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RapA opens the RNA polymerase clamp to
disrupt post-termination complexesand
prevent cytotoxic R-loop formation
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Following transcript release during intrinsic termination, Escherichia
coliRNA polymerase (RNAP) often remains associated with DNAina
post-termination complex (PTC). RNAPsin PTCs are removed from the
DNA by the SWI2/SNF2 adenosine triphosphatase (ATPase) RapA. Here we
determined PTC structures on negatively supercoiled DNA and with RapA
engaged to dislodge the PTC. We found that core RNAP inthe PTC can
unwind DNA and initiate RNA synthesis but is prone to producing R-loops.
Nucleotide binding to RapA triggers a conformational change that opens
the RNAP clamp, allowing DNA in the RNAP cleft to reanneal and dissociate.
We show that RapA helps to control cytotoxic R-loop formation in vivo, likely
by disrupting PTCs. We suggest that analogous ATPases actingon PTCs to
suppress transcriptional noise and R-loop formation may be widespread.
These results hold importance for the bacterial transcription cycle and
highlight arole for RapA in maintaining genome stability.

RNA polymerase (RNAP) is the central enzyme of transcription across
alldomains of life. Inthe canonical bacterial transcription cycle, the
catalytic core RNAP (E; subunit composition o, 3’w) combines with
apromoter-specificity o factor to form the holoenzyme (Ec™) capa-
ble of initiating transcription from specific promoter sequences’.
Once transcription initiates and the RNAP becomes committed to
elongating the nascent RNA chain, the o subunit generally releases
(although not always)? and core RNAP completes the elongation
and termination phases of the transcription cycle. Although the
elongation phase s highly processive, during intrinsic termination,
the completed RNA transcript is rapidly released from the com-
plex?, followed in the canonical scheme by release of RNAP from the
DNA template.

Recent single-molecule investigations have shown that the
canonical bacterial transcription cycle must be reevaluated*’. In these
studies, core RNAP was observed to remain associated with the tem-
plate DNA after RNA transcript release at intrinsic terminators in a
post-termination complex (PTC) invitro. The RNAPin PTCs can diffuse
inbothdirections onthe DNA by sliding or hopping and can flip180° on
the DNA*. The diffusing PTCs can sometimes initiate transcriptionina
promoter-dependent manner after reassociating with o fromsolution,
consistentwithin vivo results*. Available dataindicate that complexes
with the same properties as PTCs can be reconstituted by incubating
core RNAP directly with DNA (reconstituted (r)PTCs)*"%,

The Sw2/Snf2 adenosine triphosphatase (ATPase) RapA is wide-
spread throughout bacteria and is expressed in equal abundance to

'Laboratory of Molecular Biophysics, The Rockefeller University, New York, NY, USA. 2Laboratory of Molecular Pathogenesis, The Rockefeller University,
New York, NY, USA. ®Department of Biochemistry, Brandeis University, Waltham, MA, USA. “Department of Biochemistry, University of Wisconsin-Madison,
Madison, WI, USA. SLaboratory of Mass Spectrometry and Gaseous lon Chemistry, The Rockefeller University, New York, NY, USA. ®Tri-Institutional
Program in Chemical Biology, The Rockefeller University, New York, NY, USA. "Department of Bacteriology, University of Wisconsin-Madison, Madison, WI,

USA. < e-mail: darst@rockefeller.edu

Nature Structural & Molecular Biology


http://www.nature.com/nsmb
https://doi.org/10.1038/s41594-024-01447-8
http://orcid.org/0000-0002-6737-7828
http://orcid.org/0000-0002-2535-9613
http://orcid.org/0000-0001-6067-0725
http://orcid.org/0000-0003-3524-557X
http://orcid.org/0000-0002-5042-0383
http://orcid.org/0000-0001-7910-3421
http://orcid.org/0000-0002-1332-128X
http://orcid.org/0000-0002-8241-3153
http://crossmark.crossref.org/dialog/?doi=10.1038/s41594-024-01447-8&domain=pdf
mailto:darst@rockefeller.edu

Article

https://doi.org/10.1038/s41594-024-01447-8

a
Core RNAP
1,875-bp RN?\
Plasmid DNA
c d

Downstream
rPTCc DNA
(9% of particles)

O"‘ Oﬁ OB' O“’ OMQ” DNA DNA

Fig.1|rPTCs unwind negatively supercoiled DNA. a, Schematicillustrating

the experimental setup. E. coli core RNAP (green) was incubated with circular,
negatively supercoiled plasmid DNA in the absence of RNA, NTPs and 67°. Created
with BioRender.com. b, Representative micrograph illustrating core RNAP
molecules associated with DNA (5,043 micrographs were collected; Extended
DataFig.1). c-e, Structures of rPTCc (c), rPTCi (d) and rPTCo (e) determined by
cryo-EM. The core RNAP is shown as a transparent molecular surface, revealing
the DNA and active-site Mg?* in the RNAP active-site cleft. The DNA is shown

in cartoon format along with transparent cryo-EM difference density. f, RNAP
clamp conformations for the rPTC structures. The rPTCo structure was used as

(33% of particles)

rPTCo (0°)
rPTCi (0.6°)

- Core RNAP of
* plasmid DNA

rPTCi

rPTCo
(58% of particles)

t-strand nt-strand

rPTCc (24°)

areference to superimpose rPTCc and rPTCi using the a-carbon atoms of the
RNAP structural core, revealing acommon RNAP structure (shown as a gray
molecular surface) but with clamp conformational changes characterized as
rigid-body rotations about a rotation axis perpendicular to the page (denoted

by the black dot). The clamp modules are shown as backbone cartoons with
cylindrical helices. The angles of clamp opening are shown relative to rPTCo (0°).
g, Superposed DNAs from rPTCc (magenta), rPTCi (cyan), rPTCo (green) and an
active EC (orange; PDB 6ALH (ref. 71)). The RNAP active-site Mg?* isshown as a
brown sphere.

6”%in E. coli’*°. RapA binds to core RNAP (K = 5-10 nM) but not E¢”°
(refs. 9,11). Binding of RapA to RNAP strongly stimulates RapA ATPase
activity but nucleic acids neither bind strongly to RapA nor stimu-
late its ATPase activity”’ . While rapA-null mutants do not display
aclear in vivo phenotype in rich medium, stresses such as osmotic
shock, exposure to sodium deoxycholate or salt stress produce a pro-
tracted recovery phasein rapA knockout (KO) strains'*, Additionally,
rapA deletion diminishes antibiotic resistance in biofilms'. Lastly, in
Vibrio cholerae, deletion of the rapA homolog produces a>1,000-fold
decreasein colonization proficiency when cells attempt to engage the
acid-tolerance response, which isimportant for virulence®.

Many cellular functions have been proposed for RapA™®2.
In in vitro transcription reactions, RapA strongly stimulates

multiround transcript production, suggesting that it acts following
termination'®?*?*_ A recent single-molecule analysis defined the
molecular target for RapAin the transcription cycle as the PTC. RapA
forms a transient RapA-PTC complex that rapidly (within seconds)
resolves upon ATP hydrolysis, releasing RapA and the RNAP from the
DNA’. Although several structural studies have provided insightsinto
the interactions between RapA and core RNAP or the RNAP elonga-
tion complex (EC)'®*°?, the structural mechanism for RapA func-
tion remains elusive in part because a structure of RapA with its true
molecular target, the PTC, has not been determined.

Here, we structurally and biochemically characterize E. colirPTCs.
We find that core RNAP can associate with negatively supercoiled
DNA, is capable of generating a transcription-competent transcription
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bubble de novo and caninitiate RNA synthesis at physiological nucleo-
tide concentrations, all in the absence of a o factor. We also used a
nonhydrolyzable ATP analog, ADP-AIF, (ref. 25), to trap RapA associ-
ated with its functional target, the rPTC. A cryo-electron microscopy
(cryo-EM) structure of RapA(ADP-AIF;)-rPTC reveals that RapA acts
to impart a large conformational change in the RNAP that promotes
release from the DNA. We find that rPTC-mediated o-independent
transcription generates R-loops, potentially contributing to mutagen-
esis and posing a threat to genome stability in vivo*’; however, RapA
hasaroleinvivoin controlling R-loop formation. These findings have
importantimplications for the canonical bacterial transcription cycle
andtherole of PTCs and RapAin antisense and/or pervasive transcrip-
tion and genome stability?.

Core RNAP forms a transcription bubble

For the structural analysis of rPTCs, we sought to eliminate the
one-dimensional diffusion of the RNAP off the end of the DNA*
and the binding of RNAP to duplex DNA ends?®. We, therefore,
assembled rPTCs by combining E. coli core RNAP with a negatively
supercoiled circular DNA template, incubated briefly at 37 °Cand then
prepared grids for cryo-EM analysis (Fig. 1a). Visual inspection of the
micrographs revealed RNAP molecules associated with DNA, including
segments of extended DNA decorated with chains of RNAP molecules
like beads on a string (Fig. 1b). In our processing of the micrographs,
we were unable to identify particles without DNA bound in the RNAP
cleft (Extended Data Fig. 1). Steps of maximum-likelihood classifica-
tion* revealed three distinct conformational classes (Fig. 1c-f, Table 1
and Extended Data Figs.1and 2). The cryo-EM density for the DNA in
each of the classes was poorly resolved compared to the RNAP density,
consistent with the expected local heterogeneity in the DNA because of
the nonspecific association of rPTCs and lateral diffusion. The DNA was
modeled with the aid of previously determined DNA-RNAP complexes®
and features of the DNA were conservatively interpreted.

In the closed-DNA rPTC (rPTCc, -9% of the particle population;
4.7-A nominal resolution; Fig. 1c and Extended Data Figs.1and 2a-c),
the RNAP clamp®**was notably wide open (24° open compared to a 0°
reference) (Fig. 1f). The RNAP cleft was occupied with severely kinked
(-90°) but mostly duplex (closed) DNA (Fig. 1c). The vicinity of the DNA
kink was poorly resolved and potentially a site of bubble nucleation,
withthe conserved switch 2 (Sw2) and forkloop 2 (FL2) RNAP structural
elements® proximal to the kink (Extended Data Fig. 3a). The RNAP B’
rudder was well resolved, situated in the major groove of the upstream
double-stranded DNA (Extended DataFig. 3a).

Intheintermediate-bubble rPTC (rPTCi;33% of the particle popu-
lation; 3.8-A nominal resolution; Fig. 1d and Extended Data Figs. 1
and 2d-f), the RNAP clamp was relatively closed (0.6°) (Fig. 1f). The
RNAP cleft was occupied by DNA with a clear melted bubble of -5 nt
enclosed completely within the cleft (Fig. 1d). The single-stranded
nontemplate strand (nt-strand) DNA was relatively well resolved but
the template-strand (t-strand) was dynamic, poorly resolved and not
near the active site (Fig. 1g and Extended Data Fig. 3b).

The downstream fork junction of the rPTCi bubble appears to
be stabilized by the insertion of Sw2 and FL2 elements between the
melted strands at the downstream edge of the bubble (Extended Data
Fig. 3b). The stabilized downstream fork junction observed together
with the Sw2-FL2 insertion is consistent with prior biochemical find-
ingsimplicating Sw2 in DNA melting, initiating-nucleotide binding and
promoter escape, along with EC stability®>**. The B’ rudder, previously
implicated in EC and RPo stability®, was disordered because of a clash
betweenthe rudder and the duplex DNAimmediately upstream of the
growing bubble (Extended Data Fig. 3b).

In the open-bubble rPTC (rPTCo, 58% of the particle population;
3.6-Anominal resolution; Fig. le and Extended Data Figs. 1and 2g-i), the
RNAP clamp was closed on the DNA (Fig. 1f). The RNAP cleft was occu-
pied by DNA with amore extensive bubble of ~7-8 nt (the upstreamedge

ofthe bubble was poorly resolved), which propagatedin the upstream
direction compared to the smaller bubble in rPTCi (Fig. 1d,e). As in
rPTCi, the single-stranded nt-strand DNA was relatively well resolved
while the t-strand was dynamic and poorly resolved but occupied posi-
tions near the RNAP active-site Mg?", similar to abonafide EC (Fig.1g).

As in rPTCi, the Sw2 and FL2 elements of rPTCo were inserted
between the melted stands at the downstream fork of the transcrip-
tion bubble (Extended Data Fig. 3c). The ' rudder was resolved and
fully inserted between the two melted strands, likely stabilizing the
upstream edge of the bubble (Extended Data Fig. 3¢).

Rotation of a swivel module is associated with paused ECs and
appears to inhibit RNAP motions required to complete nucleoside
triphosphate (NTP) binding, catalysis and translocation®%¢75,
Compared to an unswiveled reference structure (Protein Data Bank
(PDB) 8EG8 (ref.30)), both rPTCiand rPTCo were substantially swiveled
(4.4°and 4.0°, respectively) (Extended Data Fig. 4).

Cryo-EM structure of RapA(ADP-AIF;)-rPTC

Recent work identified PTCs as the target of the SWI2/SNF2 ATPase
RNAP recycling factor RapA’. Inlow et al.” used single-molecule
analyses to identify two kinetically distinct RapA-rPTC assemblies
formed during ATP-dependent RNAP recycling (denoted RapA-PTC
and RapA'-PTC) and proposed akinetic scheme in which these assem-
blies are intermediates in the disruption of PTCs by RapA (Extended
Data Fig. 5a). Initial RapA association with PTCs was independent of
nucleotide in solution, consistent with the first intermediate, RapA-
PTC, containing apo RapA (Extended Data Fig. 5a). Cryo-EM structures
ofapo RapA engaged with core RNAP (PDB 7MKQ (ref. 18)) and with ECs
(PDB 7MKN (ref. 18) and PDB 7MSE (ref. 21)) all yielded closed-clamp
RNAP structures bound to apo RapA in a nearly identical pose, sug-
gesting that the configuration of the complex of apo RapA with RNAP
isindependent of the nucleic acid binding status of the RNAP. We,
therefore, propose that the apo RapA-RNAP and apo RapA-EC struc-
tures represent good models for the structure of the first RapA-PTC
intermediate.

The second kinetically distinct intermediate, RapA™-PTC, leads
toPTCdisruptionataratethatisstrongly dependent onnucleotidein
solution’. In the presence of ATP, PTC disruption by RapA was at least
150-fold faster than when ATP was absent or when anonhydrolyzable
ATP analog was present. In the presence of the analog, RapA™-PTC was
>20-fold more stable than the firstintermediate and more than half of
the assemblies exhibited a characteristic lifetime close to 5 min (ref.
7),atimescale compatible with cryo-EM grid preparation. Therefore,
we generated rPTCs on negatively supercoiled circular DNA (Fig. 1a),
subsequently introduced RapA complexed with the nonhydrolyzable
ATP analog ADP-AIF; (ref. 25) and analyzed the resulting complexes
using single-particle cryo-EM (Extended Data Fig. 5b). The results
revealed aRapA(ADP-AIF,)-PTC structure (3.6-A nominal resolution;
Fig. 2a, Extended Data Fig. 5b,c and Table 1) with new characteristics
compared to previously described RapA-RNAP or RapA-EC com-
plexes'®*, which we equated with RapA'™-PTC (Extended Data Fig.
5a). These new properties include (1) the conformation of RapA; (2)
the overall disposition of RapA with respect to the RNAP; and (3) the
conformation of RNAP and the associated DNA. Cryo-EM density in the
RNAP cleft of RapA'™-PTC was consistent with kinked duplex DNA (Fig.
2a), very similar to the DNA occupying the rPTCc RNAP cleft (Fig. 1c).
The cryo-EM density for RapA wasrelatively poorly resolved compared
to the RNAP (Extended Data Fig. 5¢), presumably because of confor-
mational heterogeneity that could not be resolved by classification.
The molecular model for RapA was initially constructed by rigid-body
fitting of previously determined RapA domains®"?>. Modeling of the
nucleotide bound in the RapA active site (Fig. 2b) was guided by the
structure of aRecA ATPase homolog bound to anonhydrolyzable ATP
analog (chromodomain-ATPase portion of yeast Chdl chromatin
remodeler; PDB3MWY (ref. 39)).
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Table 1| Cryo-EM data collection, refinement and validation statistics for RapA'-PTC and rPTC classes

Dataset rPTC

RapA'-PTC

Data collection and processing

Microscope FEI Titan Krios FEI Titan Krios
Voltage (kV) 300 300

Detector Gatan K3 Gatan K3
Electron exposure (e” per A% 55.9 521

Defocus range (um) -0.25t0-4.2 -0.8t0-2.5

Data collection mode

Counting mode

Counting mode

Pixel size (A) 1.076 1.076
Symmetry imposed C1 C1
Initial particle images (no.) 1,261,036 3,560,985
Refinement
Structure rPTCc rPTCi rPTCo RapA'-PTC
EM Data Bank EMD-40930 EMD-40931 EMD-40922 EMD-40943
PDB 8T00 8T02 8SZW 8TOL
Final particle images (no.) 13101 49,701 86,865 100,010
Map resolution (A)FSC threshold=0.143 47 3.8 3.6 3.6
Map resolution range (A) 3.4-78 2.4-6.9 2.8-6.9 2.8-7.2
Initial model used (PDB code) 6ALH 6ALH 6ALH Ab initio using screening dataset
Map sharpening B factor (A?) -126.0 -108.9 -14.5 -17.5
Model composition
Nonhydrogen atoms 50,247 51,102 51,717 65,326
Protein residues 3,093 3,146 3,183 4,152
Nucleic acid residues (DNA) 52 51 52 -
Ligands 27n%,1Mg? 27Zn%,1Mg? 27n*,1Mg* 27Zn%*,1Mg?,1ADP-AIF,
B factors (A%
Protein 289.6 109.2 69.94 166.2
Nucleic acid 515.0 247.9 134.2
Ligands 382.0 139.8 83.67 233.2
Root-mean-square deviations
Bond lengths (A) 0.003 0.004 0.003 0.005
Bond angles (°) 0.662 0.643 0.63 0.668
Validation
MolProbity score 1.82 1.99 1.83 2.62
Clashscore 7.07 9.67 7.68 9.74
Poor rotamers (%) 0 0.22 0.22 5.59
Ramachandran plot
Favored (%) 93.49 92.06 93.93 90.2
Allowed (%) 6.48 791 5.97 9.68
Disallowed (%) 0.03 0.03 0.09 012

ADP-AIF; triggers global conformational changes
inRapA

The cryo-EM density of RapA'™-PTC clearly showed ADP-AIF; occupying
the RapA nucleotide-binding site between the 1A and 2 (RecA) domains
(Fig. 2b). The RapA domains discussed herein are defined in Supple-
mentary Table 1. As expected for a RecA-type ATPase*’, occupancy of
the nucleotide-bindingsite gaveriseto alarge changeinthe orientation
ofthe RecA ATPase domains withrespect to each other (RapA domains
1Aand2; Fig. 2b) compared to apo RapA structures'®?, corresponding
toa33°rotation of domain 2 toward domain1A (Fig. 2b). This large con-
formational change induced by ADP-AIF; binding triggered acomplex

series of allosteric conformational changesin the other RapA domains
(with respect to the reference domain 1A; Fig. 2b and Supplementary
Video 1), most notably resulting in a motion of the RapA N-terminal
domain (NTD) corresponding to a 51° rotation and a 27-A translation
of the domain center of mass (Fig. 2b).

RapA conformational changes mechanically open
the RNAPclamp

Comparing apo RapA-EC (PDB 7MSE (ref. 21)) to RapA™-PTC, the bind-
ing of ADP-AIF; induced substantial conformational changes in RapA
(Fig.2band Supplementary Video 1). These changes were accompanied
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Fig.2|RapA opens the RNAP clamp to promote DNA dissociation. a, Cryo-
EM map (local resolution filtered)’ of RapA(ADP-AIF,)-rPTC (RapA'™-PTC).

b, Conformational changes in RapA. Bottom left: overall view of RapA™-PTC.
Therelationship between this view and the view inais shown. RapA, partially
obscured by RNAP, is outlined in green. Middle: RapA structures from apo
RapA-PTC (PDB 7M8E)* and RapA'-PTC were superimposed using the 1A
domain (Supplementary Table 1). RapA'is in cartoon format with transparent
molecular surfaces; apo RapA domains are colored outlines. Rotations for the
conformational changes of each domain (apo RapA->RapA") are shown. Note the
large 51° rotation of the RapA NTD (green). Bottom right: zoomed-in view of the
nucleotide-binding site (between the 1A and 2 domains). Modeled ADP-AIF; and
cryo-EM difference density (transparent surface) corresponding to the bound
nucleotide are shown. ¢, Overall change in architecture of apo RapA-PTC and
RapA'™-PTC. Left: apo RapA-PTC shown as a molecular surface. RNAP surfaces
are transparent, showing nucleic acids inside the RNAP cleft (t-strand DNA,

dark gray; nt-strand DNA, light gray; RNA, red). RapA and the RNAP clamp are
outlined in greenand red, respectively. Right: RapA'™-PTC shown similarly with
transparent RNA surfaces revealing DNA inside the cleft. Middle: superimposed
outlines of RNAP clamps from apo RapA-PTC (lighter shades) and RapA'™-PTC.
The entire RapA molecule rotates 65° on the RNAP surface and the clamp opens
24°.d, Boxed regions of ¢ are magnified, highlighting the RapANTD:3’ZBD
interface. Left:apo RapA-PTC. Right: RapA"™-PTC. The green and red outlines
denote positions of the RapANTD (green) and RNAP clamp (red) from apo
RapA-PTC. A 51° rotation of RapA"NTD results in a 24° clamp opening. e, Results
from single-molecule fluorescence microscopy measuring effective dissociation
rates (reciprocal of the average RNAP dwell time on DNA, 7 ) of surface-tethered
rPTCs formed with RNAP or a AZBD RNAP mutant by RapA plus ATP or in controls
lacking RapA or ATP. Number of complexes from left to right: n = 308,184, 306,
122,272 and 130. Data are presented as the mean values + s.e.m. (further resultsin
Extended Data Fig. 6¢).

by alarge rearrangement of RapA as a whole, corresponding to a 65°
rotation of RapA relative to the RNAP (Fig. 2c and Supplementary
Video 2).

Major RapA-RNAP interfaces include the RecA domains (RapA
domains 1A and 2; Fig. 2b) with the RNAP 3 flap tip and the RapA NTD
with the RNAP B’ zinc-binding domain (ZBD) (Fig. 2¢,d). The main
anchor pointforthe 65° RapA rotation (with respect to the RNAP) is the
RapA1A:Bflaptipinteraction. The rotation of RapA about this anchor
point, whichisaccommodated by flexibility of the 3 flap tip (Extended
Data Fig. 6a and Supplementary Video 2), results in the large motion
(51° rotation, 27-A translation) of the RapA NTD described previously
(Fig. 2b,c). The RapA NTD forms a notable interface with the 3’ZBD
(583-AZinterface area*); consequently, the large motion of the RapA
NTD pulls the f’ZBD and associated RNAP clamp withiit, resultingina
24° opening of the RNAP clamp (Fig. 2c,d and Supplementary Video 2).
The RapA spacer domain also appears to wedge itself into the now
open RNAP cleft, possibly stabilizing the open-clamp conformation
(Extended DataFig. 6b).

The relatively closed clamps observed in the rPTCo and rPTCi
structures were accompanied by DNA melting observed in those
structures (Fig. 1d,e), whereas rPTCc, with its open clamp, contained
apparently closed, duplex DNAinits RNAP cleft (Fig. 1c). Similarly, the
cryo-EM density in the RNAP cleft of the open-clamp RapA'™-PTCis con-
sistent with duplex DNA (Fig. 2a). Clamp openingin RapA™-PTC would
notonly allow the DNA to anneal into aduplex but also be expected to
destabilize DNA binding and promote dissociation of the DNA.

The RapANTD pulls on the B’ZBD to open the
RNAP clamp

Our model for RapA function predicts that the RapANTD:’ZBD inter-
faceis crucial, allowing the motion of the RapANTD to pull on the 3’ZBD
and openthe RNAP clamp. We tested this model by assessing the ability
of RapAtodisrupt PTCs generated from an RNAP derivative lacking the
[3’ZBD (AZBD RNAP). Non-supercoiled fluorescently labeled DNA circles
tethered to the surface of a glass flow chamber were preincubated with
either .5nMRNAP or4 nM AZBD RNAP, each dye-labeled with a SNAP
tag fusion to the B’ subunit C terminus (RNAP** and AZBD RNAP**,
respectively). Single-molecule total internal reflection microscopy
(smTIRF) revealed individual molecules of RNAP at the locations of
single DNA molecules, indicating rPTC formation. Note that a higher
concentration of AZBD RNAP** was required to achieve quantities of
rPTCs optimal for experiments; at1.5 nM RNAP**’, we attained 40-50%
DNA occupancy by RNAP, compared to ~25% occupancy with 4 nM
AZBD RNAP*®,

Aspreviously reported’, replacement of the flow chamber solution
with a buffer containing 1 mM ATP and a fluorescent RapA derivative
(5nMRapA®*) accelerated the loss of RNAP from the surface compared
to controls without RapA or without ATP (Fig. 2e and Extended Data
Fig. 6¢), indicating rPTC disruption. By contrast, no disruption above
the control was detected with AZBD RNAP, highlighting the essential
role of the interaction between the RapA NTD and the RNAP 3’ZBD
in stimulating RNAP clamp opening and subsequent dissociation of
RNAP from DNA.

Core RNAP caninitiate transcription

Giventhe DNA dispositionin rPTCo and the possibility that the t-strand
DNA can occupy apositionnear the RNAP active site similar toanactive
EC (Fig. 1g), we compared the transcription activity of the rPTCs to
that of Eo’® on a circular DNA plasmid template containing the strong
T7Al1 promoter and T7 intrinsic terminator sequence, expected to
yield a specific 161-nt transcript with Eo” (Fig. 3a). We used relatively
high NTP concentrations (500 pM each) to approximate physiological
concentrations*’; however, note that the relatively high E concentration
(0.5 pM) was chosen to drive rPTC formation and not to mimic physi-
ological conditions, where the concentration of free Eis very low*’. The
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Fig.3 | Transcriptioninitiation by core RNAP. a, Schematicillustrating the
experimental setup. E. coli core RNAP (E) or Eo’° was incubated with circular,
negatively supercoiled plasmid DNA (paAR1707)” in the presence of NTPs
(500 pM each) for 15 min at 37 °C. The total amount and size distribution of
the resulting RNA transcripts were then analyzed. b, Histogram plot showing
the total amount of RNA produced from each transcription reaction. The bars
denote the average of three to six independent measurements (individual
data points shown). Data are presented as the mean values + s.e.m. The

Size (nt)

statistical significance of differences between samples was determined using
unpaired, two-tailed ¢-test. ¢, Size distribution of transcripts resulting from two
independent Eo”° transcription reactions (red shading) and two independent
core RNAP reactions (green shading). The area under the curve for each profile
was normalized according to the total RNA produced. d, Size distribution of
transcripts resulting from the core RNAP reactions (green shading) along with
similar reactions treated with RNase HI (blue shades). The area under the curve
for each profile was normalized according to the total RNA produced.

resulting RNA transcripts were extracted and quantified and the size
distributions were analyzed.

The overallamount and size distribution of the RNA produced by
core RNAP versus Eo” were clearly distinct (Fig. 3b,c), confirming the
absence of notable 0”° contamination in our purified core RNAP. As
expected, the transcription reactions with core RNAP produced less
total RNA than E6”° (about threefold less; Fig. 3b). Reactions using plas-
mid DNA preincubated with topoisomerase I to relax supercoils showed
a marked (more than twofold) decrease in core RNAP transcription,
whereas Eo”° transcription was unaffected; core RNAP transcription
on the topoisomerase I-treated template was ~6-fold less than Ec”
(Fig.3b). Transcription from the T7Al promoter has been shownto be
relatively insensitive to DNA supercoiling**. The decreased core RNAP
transcription on relaxed DNA could be explained by a decrease in the
overallnumber of PTCs or adecreasein the transcription activity of the
PTCs. Because PTCs on relaxed DNA are extremely stable (K; <15 nM)?,
we favor the hypothesis that negative supercoiling shifts the equilib-
rium away from transcriptionally inactive PTCc and PTCi and toward
transcriptionally active PTCo (Fig.1c-e).

The size profile of the RNA products for the Ec” reactions was
dominated by the expected specific transcript of 161 nt (Fig. 3c). Addi-
tional smaller peaks were superimposed onto a broad distribution
of RNAs spanning approximately 1kb to >6 kb in length (Fig. 3c). By
contrast, the core RNAP transcription products were characterized
byabroad, relatively featureless distribution of RNAs over similar RNA
lengths (1 kb to >6 kb; Fig. 3¢), consistent with nonspecific transcrip-
tion initiation by the rPTCs. We repeated the transcription reactions,
comparing Eo”° to E on a derivative of pAR1707, pJB2, that lacked the

strong T7Al promoter (as well as all but one other annotated promoter;
Extended DataFig. 7). As expected, the amount and size profile of EG”
transcripts from pJB2 were substantially altered compared to pAR1707
(Extended Data Fig. 7¢,d). By contrast, the amount and size profile of
E transcripts from pJB2 and pAR1707 were nearly identical (Extended
Data Fig. 7c,e), indicating that the presence of the strong T7A1 pro-
moter on pAR1707 had little to no effect on transcription initiated by
E.Theseresults clearly indicate that rPTCs can nonspecifically initiate
transcription, consistent with the cryo-EM structure of rPTCo that
shows a complex containing a bubble with the t-strand loaded into
the active site (Fig. le).

PTC-initiated transcriptionis prone to R-loop
formation
We noted that the broad distribution of large RNAs (>1kb) for both
Eo’° and core transcription reactions contained substantial amounts
of RNA chains longer than the plasmid itself (4.836 kb). We hypothesize
that nonspecific rPTC initiation generates elongating complexes with
R-loops (persistent RNA-DNA hybrid) in their wake. The upstream
RNA-DNA hybrid would prevent the formation of RNA secondary struc-
tureinthe upstreamtranscript (such as terminator hairpins), causing
the RNAP to ignore terminators and continuously transcribe around
thecircular DNA templateinarolling-circle transcription mechanism
(E. coliRNAP can produce >7 kb transcripts fromcircular DNA templates
in this manner)®.

Treatment of the PTC transcription reactions with £. coliRNase HI,
which specifically hydrolyzes the RNA phosphate backbone when the
RNA is hybridized to DNA, significantly reduced the size distribution
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Fig. 4 | RapA suppresses cytotoxic R-loopsinvivo. a,b, Growth parameters
(doubling times (a) and ¢,, (b)) for wtand ArapAE. coli cells carrying pBAD18
(empty vector)” or pBAD18rnhA (RNase HI)* without (BCM = 0) or with 0.5x the
MIC of BCM were determined (Extended Data Fig. 8). Histograms show the ratios
(ArapA/wt). Error bars denote the s.e.m. (n =3 measurements). The statistical
significance of differences between samples was determined using an unpaired,
two-tailed t-test. a, Ratios of doubling times at matching conditions (ArapA/wt).
Dataare presented as the best-fit values + s.e.m. (calculated from 95% confidence
limits of best fit). b, Ratios of t;, at matching conditions (ArapA/wt). Data are
presented as the best-fit values + s.e.m. (calculated from 95% confidence limits of
best fit). c, The ArapA mutant cannot grow on LB plates + 1M NaCl (top right) but
overexpression of RNase Hl enables growth (top left).

of the RNAs (Fig. 3d), confirming extensive production of R-loops.
The RNase HI treatment reduced the peak of the RNA size distribu-
tions by about 4.8 + 0.1 kb, corresponding to the size of the circular
DNA template (Fig. 1a). This result supports the hypothesis that the
core RNAPs transcribed all the way around the plasmid, generating an
RNA-DNA hybrid the length of the DNA template. Further transcrip-
tion would displace the RNA downstream of the RNAP from the DNA
template, allowing the production of RNA transcripts longer than the
DNA template but always leaving an RNA-DNA hybrid the length of
the DNA template.

RapA contributes to the control of cytotoxic
R-loopsinvivo

Excessive PTCs on the DNA can lead to nonspecific transcription ini-
tiation and generate extensive R-loops (Fig. 3d). Excessive R-loop for-
mation in vivo is a threat to genomic stability and can be lethal?**¢*%,
We hypothesize that RapA may contribute to the control of R-loops

in vivo by removing PTCs, a potential source of R-loops. We first
tested this hypothesis by comparing the growth of an £. coli rapA-null
mutant (ArapA) to the wild-type parent strain (wt) under conditions
of R-loop stress (Extended Data Fig. 8), induced by growing the cells
in the presence of bicyclomycin (BCM), a selective inhibitor of the
Rho termination factor®”. Rho has an essential role in E. coli by sup-
pressing R-loop formation*”*°. The cells carried pBAD18rnhA (a plas-
mid expressing rnhA, encoding E. coli RNase HI, under control of the
arabinose-inducible Py, promoter)™ or the empty pBAD18 plasmid asa
negative control. Wereasoned that agrowth defect of the ArapA strain
under R-loop stress would be compensated for by overexpression of
RNase HI through the induction of pBAD18rnhA, directly confirming
therole of R-loops. We analyzed cell growth (monitored by the optical
density at 600 nm (ODy,)) using two parameters: the doubling time
during log-phase growth and ¢,,, the time for the cells to reach half
their OD,, plateau (Extended Data Fig. 8a-c).

In the absence of BCM, the ArapA strain had a small but repro-
ducible growth defect (less than 1.2-fold) compared to wt under all
conditions tested (Extended DataFig. 8d,e). The growth rate defect of
ArapA (relative towt) increased significantly (doubling time, 1.3-fold;
t,», 1.7-fold) when the cells were grown in the presence of BCM at 0.5x
the minimum inhibitory concentration (MIC) (Fig.4a,b and Extended
DataFig. 8f,g). The increased growth defect of ArapA in the presence
of BCM was corrected by the expression of RNase HI (Fig. 4a,b and
Extended Data Fig. 8f,g).

To test the hypothesis that RapA contributes to the control of
R-loops in vivo in distinct growth conditions and without the use of
BCM, we took advantage of aprevious finding that the deletion of rapA
rendersE. coliunable to grow on Luria-Bertani (LB) plates with1 M NaCl
(Fig. 4c)™. The apparent lethality of 1M NaCl to ArapA was rescued by
expression of RNase HI (Fig. 4¢). This points to arole for R-loop toxicity
intheinability of ArapA to grow on1 M NaCl.

E. coliresponds to osmotic stress (such as 1M NaCl in the sur-
rounding medium) by accumulating high concentrations of osmolytes
in the cytoplasm; major osmolytes include K* ions, glutamate and
trehalose®*, These high concentrations of osmolytes can have notable
effects on protein-DNA interactions®. We suggest that the altered
cytoplasmic conditions under osmotic stress may stabilize PTCs but
that PTC accumulation is prevented by RapA activity in wt E. coli. In
the absence of RapA, PTCs accumulate, leading to increased levels of
PTC-mediated initiation and production of R-loops to alethal level.

Discussion

Mechanisms underlying pervasive transcriptioninitiation are of grow-
ing interest as genome-wide sequencing techniques have allowed
deeper coverage of in vivo transcription to be achieved™. The role of
PTCs in the production of this promoter-independent transcription
has been difficult to structurally probe because of challenging bio-
chemical reconstitution constraints. PTCs exhibit one-dimensional
diffusion on the DNA*® (meaning they could slide off the ends of a
linear DNA fragment) and core RNAP binds tightly to the ends of linear
DNA fragments®. These features preclude the use of linear DNA frag-
ments typically used in cryo-EM analyses of protein-DNA complexes.
By reconstituting PTCs on anegatively supercoiled circular duplex DNA
substrate, our results provide insight into the structural nature of PTCs
and promoter-independent transcriptioninitiation more broadly and
therole of RapAin preventing the excessive buildup of PTCs, leading to
arevised model for the bacterial transcription cycle (Fig. 5)*.

The o-dependent transcription begins with base flipping and
capture of conserved nt-strand bases (normally at positions—11and -7
with respect to the transcription start site at +1)*® within the -10 core
promoter element, triggering transcription bubble nucleation and bub-
ble propagation downstream to the transcription startsite>”*. Our rPTC
structures show that core RNAP canbind and bend the DNA to nucleate
atranscriptionbubble on negatively supercoiled DNA independent of
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Fig. 5| Model for the role of RapA in the bacterial transcription cycle.
Results from this work (highlighted in red-shaded boxes) yield amodel for the
role of RapAin the bacterial transcription cycle: (i) in promoter-dependent
transcription (light-blue background), free core RNAP (green but with dark-
red clamp) combines with 67° (blue) to form Ec”®, which locates promoter

DNA sequences and initiates promoter-specific transcription; (ii) following
intrinsic termination, core RNAP can remain on the DNAina PTC, equilibrating
among PTCo s PTCi s PTCc (light-green background); (iii) PTCo can initiate

transcriptionindependent of o but is prone to cytotoxic R-loop formation
(promoter-independent transcription, light-orange background); (iv) the toxic
formation of R-loops is suppressed by RapA (orange), which specifically binds
PTCs and pulls open the RNAP clamp in an ATP-dependent manner. This allows
the transcription bubble to reanneal and remove the core RNAP from DNA,
facilitating RNAP recycling and averting the harmful buildup of R-loops (RapA-
mediated RNAP recycling, light-yellow background). Created with
BioRender.com.

the o factor or conserved promoter elements (Fig. 1c-f). Core RNAP
appears to nucleate its transcription bubble from within the RNAP
active-site cleftand to propagate in the upstream direction while engag-
ing SW2,FL2 and the ' rudder in the reverse order from o-dependent
transcriptioninitiation (Extended Data Fig. 3).

Evolved strategies to suppress promoter-independent transcription
appear manifold. Termination factor Rho targets ECs producing aber-
rant transcripts®’. Additional mechanisms for preventing nonspecific
association of RNAP with DNA outside of promoter sequences include
autoinhibitory 0™, (ref. 60), DNA packaging proteins (such as H-NS)®!
and RapA’. Our approach for generating rPTCs suitable for cryo-EM
analysis allowed us to visualize RapA engaged with its true target sub-
strate (Fig. 2a). Our RapA'-PTC structure, along with comparisons to
previously determined apo RapA-RNAP and apo RapA-EC structures,
illustrate how nucleotide binding drives acomplexallosteric conforma-
tional rearrangement of RapA that pulls open the RNAP clamp, allowing
melted regions of the DNAto rewind and promoting dissociation of the
DNA. Further work will be required to determine therole of ATP hydroly-
sis (as distinct from nucleotide binding) in the RapA functional cycle.

Dey etal.®’ found thata population of E. coliRNAP ECs paused at the
U-rich pausessite following the HK022 putL element released their RNA
transcript but remained associated with the DNA template (essentially

acting as PTCs). The RNAP conformation in these PTCs (PDB 8AC2
(ref. 62)) closely matches the rPTCc RNAP conformation and both of
these are very similar to the PTC portion of our RapA'™-PTC structure
(Supplementary Table 2). Thus, RapA uses ATP binding energy to stabi-
lize a pre-existing PTC state. Dey et al.®” did not observe closed-clamp or
open-bubble structures correspondingto rPTCior rPTCo, presumably
because their complexes were formed on linear DNA fragments that
lacked supercoiling.

Ourinvitroandinvivo results point to the formation of cytotoxic
R-loops through o”°-independent transcription mediated by PTCs
(Figs.3d and 4). Ourin vivo experiments show that the overexpression
of RNase Hlrescues growth defects of arapA-null strain (4rapA) at two
distinct growth conditions: R-loop stress induced by sub-MIC BCM
(Fig.4a,band Extended DataFig. 8) and osmoticstressinducedby1M
NaCl (Fig. 4c). As observed previously™, the ArapA strain appeared
to be completely unable to grow on LB agar + 1M NaCl (Fig. 4c), sug-
gesting that rapA may be essential under this condition (conditional
essentiality). Strikingly, overexpressing RNase HI allowed growth at
this otherwise lethal condition for the ArapA strain. This result strongly
suggests that, under osmoticstress, theloss of RapA functionleadstoa
lethal accumulation of R-loops, presumably generated by uncontrolled
PTC-mediated initiation.
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Our observation that 6”°-independent transcriptioninitiation is
prone to R-loop formation points to a crucial role for 6’ in initiating
proper RNA transcript strand separation from the RNA-DNA hybrid
during initial transcription at promoters. The 67° family of o factors'
contain a conserved structural element, the o-finger (also called the
0% -loop)®***, that loops into the RNAP cleft and helps preorganize
the t-strand DNA near the active site but also blocks the path of the
elongating nascent RNA®***, As the RNA chain extends during initia-
tion, a steric clash with the o-finger promotes abortive initiation or
displaces the o-finger, facilitating promoter escape®*®. We hypoth-
esize that the absence of the 6’°-finger in the RNAP cleft results in
unsuccessful strand separation of the RNA-DNA hybrid during PTC
transcriptioninitiation. We stress, however, that the detailed molecu-
lar mechanism for R-loop generation by PTC-mediated nonspecific
transcriptioninitiation isimmaterial to our main conclusions that (1)
PTCs caninitiate promoter-independent transcription and are prone
to R-loop formation and (2) PTC-mediated promoter-independent
initiation and R-loop formation are both suppressed by disruption
of PTCs by RapA.

Microorganisms are ubiquitous across a vast assortment of envi-
ronments and have consequently developed survival strategies for
frequent osmotic shock™. E. coli has effectively solved the biophysical
challenge of surviving in aqueous environments ranging from highly
dilute solutions to those containing molar concentrations of salts®.
Here, our results highlight the lethal threat posed by cytotoxic R-loops
and how the activity of RapA in evicting PTCs permits cell survival at
the high osmotic strength of 1 M NaCl (Fig. 4c).

Altogether, our findings implicate transcriptioninitiation by PTCs,
either before or after the association of o, in promoter-independent
transcription and the generation of cytotoxic R-loops in bacteria.
Additionally, our structure of RapA'-rPTC delineates the mechanisms
underlying the suppression of promoter-independent transcription
by RapA. We reveal a previously unappreciated role for RapA in vivo,
contributing to the suppression of deleterious R-loops. RapAis spread
widely amongbacterial lineages but not universally so. We hypothesize
that bacterial lineages that lack RapA may harbor analogous ATPases
that fulfill similar roles to E. coli RapA®~"°. The behavior of bacterial
RNAPs other than E. coli RNAP after intrinsic termination is unknown;
further studies will be required to understand how the potential for
promoter-independent transcription and R-loop accumulation is
suppressed in bacteria that lack RapA.
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Methods

Structural biology software was accessed through the SBGrid consor-
tium”. No statistical methods were used to predetermine sample size.
The experiments were not randomized. The investigators were not
blinded to allocation during experiments and outcome assessment.

Protein expression, purification, reconstitution and labeling
E. coli core RNAP and 0”° were separately overexpressed and purified
as previously described””. Briefly, a pET-based plasmid overexpressing
each subunit of £. coli RNAP (full-length «,  and w) and ’~PPX-His10
(PPX; PreScission protease site, LEVLFQGP, Cytiva) was cotransformed
with apACYCDuet-1plasmid containingE. colirpoZ (encoding ) into
E. coliBL21(DE3) (Novagen). Protein expression was induced with1 mM
IPTGfor4 hat30 °C. Cellswere harvested and lysed withaFrench Press
(Avestin) at 4 °C. Lysate was precipitated using polyethyleneimine
(PEI;10% (w/v), pH8.0; Acros Organics). Pellets were washed and RNAP
was eluted. The PEl elutions were precipitated withammonium sulfate.
Pellets were harvested, resuspended and loaded onto HiTrap IMAC HP
columns (Cytiva) for purification by nickel affinity chromatography.
Bound RNAP was washed on column, eluted and dialyzed. Dialyzed
RNAP was loaded onto a Biorex-70 column (Bio-Rad) for purification
byion-exchange chromatography. Eluted RNAP was concentrated by
centrifugal filtration and thenloaded onto a HiLoad 26/600 Superdex
200 column (Cytiva) for purification by size-exclusion chromatog-
raphy. Purified RNAP was supplemented with glycerol to 20% (v/v),
flash-frozeninliquid N, and stored at -80 °C.

Aplasmid encodingE. coliHis,;-SUMO-0"° was transformed into
E. coliBL21(DE3) (Novagen). Protein expression was induced with1 mM
IPTGfor1hat30 °C. Cellswere harvested and lysed with a French Press
(Avestin) at 4 °C. Lysate was loaded onto a HiTrap IMAC HP column
(Cytiva) for purification by nickel affinity chromatography. Eluted 67
was cleaved with ULPI SUMO protease (Thermo Fisher Scientific) to
remove the His,,-SUMO-tag from 07, followed by dialysis. The cleaved
sample was further purified on a HiTrap IMAC HP column (Cytiva).
Tagless 0”° was collected in the flowthrough and concentrated by
centrifugalfiltration. The sample was thenloaded onto aHiLoad 16/60
Superdex 200 for purification by size-exclusion chromatography.
Purified 07 was supplemented with glycerol to a final concentration
of 20% (v/v), flash-frozen in liquid N, and stored at —80 °C.

E. coli core RNAP containing a SNAP tag on the C terminus of 3’
(ref. 76) was fluorescently labeled with SNAP-Surface DY-549 dye (New
England Biolabs), yielding wt RNAP>* as described previously*. Briefly,
RNAP-SNAP was dialyzed into labeling buffer (10 mM Tris-HCI pH 8.0,
40 mM KCI, 5mM MgCl,, 20 pM ZnCl, and 1mM DTT) at 4 °C for 4 h.
The resulting product was then mixed with equimolar SNAP-Surface
DY-549 (1 mMin DMSO) at room temperature for 30 min. The product
was mixed with an equal volume of labeling buffer supplemented with
60% glycerol (v/v) to yield RNAP** in reconstitution buffer (10 mM
Tris-HCIpH 8.0,30% glycerol (v/v),0.1 mMMEDTA,100 mM NaCl,20 mM
KCl,20 uM ZnCl,,3 mM MgCl,and 0.6 mM DTT), then flash-frozen and
storedat—-80 °C.ASNAP-tagged B’ZBD deletion mutant (AZBD RNAP>*;
B’ residues 64-94 replaced with a GS linker) was similarly purified and
labeled. Native mass spectrometry (nMS) analysis of unlabeled SNAP-
RNAP-SNAP samples showed that the wt RNAP-SNAP was mostly
assembled core (80%); by contrast, only 9% of AZBD RNAP-SNAP was
fully assembled with 85% of the mutant core RNAP lacking the w subu-
nit. Toavoid potential issues because of the low abundance of win AZBD
RNAP-SNAP, wt RNAP-SNAP and AZBD RNAP-SNAP were labeled with
DY-549 dye as above and then incubated with threefold and fourfold
excess w subunit, respectively. For wt RNAP**, 12 uM wt RNAP>* was
mixed with36 uM w subunit and incubated onice for30 min. For AZBD
RNAP**,1.83 uM AZBD RNAP** was mixed with 7.68 pM w subunitand
incubated onice for 30 min. The samples were then buffer-exchanged
into 10 mM Tris-HCI pH 8,100 mM NacCl, 2.5 mM MgCl,,1mMDTT and
25% glycerol (v/v) using Centri-Spinl0 5-kDa spin columns (Princeton

Separations) and stored at —80 °C. Subsequent nMS analysis revealed
that both wt RNAP** and AZBD RNAP** core complexes were fully
assembled and completely labeled with DY-549.

E. coli RapA was overexpressed and purified as previously
described’. Briefly, E. coli RapA protein was overexpressed in E. coli
BL21(DE3) cells transformed with pQE8OL (Qiagen) expression vector
(encoding N-terminally His,-tagged full-length RapA)** and grown in LB
medium with ampicillin (100 pg ml™) at 37 °C. Expression of RapA was
induced with1 mM IPTG; the cells were shaken at 37 °C and harvested
after 3 h.RapA protein was purified by affinity and size-exclusion chro-
matography using prepacked 5-mlINi-affinity (HisTrap HP), 5-ml hepa-
rin (HiTrap Heparin) and Superdex 200 columns (Cytiva) and stored
instorage buffer (10 mM HEPES pH 7.5, 50 mM NaCl, 0.1 mM EDTA pH
8.0 and 5mM DTT) at -80 °C. The fluorescently labeled SNAP-RapA
construct, RapA®®, was prepared as previously described’. Plasmid
pKI1 (Addgene, 199118) encoding His,-SNAP-RapA was transformed
into NEBExpresslQ cells (New England Biolabs) and the His,-SNAP-
RapA protein was expressed and purified as above. To make RapA®®,
Hiss-SNAP-RapA and JFX-650 fluorophore SNAP substrate (kind gift
fromL.Lavis,Janelia Farm Research Campus) were mixed ina1:2 molar
ratio with 1mM DTT in SNAP reaction buffer (50 mM Tris-HCI pH 7.5,
100 mM NaCl and 0.05% Tween-20). Excess dye was removed using an
Ultra 0.5-ml30-kDa spin column (Amicon). Purified RapA®*° was frozen
inliquid N,and stored at —-80 °Cin10 mM Tris-HCI pH 7.9, 50% glycerol
(v/v), 0.1mM EDTA, 0.1 M NaCl and 1 mM DTT. The functionality of
RapA**° compared to His,~RapA was verified through single-molecule
washout experiments’.

nMS analysis

The RNAP samples were buffer-exchanged into nMS solution (500 mM
ammonium acetate pH 7.5 and 0.01% Tween-20) using Zeba micro-
spin desalting columns (Thermo Fisher Scientific) with a 40-kDa
molecular weight cutoff (MWCO)”. For nMS analysis, 2-3 pl of the
buffer-exchanged sample wasloadedintoagold-coated quartzemitter
that was prepared in-house and then electrosprayed into an Exactive
Plus extended mass range (EMR) instrument (Thermo Fisher Scientific)
withastatic nanospray source’®. The nMS parameters used were as fol-
lows: spray voltage, 1.2 kV; capillary temperature, 125-150 °C; in-source
dissociation, 10 V; S-lens radiofrequency level, 200; resolving power,
8,750 or 17,500 at m/z = 200; automatic gain control target, 1 x 10%;
maximum injection time, 200 ms; number of microscans, 5; injection
flatapole, 8 V;interflatapole, 4 V; bent flatapole, 4 V; high-energy col-
lision dissociation, 200 V; ultrahigh vacuum pressure, 5.5-6.5 x 107
mbar; total number of scans, at least 100. Mass calibration in positive
EMR mode was performed using cesium iodide. The acquired MS
spectra were visualized using Thermo Xcalibur Qual Browser (ver-
sion 4.2.47) and processed further using the deconvolution software
UniDec (version 4.2.0)"”%° to obtain the deconvolved masses. The
resulting measured masses for the unlabeled SNAP-RNAP assemblies
observedincluded the wtcoreat 412,045 Da, wt core-w at 402,035 Da,
o, at 223,691 Da, f’AZBD core at 408,544 Da and ’AZBD core-w at
398,427 Da. The measured masses for the DY-549-labeled SNAP-RNAP
assemblies incubated with excess w subunit included wt RNAP** at
413,105 Daand ’AZBD RNAP** at 409,687 Da, which closely matched
the mass of the corresponding RNAP core with one covalently attached
DY-549 dye. The mass accuracies, calculated as the percentage mass
deviation between the measured and predicted masses, ranged from
0.03%to 0.07%.

DNA templates

Theinitial discovery and characterization of PTCs by single-molecule
analysis used linear DNA templates*® but subsequent experiments
characterizing PTCs used promoterless circular DNA templates®,
including a small 586-bp promoterless circular DNA template used
in single-molecule studies of RapA function’. The single-molecule
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studies herein (Fig. 2e) used this same 586-bp circular DNA template.
Direct comparison of the results from all of the experiments described
herein (single-molecule, cryo-EM and in vitro transcription) using
the same DNA template would be ideal, but the 586-bp circular DNA
template could not be generated in sufficient yield for the cryo-EM
experiments and we sought to use an in vitro transcription DNA tem-
plate containing the well-characterized T7Al promoter and terminator
to facilitate a comparison of Eo’® and E transcription characteristics.
Therationale for the various DNA templates and their construction is
described below.

In vitro transcription reactions. We used the 4.8-kb plasmid pAR1707
(ref. 73) containing the strong T7Al promoter and terminator (Fig. 3a).
This facilitated direct comparison of the in vitro transcription reactions
using Eo” or E; in contrast to E, E’® was expected to yield an easily
identifiable 161-nt transcript (Fig. 3c).

To test that the presence of the strong T7Al promoter (or other
promoters) on pAR1707 did not influence our analysis of rPTCs, we
generated aderivative of pAR1707 (pJB2) in which all of the annotated
promoters” (https://www.ncbi.nlm.nih.gov/nuccore/J01749) were
removed, with the exception of the weak pbla promoter required for
ampicillinresistance (Extended DataFig. 7a,b).

Cryo-EM. We reasoned that preparing cryo-EM grids for single-particle
data collectionwould be facilitated by a smaller circular DNA template.
Because we could not generate the 586-bp circular DNA template (used
inthe single-molecule experiments) in sufficient yield for the cryo-EM
experiments, we constructed pJB1 (1.9-kb plasmid instead of 4.9-kb
PAR1707; Fig.1a) using Gibson assembly on amplicons generated from
plasmids pAR1707 and pUC57. The pAR1707 insert amplicon contains
a T7A1 promoter sequence and downstream 21-mer stall sequence
derived from pAR1707 (for use outside of the scope of this work). The
pUC57 backbone ampliconincluded an ampicillin resistance gene and
ahigh-copy-number origin of replication.

Preparation of E.coli rPTC complex for cryo-EM. E. coli core RNAP
(0.5 ml of 5 mg ml™ protein) was injected into a 10/300 Superose 6
Increase column (Cytiva) equilibrated with 10 mM Tris-HCI pH 8.0,
100 mM KCI, 5 mM MgCl, and 2.5 mM DTT. The peak fractions of the
eluted protein were concentrated by centrifugal filtration (EMD Mil-
lipore, 30-kDa MWCO) to 25 uM protein concentration.

Plasmid pJB1was grown overnightin DH5a cells instandard Luria
broth with 100 pg ml™ ampicillin and isolated using a plasmid DNA
maxiprep kit (Qiagen). Plasmid DNA solution at 1,750 ng pl " was added
to core RNAP for afinal concentration of 491 ng pl™ DNA (0.82 pM). The
sample wasincubated for 15 minat 37 °C; then, CHAPSO (Anatrace) was
addedtoafinal concentration of 8 mM (ref. 81) and the sample was kept
atroom temperature before grid preparation.

Preparation of RapA-rPTC complex for cryo-EM. The rPTC com-
plexes were prepared as described above but with the plasmid final
concentration of 0.42 pM. RapA (20 pM) was preincubated with AlF;
and ADP (2.5 mM each) (Sigma-Aldrich). The ADP-AIF,-RapA solution
was added to the rPTC sample to achieve afinal concentration of 8 pM
RapA,1mM AIF; and 1 mM ADP. CHAPSO was then added (8 mM final
concentration) and the sample was kept at room temperature before
grid preparation.

Cryo-EM grid preparation

C-flat holey carbon grids (CF-1.2/1.3-4Au; Protochips) were
glow-discharged for 20 s before the application of 3.5 pl of the sam-
ple (0.42 uM plasmid DNA, 8 uM core RNAP, 8 uM RapA, 1 mM ADP,
1mMAIF;and 8 mM CHAPSO). After blotting for 3-4.5 sthe grids were
plunge-frozeninliquid ethane using an FEI Vitrobot Mark IV (FEI) with
100% chamber humidity at 37 °C.

Cryo-EM data acquisition and processing

E.coli rPTCs. Grids were imaged using a 300-keV Titan Krios (FEI)
equipped with a K3 Summit direct electron detector (Gatan). Images
were recorded with Leginon® in counting mode with a pixel size of
1.076 A and a defocus range of —0.25 to —4.16 pm. Data were collected
withadose rate of 28 e” per A2per second. Images were recorded over
a2-sexposure with 0.05-s frames (40 total frames) to give atotal dose
of 55.9 ™ per A2 Dose-fractionated videos were gain-normalized,
drift-corrected, summed and dose-weighted using MotionCor2
(ref. 83). The contrast transfer function (CTF) was estimated for each
summed image using the Patch CTF module in cryoSPARC3 (CS3)**. Par-
ticles were picked and extracted from the dose-weighted images with
abox size of 256 pixels using CS3 blob picker and particle extraction.
Coordinates pointing to contaminating ice particles were extracted
asfaux particlesand used to generate aninitial decoy 3D model in CS3
(abinitioreconstruction) to remove junk particles frominitial particle
stacks. Multiple rounds of CS3 hetero refinement of all blob-picked
particles using 3D templates from this 3D decoy along with an E. coli
core RNAP 3D template (PDB 6ALH with all nucleic acids removed,
lowpass-filtered to 20-A resolution) were used toidentify a 3D consen-
susreconstruction containing subclasses for rPTCo and rPTCi. Multiple
rounds of CS3 hetero refinement of all blob-picked particles using 3D
templates of the 3D decoy along with E. coli core RNAP 3D template
(PDB 6GH6 with all nucleic acids removed, lowpass-filtered to 20-A
resolution) were used to identify a 3D consensus reconstruction con-
taining the subclass for rPTCc. Many classification schemes were tested
that converged on the conclusion that three mid-to-high-resolution
classes were present in the particle dataset. All three classes were
subjected to two rounds of successive Bayesian polishing in RELION-3
(ref. 85). CS3 CTF refinement and nonuniform refinement were then
performed for eachresulting class, yielding three distinct structures:
rPTCc (13,101 particles, 4.7-A nominal resolution), rPTCi (49,701 par-
ticles, 3.8-A nominal resolution) and rPTCo (86,865 particles, 3.6-A
nominal resolution) (Extended Data Figs.1and 2).

E.colirPTC+RapA. Grids wereinitially screened using a200-keV Talos
Arctica (FEI) equipped witha K2 Summit direct electron detector. Data-
sets were recorded with a pixel size of 1.5 A over adefocus range of -1.0
to—3.5 pm. Videos wererecorded in counting mode at 8 e” per physical
pixel per second in dose fractionation mode with subframes of 0.3 s
over a15-s exposure (50 frames) to give a total dose of 53.33 e per A%,
Dose-fractionated videos were gain-normalized, drift-corrected,
summed and dose-weighted using MotionCor2 (ref. 83). The CTF was
estimated for each summed image using the Patch CTF modulein CS3
(ref. 84). Particles were picked and extracted from the dose-weighted
images with abox size of 256 pixels using CS3 blob picker and particle
extraction. Particles were curated by CS3 2D classification and selec-
tion. CS3 ab initio reconstruction was used to produce a density map
of rPTC + RapA. CS3 nonuniform refinement was used to further refine
thisinitial map to 6.16 A. Core RNAP subunits (no nucleic acids present)
and all RapA domains, except for the spacer domain, were rigid-body
refined tofitthe density of the map. The resultingincomplete molecu-
lar model was used to produce asimulated 20-A resolution density map
for downstream templating.

For our full data collection, grids were imaged using a 300-keV
Titan Krios (FEI) equipped with aK3 Summit direct electron detector
(Gatan). Images were recorded with Leginon®? in counting mode with
a pixel size of 1.076 A and a defocus range of —0.8 to —2.5 pm. Data
were collected with a dose rate of 26 " per A per second. Images were
recorded over a 2-s exposure with 0.05-s frames (40 total frames)
to give a total dose of 56 ™ per A2. Dose-fractionated videos were
gain-normalized, drift-corrected, summed and dose-weighted using
MotionCor2 (ref. 83). The CTF was estimated for each summed image
using the Patch CTF modulein CS4 (ref. 84). Particles were picked and
extracted from the dose-weighted images with abox size of 256 pixels
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using CS3 blob picker and particle extraction. Aninitial decoy 3D model
was generated in CS4 (ab initio reconstruction) as described above.
Multiple rounds of CS4 hetero refinement of all blob-picked particles
using 3D templates of this 3D decoy along with the incomplete 20-A ab
initio map mentioned above (all nucleic acids and RapA spacer domain
missing) were used to identify a3D consensus reconstruction contain-
ing rPTC + RapA. This class was subjected to focused CS4 3D classifi-
cation, masking around RapA to identify a clear class for RapA'-PTC.
Then, two rounds of successive Bayesian polishing were performedin
RELION-3 (ref. 85). Then, CS4 CTF refinement and nonuniform refine-
ment were performed, yielding RapA'™-PTC from 100,010 particles at
3.6-A nominal resolution (Extended Data Fig. 5b,c).

The heat map distributions of particle orientations and half-map
Fourier shell correlations (FSCs) were calculated using CS3. The 3D
Fourier shell correlation calculations were performed using 3DFSC
(ref. 86). Local resolution calculations were performed using blocres
and maps were locally filtered using blocfilt (Bsoft package)”.

Model building and refinement

rPTCs. The initial model for the rPTCs was derived from PDB 8EG7
(ref.30) with all of the nucleic acids removed. The model was manually
fitinto the cryo-EM density maps using ChimeraX® and rigid-body and
real-space refined using PHENIX real_space_refine®®®’, For real-space
refinement, rigid-body refinement was followed by all-atom and
B-factor refinement with Ramachandran and secondary-structure
restraints. Models were inspected and modified using Coot™.

RapA'-PTC. Theinitial model for RapA'™-PTC included the rPTCc model
(determined herein) combined with RapA from PDB 7M8E (ref. 21).
Steps of model building and refinement followed the same steps for
the rPTCs described above.

Single-molecule experiments

Construction of the 586-bp circular promoterless DNA template
(npDNA®°) used in single-molecule experiments was performed as
described previously’. In brief, a PCR product (template for Golden
Gate assembly, described below) was amplified from pDT4 (Addgene,
199120) using primers 5-GAA GGT CTC CAG CCG TAC CAA CCA GCG
GCT TAT C-3’ and 5°-CCG GGT CTC ACC ATA CCC GCT GTC TGA GAT
TAC G-3’. The npDNA®* template was then made by Bsal Golden Gate
assembly (New England Biolabs, Golden Gate assembly mix) in T4 DNA
ligase buffer using equimolar PCR product and a synthetic duplex
oligonucleotide containinginternal biotin and Cy5 dye modifications
made by annealing the complementary DNAs 5’-CGATTA GGT CTC GGG
CTA GTACTG GTT TCT AGA G/iCy5/GT TCC AAG CC/iBio/ TCA CGG
CGGCCGCCCATCGAGACCGGTTAACC-3’and5-GGT TAACCGGTC
TCG ATG GGC GGC CGC CGT GAG GCT TGG AAC CTC TAG AAA CCA
GTA CTA GCC CGA GAC CTAATC G-3’ (Integrated DNA Technologies).
Reactions were incubated for alternating cycles of 5 min at 37 °C and
10 min at 16 °C, followed by 5 min at 55 °C and then 10 min at 65 °C to
inactivate T4 DNA ligase. The product was digested with 10 U of T5
exonuclease (New England Biolabs) for 30 min at 37 °C, followed by
inactivation with15 mM EDTA, and further purified with the Qiaquick
PCR purification kit (Qiagen).

Single-molecule fluorescence experiments were set up as described
previously’. Briefly, we used a micromirror TIRF instrument with a
~65-um-diameter circular field of view. We used excitation wavelengths
532 nmto monitor RNAP>* and 633 nm to locate DNA®, The tempera-
ture of the reaction chamber was maintained at33.1+ 0.5 °C usingacus-
tom temperature control system. Single-molecule observations were
performedinglass flow chambers (volume ~20 pl) passivated with suc-
cinimidyl (NHS) polyethylene glycol (PEG) and NHS-PEG-biotin (Laysan
Bio). Streptavidin (21125, Life Technologies) wasintroduced at 220 nM
inwash buffer (50 mM Tris-acetate pH 8.0,100 mM potassium acetate,
8 mM magnesium acetate, 27 mM ammonium acetate and 0.1 mg m[™

BSA (126615, EMB Chemicals)), incubated for 1 minand washed out (all
washout steps used two flushes each of four chamber volumes of wash
buffer). Streptavidin-coated fluorescent beads (T-10711, Molecular
Probes), used as markers for stage drift correction, were loaded in the
chamber atadilution of ~1:400,000 and excess beads were washed out.
The chamber was then incubated with 25 pM npDNA®* in wash buffer for
5 minand excess npDNA®° was flushed. Locations of surface-tethered
npDNA®* molecules were recorded by acquiring five 1-s exposure
images with 633-nm excitation at a power of 400 pW (all laser powers
measured incident to the objective lens). Next, we introduced either
1.5nM RNAP** or 4 nM AZBD RNAP** into the chamber in transcrip-
tion buffer (wash buffer supplemented with 3.5% w/v PEG8000 (81268,
Sigma-Aldrich),1 mg mI” BSA and an O,-scavenging system (4.5 mg ml™
glucose, 40 U per mlglucose oxidase, 1,500 U per ml catalase and1 mM
DTT)), incubated for 10 min to allow binding to npDNA®* and rPTC
formation, and washed out to remove excess unbound RNAP**, Then,
solutions of wash buffer,5 nMRapA®® or 5 nM RapA®*° +1 mMATP were
mixedintranscription buffer and loaded into the glass chamber. Image
acquisition began within 10 s after loading the reagents (at ¢ = 0), with
excitation alternating between 532 and 633 nm (400 pW each) at one
frame per second for 40 min. Lifetimes (1) of RNAP** and AZBD RNAP**
onnpDNA“were determined by measuring the intervals where RNAP>*
or AZBD RNAP**’ was present on DNA’.

Transcription assays

Eo’®wasreconstituted by incubating core RNAP (0.5 uM final) with 7
(2.5 uM final) at 37 °C for 15 min. Either core RNAP or Eo” (as indicated)
wasincubated with ATP, cytidine triphosphate, guanosine triphosphate
and uridine triphosphate (500 pM each; TriLink Biotechnologies)
and pAR1707 (ref. 73) (35.8 nM final; Fig. 3a) or pJB2 (41.1 nM final;
Extended Data Fig. 7b) plasmids at 37 °C for 15 min in transcription
buffer (100 mM Tris-HCI pH 8.0, 500 mM KCI, 100 mM MgCl,, 1 mM
EDTA,10 MM DTT and 50 pg ml™ BSA). Next, 2 U of turbo DNase I (Inv-
itrogen) was added to the sample along with turbo DNase I reaction
buffer (Invitrogen; final concentration 1x) and incubated at 37 °C for
15 min to fully digest all DNA substrate present in the reaction, effec-
tively halting transcription. DNase I digestion was stopped by adding
EDTA to 15 mM (final) and RNA was extracted with the RNA clean and
concentrator kit (Zymo Research). Eluted RNA was combined with
Qubit high-sensitivity (HS) RNA reagent and Qubit HS RNA buffer
and measured using a Qubit fluorometer using the HS RNA protocol
after RNA standardization (Life Technologies). The size profile of the
RNA sample was analyzed on an Agilent 2200 TapeStation using an
HS RNA Screentape with RNA sample buffer (Agilent). The results
were visualized using the Agilent Tapestation software (Agilent). For
RNase H sensitivity experiments, transcription was halted before the
introduction of turbo DNase I by the addition and 5-minincubation of
5 pMrifampicinat37 °C.Subsequently, 2.5 U of RNase H (New England
Biolabs) was added to the reaction and incubated at 37 °C for 5 min.

BCM growth assays. The rapA KO strain (F-, AhepA769::kan,
A(araD-araB)567, AlacZ4787(::rrnB-3), A”, rph-1, A(rhaD-rhaB)568,
hsdR514;Keio collection, National BioResource Project entry JWO058)
and wt parental strain (£. coli BW25113; National BioResource Pro-
jectentry ME9062) were both separately transformed with plasmids
pBAD18 (empty vector)” or pBAD18rnhA (RNase HI)** and grown over-
night on LB agar plates with 100 pg ml™ ampicillin. Colonies were
picked and grown overnightin LB with 100 pg mI™ampicillinand then
backdiluted toan OD,,0f 0.01in LB. L-Arabinose was added to afinal
concentration of 0.05% (w/v) for induction. Culture solutions (50 pl)
were dispensed into dark-well tissue culture plates (Greiner Bio-One
CELLSTAR, 384-well) along with BCM (when used, froma2.5g L stock
in DMSO; Santa Cruz Biotechnology, CAS 38129-37-2) using an HP
D300e Digital Dispenser (Tecan). The MIC for BCM was determined
tobe37.5mgL™
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NaCl growth assays

The rapAKO strainand wt parental strain were separately transformed
with plasmids pBAD18 (empty vector) and pBAD18rnhA and grown
overnight on 100 pg ml™ ampicillin LB agar plates. Colonies were
picked and grown overnight in LB with 100 pg ml”ampicillin. Culture
concentrations were standardized according to OD4,, measurements
and were diluted in a 1:10 dilution series, using LB combined with
a final concentration of 0.05% arabinose. Then, 2-pl samples from
the 1:10 dilution series of all four culture strains were plated onto
separate quadrants of LB agar plates composed of LB agar, 0.9 M NaCl
and 0.05% arabinose. Plates were incubated at 37 °C for 48 hand then
photographed.

Figures and statistical calculations

Figures and statistical calculations were completed using GraphPad
Prism 10.3.1 (Figs. 3b and 4a,b and Extended Data Figs. 6¢, 7c and 8),
PyMOL 2.5.5 (Figs.1f,gand 2b-d and Extended Data Figs. 4, 5d and 6a,b)
and ChimeraX 1.4 (Figs. 1c-e and 2a and Extended Data Figs. 2b,e,h,
3and5c).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The cryo-EM density maps and atomic coordinates were deposited
to the EM Data Bank (https://www.ebi.ac.uk/emdb) and PDB (https://
www.rcsb.org) as follows: rPTCc (EMD-40930, PDB 8T00), rPTCi
(EMD-40931, PDB 8T02), rPTCo (EMD-40922, PDB 8SZW) and
RapA'-PTC (EMD-40943,PDB 8TOL). The atomic models used for initial
modelbuilding and analysis are available from the PDB under the acces-
sion codes 6ALH and 7M8E. Source data are provided with this paper.
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Extended Data Fig.1| Cryo-EM processing pipeline for rPTC structures. Cryo-EM processing pipeline for rPTC structures (rPTCo, rPTCi, rPTCc).
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Extended Data Fig. 3| The role of RNAP structural elements in DNA melting.
A.-C. (left) View of the rPTC structures (same as Fig. 1c-e). The boxed regions are
magnified on the right. (right) Magnified views of boxed region; only the DNA,
BFork-loop2 (FL2), Brudder, and B‘Switch2 (Sw2) are shown. DNA is shown as
abackbone cartoon with atransparent molecular surface (t-strand, blue; nt-

Upstream
DNA

Downstream

DNA

strand, orange). The protein elements are shown as backbone cartoons (8, cyan;

B, pink).
FL2 and Sw2. b. rPTCi; the clamp closes, closing the gap between FL2 and Sw2,
nucleating a - 5ntbubblein the DNA. The Brudder is completely disordered.
c.rPTCo; the bubble propagates in the upstream direction to -7-8 nt, creating
room for the B‘rudder.

B’ rudder
pushed up
into major £

groove

SW2 and FL2 not
inserted between
* strands
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8EG7 rPTCo
(unswiveled  (3.98°)

reference EC) rPTCi

Extended Data Fig. 4 | Swiveling in rPTCiand rPTCo. RNAP structures are shown as a gray molecular surface but with the swivel modules® shown as backbone
cartoons with cylindrical helices [SEG7*® (unswiveled reference EC), yellow; rPTCo, green; rPTCi, cyan]. Rotation (swiveling) of the rPTCo and rPTCi swivel modules
withrespect to 8EG7 is shown.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Growth analysis of wt and ArapA Eco. a-c. Growth
curves (ODyo,m)- The solid lines plot the average of three replicates, the thin lines
above and below show the 95% confidence limit. (¢op panel) Semi-log plots of the
growth curves during log-phase growth. The thick, transparent lines show the
exponential fit used to calculate the doubling time. (bottom panel) Linear scale
showing the fullgrowth curves. The thick arrows denote the t, ,.

a.BCM =0 andin the absence of arabinose [uninduced pBAD18 (empty vector)

or pBAD18rnhA (RNase H)]. b. BCM = 0 but with arabinose induction (0.05%

w/v) of pBAD18 (empty vector) or pBAD18rnhA (RNase H). c.BCM = 0.5X MIC
(MIC =37.5 mg/L) and with arabinose induction (0.05% w/v) of pBAD18 (empty
vector) or pBAD18rnhA (RNase H). d.-e. Histograms showing growth parameters
[double times (d) and t,, () for wtand ArapA Eco cells carrying pBAD18 (empty
vector)” or pBAD18rnhA (RNase HI)*!, all without BCM (BCM = 0). In d., combined
is the average for all the measurements. Error bars denote standard error (N=3
independent growth curves for each condition). Statistical significance of

differences between samples was determined using unpaired, two-tailed ¢-test.
d. Doubling times (N =3 independent growth curves for each condition). Data
are presented as best fit values + SEM (calculated from 95% confidence limits of
bestfit). e. t;, (N =3 independent growth curves for each condition). Dataare
presented as best fit values + SEM (calculated from 95% confidence limits of best
fit). f.-g. Histograms showing growth parameters (doubling times and t, ;) for
wtand ArapA Eco cells carrying pBAD18 (empty vector)’™ or pBAD18rnhA (RNase
HI)* without (BCM = 0) or with 0.5X MIC BCM (BCM = 0.5). Error bars denote
standard error (N = 3independent growth curves for each condition). Statistical
significance of differences between samples was determined using an unpaired,
two-tailed ¢-tests. f. Doubling times (N = 3 independent growth curves for each
condition). Data are presented as best fit values + SEM (calculated from 95%
confidence limits of best fit). g.t,,, (N =3 independent growth curves for each
condition). Data are presented as best fit values + SEM (calculated from 95%
confidence limits of best fit).
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Sample size The cryo-EM data collections resulted in 1,261,036 (rPTC) and 3,560,985 (RapAT-PTC) particle images used for subsequent processing (see
Extended Data Figures 1 and 5b).

For biochemical experiments (Figures 2e, 3, 4, and, Extended Data Figure 6¢), 7c, 8, sample size calculations were not performed. In general,
experiments were replicated a minimum of three times.

Data exclusions  Particle images were excluded according to critera encoded in cryoSPARC and Relion.

Replication The cryo-EM experiments were not replicated. The biochemical experiments were replicated a minimum of three times (Figs. 3b, 4, and
Extended Data Figs. 7c-e, 8) or hundreds of times (Fig. 2e, Extended Data Fig. 6c)

Randomization  The structural analysis was not randomized. Control of covariates is not applicable as all known parameters were controlled.

Blinding In the structural analysis, the classification of particles into structural classes was blinded to investigators.
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