™ at 4 °C for an hour with a



molar ratio of 1:4 and was further purified by size exclusion chromatography. The
RNAP-c* complex was concentrated to 10 mg/ml. Crystals were grown at 18 °C in 48-
well sitting-drop crystallization plates by mixing 0.5 ul protein with 0.5 ul crystallization
solution (~9% PEG8000, ~18% Ethylene glycol, 100 mM Sodium HEPES/MOPS buffer
(pH 7.9), 0.03M NaF, 0.03M NaBr, 0.03M Nal, 0-10mM DTT). The crystals were
incubated in cryo-buffer (12% PEGS8000, 25% Ethylene glycol, 100 mM Sodium
HEPES/MOPS buffer (pH 7.9), 0.03 M NaF, 0.03 M NaBr, 0.03 M Nal, 10 mM MgCl,)
for 30 min and flash frozen in liquid nitrogen. The 28 bp DNA contains -30 to -3 nifH
promoter region with a mismatch at -12/-11 to mimic the base unstacking observed in the

closed complex DNA (34, 35).

Data collection, structural determination and refinement

Diffraction datasets were collected for native and Selenomethionine substituted crystals
under cryogenic conditions (100K) at beam lines 103 & 104, the Diamond Light Source,
UK. All the datasets were processed using XDS (36). Phases were obtained with
molecular replacement using the E. coli RNA polymerase core structure (PDB code:
41GC'?) as the search model in PHASER (37). Density modification with multi-crystal
averaging and feature-enhanced maps were calculated to improve the electron density
map using the PHENIX software suite (38). The maps improved to reasonable quality
thereby aiding ab-initio model building of ™" in Coot (39). The core binding domain and
C-terminal RpoN domain could be identified in the initial model using known structures
for these domains from 4. aeolicus (PDB code: 208K for RpoN domain and PDB code:
2KRM for core binding domain). Anomalous map calculated using phases obtained from
molecular replacement was used to locate 8 of the 11 selenium sites that further aided in
assigning the sequence for 6°* model. p* G/G’ insertion domain was manually placed in
the difference density map using the crystal structure 2AUK. Initial stages of refinement
were carried out in REFMACS (40) using secondary structure restraints, restraints for
core RNAP to known structure (PDB code: 4IGC) and jelly-body restraints. Later stages
of refinement were carried out in BUSTER-TNT (4/) using target restraints to known

structures. All data processing and refinement statistics are summarised in Table S1.



pBpa-based UV crosslinking assays

We utilized a non-natural, UV-crosslinkable amino acid Bpa incorporated into RNAP
subunits (developed in the Grouse lab) to map interactions between RNAP and . An
equimolar ratio of pBpa-RNAP and HMK tagged **P - ¢>* (holoenzyme 0.3 pM) was
incubated at 37 °C for 10 min, irradiated at 365 nm on ice for 30 min and analysed on a

4-12% SDS gradient gel. The crosslinked products were scanned by Typhoon
Phosphorlmager and analysed by Aida software.
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Fig. S1. Electron density and crosslinking data to determine the structure of o™
RNAP holoenzyme . (A) Anomalous electron density map (40, magenta mesh) of
RNAP-6* holoenzyme containing Se-Met derivitized o>* showing 8 out of 11 Se-Met
sites (labeled) in 6°*, (B), 2Fo-Fc electron density map and composite omit map (1.50) of
representative o region, (C), RNAP to 32p.g™* crosslinking data. (D) Overlay of RNAP-
o and RNAP-0"*-DNA models showing RpoN positions. -12 promoter element in the
structure (green) is too far upstream compared to the -12 promoter element in the
initiation complex (4YLN).



R4YEY9_KLEPN 1 60
RP54_ECOLI 1 60
RP54_PSEPK 1 60
RP54_RHOCA 1 53
0823G3_SALTI 1 60
066858 AQUAE 1 LL 52
RILL

R4YEY9_KLEPN 61 |- VEDR---ESLDTV----DALEQKEMHDELPLDASWDEIYTAGTPSGN 100
RP54_ECOLI I TQDS---ETLDTA----DALEQKEMHEELPLDASWDTIYTAGTPSGT 100
RP54_PSEPK 61  [PMADNAENKPAAEVQDNSFQESTVSADNLEDGEWSERIFNELPVDTAWEDIYQTSASSLP 120
RP54_RHOCA 54 AFI 56
0823G3_SALTI [ e PQDD——--DPLDTA——-——DALEQKEMaEELPLDASWDEIYTAGTPSGP 100
066858_AQUAE 53 ----KSFF 58
R4YEY9_KLEPN 101 GVDY 160
RP54_ECOLI 101 SGDYIDD! 160
RP54_PSEPK 121 SNDD 179
RP54_RHOCA 57  ARGGEDF 116
0823G3_SALTI 101 SGDYIDD! 160
066858 AQUAE 59  VKETVPYOI 112
07 domain3.2(509-530) TPIGI

R4YEY9_KLEPN 161 DSIG-DDEIGL 219
RP54_ECOLI 161 [ELESIG-DEEIDIDE 219
RP54_PSEPK 180 [ICAGFDPELDIELDEVEA! 239
RP54_RHOCA 117 [EALAA----GVSLSRAESML 168
0823G3_SALTI 161 [IRESMG-DVEVDLDEVEAV 219
066858_AQUAE 113 |ESDVL----RCSVEELI 162
R4YEY9_KLEPN 220 [E I 279
RP54_ECOLI 220 |ISDHLDLLANHDFRTE 279
RP54_PSEPK 240 |[VTDFIDLLGSRDYSQ! 299
RP54_RHOCA 169 |LIRNIRLIAENRLSDLA 228
0823G3_SALTI 220 [T v AVNLI P VL 279
066858~ AQUAE 163 lz====--- ALRDLKRGKK RLR AEK AKVDAT 210

RIN-ELH
R4YEY9_KLEPN 280 ADSIPRLKINQOYAAMGNSARNDADGQF IRSNLQEARWL IKSDE 339
RP54_ECOLI 280 |KHNGHWTV. SDSIPRLOINQHYASMCNNARNDGDSQF IRSNLQDAKWLIKSLESR 339
RP54_PSEPK 300 QEATPRLRVNPOYAGFVRRADTSADNTFMRNQLOEARWFIK; RNET 359
RP54_RHOCA 229 RATSPTITVREDRFADG---TADAKARAERRRRGRGPGAGEALERRGDT 285
0873G3_SALTI 280 SDSIPRLOINQHYARMCNSARNDADSQF IRSNLQDAKWLIKSLESE 339
066858 AQUAE 211 EDF-IDIDLNEEYWELYKKSRNLOKE--LKEAFERYESIRK 267
RIII HTH

R4YEY9_KLEPN 340 o1 399
RP54_ECOLI 340 399
RP54_PSEPK 360 419
RP54_RHOCA 286 345
0823G3_SALTI 340 399
066858 AQUAE 268 326
R4YEY9_KLEPN 400 KYFFSSHVNTEGGGEASSTATRALVKKLI] LTSM ARRT" 459
RP54_ECOLI 400 'SSHVNTEGGGEASSTAIRALVKKLI, 459
RP54_PSEPK 420 KYFFSSHVSTSEGGECSSTAIRALIKKLV] IAGLLEAQ( 479
RP54_RHOCA 346 SRAVSTQGGGEAVSRDSLDFVQRTVGG DAIVTLAERAGLRIA 405
0873G3_SALTI 400 KYFFSSHVNTEGGGEASSTAI PAK SKETSEILSE M TV 459
066858 AQUAE 327 ' 382
R4YEY9_KLEPN 460 477
RP54_ECOLI 460 477
RP54_PSEPK 480 497
RP54_RHOCA 406 426
0823G3_SALTI 460 477
066858_AQUAE 383 398

Fig. S2. Sequence alignment of o> from different species. Functional domains are
boxed and colored coded as in Fig. 1. Sequences that are identical or similar are shaded in
dark or light grey respectively. CBD and RpoN are highly conserved among o> from
different species. KLEPN — K. pneumonia, ECOLI — E.coli, PSEPK — P. putida, RHOCA
— R. capsulatus, SALTS - S. typhimurium, AQUAE — A. aeolicus
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Fig. S3 0™ key regions and comparison of holoenzymes. (A) Fitting of RNAP-c™*
holoenzyme crystal structure into the cryo-EM reconstruction of AAA+ activator bound
holoenzyme. Right panels show enlarged view of region within the connecting density.
Also shown is RII.1 in relation to the bridge helix (BH). (B) Overlay of RNAP core
enzymes in o’’-holoenzyme (grey) and 6>*~holoenzyme (color coded as in Fig. 1).
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Fig. S4 Comparison of B’-coiled coil interactions. (A), 3 coiled-coil forms a helical
bundle with o, of ’° and B-linker of TFIIB (B), (C) p’-coiled coil does not form a
helical bundle with o>* RI-RIII-ELH. Instead it only interacts weakly at the tip of ELH.
(D) R336A mutant within the ELH has different effects on open complex formation
compared to mutations in 8’ coiled-coil, in agreement with the suggestion that
interactions between RI and RIII-ELH which involves R336, and between RIII-ELH and

[’-coiled coil, which does not involve R336, might form in different functional states,
during open complex formation.
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Fig. S5. Common regulatory hotspots. 6! colour coded according to Fig. 1. Each box
details the regulatory elements in o' and those shared by others are in brackets (dark
blue: 6”°, green: Pol I, brown: TFIIB). There are at least five such hot spots uncovered in
6”"-RNAP holoenzyme. The RNAP cleft is capped by the lid formed by RI and RIII
ELH-HTH of 0°* (box 1). The downstream DNA channel is another highly regulated site
(Fig. box 2). RIL1 of 6°*, 61.1 of 6’ and the expander in Pol I all occupy this space to
regulate. The template strand path inside the RNAP cleft is interfered by RIL.2 of o°* and
the expander in Pol I (box 3). A highly conserved regulatory spot is the RNA exit tunnel.
RIL3 of 6**, 63.2 of 6"°, B-reader of TFIIB (43) (box 4). Furthermore, the number of
aromatic residues along the non-template strand path could also fine-tune the ability to
stabilise the transcription bubble (box 5), with ¢’° acting independently of additional
factors and 6> requiring its ATP-driven activator.



Table S1

Summary of X-ray data collection and refinement statistics

Native Crystal Semet Crystal
Data collection
Space group P2,2,2 P2,2,2
Cell dimensions
a, b, c(A) 208.48, 151.52, 208.11, 152.15,
195.28 194.38
a, B,y (°) 90, 90, 90 90, 90, 90
Resolution (A) 29.8-3.76 91.74 -3.98
(3.89-3.76)* (4.08 —3.98)
Rinerge 0.082 (0.66) 0.071 (0.54)
Rineas 0.087 (0.75) 0.087 (0.66)
Rypim 0.042 (0.45) 0.05 (0.38)
CCyp (%) 99.9 (84.5) 96.6 (84.7)
ie74 14.1 (1.9) 13.3(2.8)
Completeness (%) 98.4 (91.2) 99.8 (99.8)
Redundancy 8.3 (4.7) 5.3(5.5)
Refinement
Resolution (A) 29.64 —3.76

No. unique reflections

No. reflections

No. test reflections

Rworku‘ Rfree

No. atoms
Protein
Ligand/ion
Water

Wilson B-factor (A%)

Average B-factors (A%
Protein
Ligand/ion
Water

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

MolProbity Statistics
All atom clash score
Rotamer outliers (%)
Cp deviations>0.25 A
Ramachandran Plot

Favoured region (%)
Outliers (%)

Above 0 : 62409
Above 10: 60662
Above 30: 39123
62409

3077

0.33/0.34

22647
1

119

200
99.5

0.007
0.99

0.3
3.27
0

85.5%
3.2%

*Highest resolution shell is shown in parenthesis.
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