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Folding of nascent transcripts can be modulated by the RNA polymerase
(RNAP) that carries out their transcription, and vice versa. A pause of RNAP

during transcription of a preQ, riboswitch (termed que-PEC) is stabilized by
apreviously characterized template consensus sequence and the ligand-free
conformation of the nascent RNA. Ligand binding to the riboswitch induces

RNAP pause release and downstream transcription termination; however,
the mechanism by which riboswitch folding modulates pausing is unclear.
Here, we report single-particle cryo-electron microscopy reconstructions
of que-PECin ligand-free and ligand-bound states. In the absence of preQ,,
the RNA transcriptisinan unexpected hyper-translocated state, preventing
downstream nucleotide incorporation. Strikingly, on ligand binding, the
riboswitchrotates around its helical axis, expanding the surrounding RNAP
exit channel and repositioning the transcript for elongation. Our study
reveals the tight coupling by which nascent RNA structures and their ligands
can functionally regulate the macromolecular transcription machinery.

In bacteria, genetic information is transcribed by the five-subunit
(0,0,B3B’w) protein RNA polymerase (RNAP) that forms a universal
core containing all transcription functions'.

During transcription elongation, theincorporation of nucleotides
into the RNA chain is coupled to the translocation of RNAP”. However,
elongation is often temporarily interrupted due to an off-path state of
the enzyme, which competes with the addition of the subsequent nucle-
otide. This so-called transcriptional pausing is universally involved in
numerous biological processes, including RNA folding?, transcription-
translation couplinginbacteria®, transcription factor recruitment’, mes-
senger RNA processing® and transcription termination’. Transcriptional
pausingistriggered when RNAP encounters a consensus DNA sequence
(G_1G_10 Y, G, inEscherichia coliand G_;; G_j, Y_; A, in Bacillus subtilis)?,
causing the enzyme to enter into an elemental paused state’.

The elemental paused elongation complex (ePEC) has been found
to be further stabilized through at least three distinct mechanisms.
Class I pauses are stabilized by the presence of an RNA hairpin within
the RNAP exit channel, whereas class Il pauses involve RNAP reverse
translocation (or backtracking) along the DNA template'. Inaddition,
these two classes are sensitive to transcription factors that will further
modulate pausing efficiency, such as N-utilization substance A (NusA)
protein for class I (ref.11) and GreB for class Il pauses'. In contrast, while
the consensus DNA sequence is essential at RNA structure-stabilized
pauses, the latter were shown to be insensitive to NusA and GreB,
instead responding to a conformational change of a nascent RNA
motiftermed ariboswitch (Fig. 1a) (ref.13).

Riboswitches are structural RNA elements embedded in the 5
untranslated regions (5’ UTR) of mRNAs that are predicted toregulate
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Fig.1|Mechanism of transcriptional pausing at the que pause and

structure of the que-PEC. a, Schematicillustration of transcriptional pausing
regulation through a riboswitch conformational change at the que pause. Upon
encountering a consensus pause sequence, RNAP enters an offline ePEC that
can be either stabilized (undocked state) or released through a riboswitch
conformational change (docked state) upon preQ, ligand binding. Green star
represents potential contact between the RNA and RNAP 3-flap domain.

b, Nucleic acid scaffold used for cryo-EM data acquisition. Sequence and secondary
structure of the Bsu preQ, riboswitch used in this study are shown. ¢, Lifetimes
of the que pause determined in the absence and presence of preQ,. que-PEC was
assembled under conditions similar to those used to assemble the sample for
cryo-EM data collection. The rate of pause escape was determined after addition
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of the next templated rNTP (rGTP). Samples were taken 15,30, 45, 60, 90,120,
240 and 480 s after the addition of 5 uM rGTP (band labeled as +2). Ch lanes are
chased reactions collected after addition of 100 uM rGTP for an additional 5 min.
Error bars are s.d. (standard deviation) of the mean from independent replicates
(n=2).d, Overallfold and cryo-EM density of the que-PEC obtained in the absence
of preQ,. The 3.3-A resolution cryo-EM map is rendered as a transparent surface
and the refined model of the que-PEC is colored as labeled. The RNAP backbone
isrepresented as aribbon diagram. The RNA transcript is colored gold, template
DNA s colored black and nontemplate DNA is colored dark red. e, Overall fold
and cryo-EM density of the gue-PEC obtained in the presence of preQ,. The 3.8-A
resolution cryo-EM map is rendered as a transparent surface and the refined
model of the que-PECis colored asind.

the expression of up to 4% of genes in certainbacteria*, making theman
attractive target for the design of new antibiotics®. A typical riboswitch
iscomposed of two interconnected domains: anaptamer thatbinds a
specific ligand, followed by an expression platform that undergoes
conformational changes upon ligand binding, altering the genetic

expression level through the modulation of transcription termina-
tionor translationinitiation’. In Bacillus subtilis (Bsu), the riboswitch
localized upstream to the queCDEF operon binds the transfer RNA
nucleotide precursor 7-methylamino-7-deazaguanine (preQ,) as a
ligand and represents one of the smallest riboswitches identified so
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far”. This Bsu preQ, riboswitch operates at the transcriptional level, in
which ligand binding stabilizes an H-type pseudoknot structure (the
‘docked’ conformation), which favors the formation of a terminator
hairpin in the expression platform for premature termination (Sup-
plementary Fig. 1a), thus decreasing the expression level of genes
involved in queuosine biosynthesis".

In previous work, we identified a specific cross-talk between
riboswitch folding and RNAP processivity that is modulated by preQ,
binding as a characteristic feature of the que pause”. RNAP pausing
in the expression platform (the que-PEC) is stabilized in the absence
of ligand through interactions between the partially folded pseudo-
knot and the RNAP exit channel (Fig. 1a). Ligand binding then dis-
rupts these interactions to promote RNAP release from the paused
state. Although single-molecule assays probing riboswitch dynam-
ics revealed that the presence of RNAP at the que pause substantially
alters the ligand-dependent RNA conformational change, we lack a
high-resolution mechanistic understanding of this pause regulation
mediated by coupling between nascent RNA and RNAP in cis. We used
single-particle cryo-electron microscopy (cryo-EM) to determine
the structures of multiple conformations of ligand-free que-PEC with
a consensus resolution of 3.3 A, together with the structures of the
corresponding preQ;-bound que-PEC with a consensus resolution of
3.8 A. Acomparison of the structures, in combination with biochemical
assays and mutational analysis, demonstrates that the ligand-free ribos-
witchin the exit channelinduces retraction of the RNA strand from the
activesiteintoahyper-translocated state, explaining the inhibition of
catalysis. Upon preQ, binding, the riboswitch twists, expanding the exit
channel, inducing a counter-rotation of the RNAP swivel module and
jutting the RNA 3’ end back into the active site to release pausing. The
que-PECstructures thus invoke amechanism for the RNA-based control
of transcriptional pausing and subsequent pause release that may apply
tonumerous other bacterial transcription elongation complexes (ECs).

Results

Thein vitro-assembled que-PECis functional

Previously, we found that the E. coli and B. subtilis RNAPs respond to
the que pause similarly”’, motivating us to use the better characterized
E.coliRNAP to structurally study the que-PEC. The que-PEC was formed
using nucleic scaffolds comprising DNA and RNA oligonucleotides
mimickingatranscription bubble (Fig. 1b). Pause escape was measured
uponrGTP addition to extend the RNA by two nucleotides (Fig.1b,c).In
the presence of preQ,, pause escape increased by twofold, consistent
with our previous observation of pause release upon ligand binding to
the riboswitch during promoter-initiated transcription®.

For structural studies, we similarly assembled the que-PEC and
purified it using size-exclusion chromatography. Addition of 8 mM
CHAPSO into the cryo-EM buffer allowed the particles to adopt ran-
dom orientations in the vitrified ice, and, consistent with previous
observations’®, the detergent did not interfere with preQ,-mediated
pause release (Supplementary Fig. 1b,c). Furthermore, ligand-mediated
pausereleaseis also detected during promoter-initiated transcription
ofthe same RNA construct (Supplementary Fig.1d,e). We conclude that
thereconstituted que-PEC affects reversible RNAP pausing, making it
suitable for structural mechanistic studies via single-particle cryo-EM.

Structure determination shows similar protein conformations
For each que-PEC (minus and plus ligand), a single consensus
three-dimensional (3D) reconstruction (Table 1) was determined and
showed density associated with the upstream and downstream DNA.
Eachreconstructionshows details of the active site,and the RNA-DNA
hybrid and the riboswitch transcript within the RNAP exit channel
are also clearly visible in the density maps (Fig. 1d,e and Supplemen-
tary Figs.2and 3). For the ligand-free que-PEC, 3D classification of the
unmasked complexes led to two 3D classes; however, the conformations
of these 3D classes were indistinguishable when overlayed and were

therefore combined back into a single consensus structure that was
refined to a nominal resolution of 3.3 A (Fig. 1d, Supplementary Fig. 2
and Table 1). For the preQ,-bound data, traditional 3D classification
techniquesyielded asingle RNAP class, along with asecond class that
is associated with grid particulates and ice (Supplementary Fig. 3e).
Particles in the preQ,-bound dataset were submitted to nonuniform
refinement as asingle consensus volume and reached an overall resolu-
tion of 3.8 A (Fig. 1e, Supplementary Fig. 3 and Table 1).

Local resolution calculations indicated that the RNAP structures
have resolutions spanning 3.1-12.0 A and 3.3-10.0 A in the absence
and presence of preQ,, respectively (Supplementary Figs. 2f and 3f).
The core RNAP structure, which includes the RNA-DNA hybrid, and
theactive site are the most stable regions with the highest resolutions,
while the RNA exit channel and the peripheral regions nearing the
solventinterface are not as well resolved.

To build the model for the initial gue-PEC consensus structure
without preQ,, weiinitially placed E. coliRNAP inits elongation complex
(PDB 6ALF)" into the EM density map. Some regions, including the
hinge regions between helices and the RNA emerging from the RNAP
exit channel, needed to be rebuilt by hand. The que-PEC consensus is
similar to the post-elongation complex structure, with a root mean
squared deviation (r.m.s.d.) of 1.6 A; however, this value represents a
conformational average of the que-PEC that we will analyze further in
the following sections. Using the post-elongation complex also allowed
us to mark the position of the active site (Mg?**) that sits between the 3’
RNA nucleotide and the catalytic triad of aspartic acid residues in the
’ subunit. To build the initial model for the preQ,-bound consensus
structure, coordinates for the hisPEC RNAP (PDB 6ASX)" were placed
into therefined consensus map. The major differences between the two
structures are at the primary channel, mainly the 3-SI3 domain, and at
the RNA exit channel, where the p’-zinc-binding domain (ZBD) of the
preQ,-bound structureisshifted -2 A from the exit channel. Otherwise,
the two structures are similar. with an overall r.m.s.d. of 2.1A.

3D variability analysis reveals continuous heterogeneity
within the que-PECs

Evenreaching sub-4-A resolutions for the que-PEC, bothin the absence
and presence of preQ,, there were no obvious distinct conforma-
tions found within the datasets using conventional 3D classification
approaches, which often work well for separating discrete confor-
mations of a structure, but fail when conformational heterogeneity
leadsto continuous motion. We wondered whether the apparent simi-
larities between the que-PEC structures could be due to a continuity
motion of RNAP conformers rather than adopting discrete confor-
mations, as observed previously during transcription-translation
coupling®. To test this hypothesis, we submitted particles refined by
both two-dimensional (2D) classification and ab initio 3D reconstruc-
tion to 3D variability analysis (3DVA) (ref. 21) (Supplementary Fig. 4).
For this analysis, 20 structural intermediates were calculated.

To resolve the conformational heterogeneity for both datasets,
142,410 particles from the ligand-free que-PEC consensus refinement
(Supplementary Fig. 4a and Supplementary Video 1) and 51,824 par-
ticles from the ligand-bound consensus refinement (Supplementary
Fig. 4b and Supplementary Video 2) were submitted to 3DVA with a
filter resolution of 5A and 7 A, respectively. For the —preQ, dataset,
three eigenvector modes wereindicated, each of which consisted of a
series of 20 volumes that were used for making movies in ChimeraX.
Fromthe volume series, the first and last frames (frames 0 and 19) rep-
resent the negative and positive values along the reaction coordinate
for each variability component.

Thefirst variability component was seenin the 3’-SI3, B-lobe, B-flap
helices, exit channel domains and the upstream DNA helix. For this
component, ascissoring movementbetween the 3’-SI3 and the 3-lobe
can also be observed (Supplementary Video 1). Additionally, the first
component shows movement of the exit channel domains, primarily
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Table 1| Cryo-EM data collection, refinement and validation statistics

que-PEC-preQ, que-PEC-preQ, que-PEC-preQ, que-PEC-preQ; que-PEC+preQ, que-PEC+preQ, que-PEC+preQ,
consensus component component component consensus component component
(EMD-28845) O(EMD-29640) 1(EMD-29676) 2(EMD-29683) (EMD-29732) O(EMD-29812) 1(EMD-29859)
(PDB 8F3C) (PDB 8G0O) (PDB 8G1S) (PDB 8G2W) (PDB 8G4W) (PDB 8G7E) (PDB 8G8Z)

Data collection and processing
Magnification x29,000 x29,000 x29,000 x29,000 x29,000 x29,000 x29,000
Voltage (kV) 300 300 300 300 300 300 300
Elegtron exposure 62 62 62 62 62 62 62
(/A%

Defocusrange (um) -0.5t0-3.5 0.5t0-3.5 0.5t0-3.5 -0.5t0-3.5 -0.5t0-3.5 -0.5t0-3.5 -0.5t0-3.5
Pixel size (A) 1.01 1.01 1.01 1.01 1.01 1.01 1.01
Symmetry imposed  None None None None None None None
Initial particle 299,640 142,410 142,410 142,410 122,526 51,824 51,824
images (no.)

Final particle 142,410 57,767 32,246 39,296 51,824 31,355 20,469
images (no.)

Map resolution (A) 3.3 3.4 37 37 3.8 37 372

FSC threshold 0.143 0.143 0.143 0.143 0.143 0143 0143
Map re%olution 3.1-12.0 3.4-20 3.7-22 3.7-21 3.3-10 3.7-25 3.72-31
range (A)

Refinement
Initial model used 6ALF 6ALF 6ALF 6ALF B6ASX B6ASX B6ASX
(PDB code)

Model resolution 41 41 41 41 3.8 3.8 3.8
(A)

FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143 0.143
Model rfasolution 4112 4112 4112 4112 3.8-10 3.8-10 3.8-10
range (A)

Map sh@rpening B -83.5 -85.9 -75.3 -67.7 -104.9 -102.5 -76.2
factor (A?)

Model composition

Non-hydrogen 3,370 3,370 3,370 3,370 3154 3154 3154
atoms

Protein residues 3,272 3,272 3,272 3,272 3,056 3,056 3,056

Ligands 1 1 1 1 2 2 2
Bfactors (A2 -83.50 -85.90 -75.30 -67.70 -104.90 -102.50 -76.20

Protein

Ligand
R.m.s. deviations
Bond lengths (A) 0.01 0 0.02 0.03 0.03 0] 0.04
Bond angles (°) 0.49 0.58 0.63 0.52 0.52 0.45 0.52
Validation
MolProbity score 1.21 1.86 174 1.56 1.59 177 1.35
Clashscore 124 12.6 17.9 13.6 8.22 15.7 10.3
Poor rotamers (%) 0.04 0 0.4 0.03 0.1 0 0
Ramachandran plot
Favored (%) 97.00 96.00 91.50 97.50 96.30 94.80 95.20

Allowed (%) 0.00 0.00 8.47 247 3.65 5 47

Disallowed (%) 0.03 0.06 0.0 0.03 01 0.19 0.06

the ’-ZBD and the ’-dock, which are moving toward the clamp region.
The second component shows the most movementin the 3’-SI3 domain
and the upstream DNA helix, with less motion in the regions surround-
ingthe RNAP primary channel (Supplementary Video 2). Unique to this
componentistheappearance of the upstream DNA helix as it grows out

intothe solvent region (Supplementary Fig.4a). The third component
resolves the riboswitch within the RNAP exit channel with very little
movement of the other parts of the que-PEC (Supplementary Fig. 4a);
this singular motion starts without any noticeable riboswitch density
and ends with density for a mature RNA transcript.
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Similarly, to resolve the continuous heterogeneity in the
ligand-bound que-PEC, the consensus refined particles were submitted
to the 3DVA clustering routine. Particles from each component from
3DVA and their associated volumes were submitted to nonuniform
refinement andrefined separately. Due to the lower number of particles
for this dataset, a filter resolution of 7 A was necessary while defining
two principal components to resolve the conformational heterogene-
ity. In the presence of preQ,, two 3DVA components both refined to
3.8 Aoverall (Supplementary Fig. 4b and Supplementary Table 2). For
component O, which shows the most variability, the major region of
conformational heterogeneity is seen at the B-SI3 region at the primary
channel, whereas for component 1 the variability lies at the helices of
the -flap domain and the upstream DNA helix.

Distal ligand binding modulates the RNAP active site

We compared our que-PEC structures to the rigid core module of previ-
ously obtained EC structures'®".In the absence of preQ,, the RNA-DNA
hybrid is in an unconventional translocation state that most closely
resembles the posttranslocated E. coli RNAP elongation complex”.
Notably, the RNA 3’ end is shifted -1.6 A upstream from the i (or product)
site into the i - 1site relative to this posttranslocated EC (Fig. 2a). The
template DNA (tDNA) still resides in a fully posttranslocated state so
thattDNAresidue T16 remainsin theisite while still pairing with A47 of
theRNA 3’ end. The next tDNA nucleotide, C15, isno longer paired with
the nontemplate DNA (ntDNA), while occupying the NTP binding i +1
site, but is too far from the RNA 3’ end to allow it to template the next
incoming rNTP (Fig. 2b) (ref. 22). To test this model, we used exonuclease
11 (Exo IlI) footprinting® and found that the tDNA in the que-PEC indeed
primarily residesinaposttranslocated register (Supplementary Fig.5).
This active site conformation is consistent with the functional disrup-
tion of the nucleotide addition cycle and provides further structural
rationalization for the inhibition of catalysis in the absence of preQ,.
In further support, a ‘slow RNAP mutant’ that impairs nucleotide sub-
strate stabilization (S1105A mutant)® shows a significant increase in
pause half-life only in the absence of ligand (Supplementary Fig. 6a,b).

Strikingly, in the presence of ligand, the RNA 3’ end moves closer
tothe RNAP catalytic center and now occupies theisiteina posttrans-
located register while remaining base paired with the tDNA residue
T16 (Fig. 2a,b).

In the absence of ligand, the geometry of the translocation state
suggests aweak RNA-DNA hybrid that could lead to transcription ter-
mination®. To further probe the observed translocation switch upon
ligand bindingto the riboswitch, we performed in vitro transcription of
DNA templatesin which the RNA-DNA hybridin the context of the que
pause was altered by replacing key nucleotides with rU:dA base pairs to
decrease its stability and favor termination of transcription (Fig. 2c).
Aspredicted, efficient termination was observed when the RNA-DNA
hybridis weak, with seven rUs out of the nine total residues (variant 7U).
As the stability of the RNA-DNA hybrid is strengthened by serially
changingback these excess rU:dA base pairs, asignificant proportion
ofreadthrough product was detected inthe presence of preQ,, with the
most efficient ligand-mediated anti-termination observed with the 4U
variant (Fig. 2c,d and Supplementary Fig. 6¢c-e). These observations
further support that the ligand induces a reverse RNA translocation,
which stabilizes the RNA-DNA contacts with RNAP and prevents termi-
nation when the RNA-DNA hybrid is additionally weakened.

Together, our structural and functional observations support
amechanism where binding of preQ triggers a series of riboswitch
conformational changes relative to paused RNAP that modulate the
translocation register and realign the RNA 3’ end with the active site
torelease the paused RNAP.

Global conformational changes within the que-PECs
Atthe elemental pause sequence, agroup of RNAP structural modules,
including the clamp, dock, shelf, SI3 and C-terminal segment of the 3

subunit, has been found to exhibit a rotation (or swiveling) roughly
about an axis perpendicular to the plane defined by the helical axes
of the RNA-DNA hybrid and the downstream DNA'S, The state of this
‘swivelmodule’ constitutes astructural feature defining a paused state
of the RNAP™/8%,

Overlaying the ligand-free que-PEC structures from the inter-
mediate spaces between the 3DVA components, during the continu-
ous motion outlined by the 3DVA, the final frames of the videos show
that RNAPis in the most swiveled state while in the absence of ligand.
The total swiveling motion covers a range of -3° relative to the initial
frames about anaxis centered near a hinge previously described in the
his-PEC™'® (Fig. 3a, Supplementary Table 2 and Supplementary Videos 1
and2).Asthe 3DVA components are ranked in order of the most varia-
bility, the first 3DVA componentin the absence of preQ, (component 0)
undergoes a notable amount of swiveling and clamp opening move-
ment. Also, accompanying the clamp movement is the shifting of the
exit channel domains as the RNA exit cleft is going back from an open
to asemiclosed state that bars the nascent riboswitch from emerging
(Supplementary Video 2). The second 3DVA component (component 1)
is unswiveled and shows motion mostly in the (3-SI3 region and that
of the upstream DNA helix (Supplementary Fig. 4). Finally, the third
3DVA component (component 2) is in a similar conformation to that
of component 1, but shows considerable variability at the RNA exit
channel, where the riboswitch is found growing from the channel (Sup-
plementary Fig. 4a and Supplementary Video 2). Simultaneously, the
exit channel domains, ’-ZBD and the ’-dock are shifted away from
the exit channel and toward the upstream DNA helix. Insummary, the
que-PEC has large conformational freedom in the absence of ligand,
which is transduced to the RNAP swivel module motion stabilizing
transcriptional pausing.

In the presence of preQ,, the RNAP is in the unswiveled state, and
adopts a similar conformation as in the active elongation complexes
with aclosed clamp (Fig. 3a) (refs.18,19,25). As aresult, the exit channel
isin a closed conformation allowing more contacts with the nascent
transcript. Strikingly, riboswitch folding within the RNAP exit channel
seems to profoundly impact the global RNAP conformation, a feature
previously observed within other PECsinthe presence of transcription
factors suchas NusA and NusG"-*?, To further test this observation, we
performed invitro time-pausing assays of the que pause in the presence
of NusA or NusG transcription factors. Interestingly, we observed that
NusA increases the que pause efficiency only in the presence of preQ,
(Fig.3b,c), while NusG decreases the pause half-life only in the absence
ofligand (Fig.3d,e). These results suggest that the RNAPisin a different
conformationdepending on the riboswitch docking state, and support
anactiverole of the nascent RNA structure inmodulating RNAP pausing.

Ligand binding induces riboswitch rotation

From the consensus 3D refinements, densities associated with the P2
helix of the riboswitch were identifiable in the vicinity of the RNA exit
channel as a double-helical stem structure in both the absence and
presence of preQ, (Fig. 1d). However, since it is in a solvent-accessible
region and conformationally flexible, it was not possible to build a
detailed de novo model of the entire transcript. To this end, we took
advantage of a previously obtained NMR structure of the same preQ,
riboswitch?” and performed molecular dynamic flexible fitting (MDFF)
simulations on the electron density associated with the riboswitch
emerging from the RNAP exit channel. From 100 MDFF trajectories
generated fromeach structure, the 20 best-fit models were selected on
the basis of their global cross-correlation coefficients (Supplementary
Fig. 7a and Supplementary Videos 3 and 4). Analysis of these models
revealed that, upon preQ, binding, the riboswitch aptamer undergoesa
notable twisting motion around the P1helical axis within the RNAP exit
channel (Fig. 4). Specifically, ligand binding induces an ~42° rotation
ofthe aptamer toward the 3’-ZBD (Fig. 4a and Supplementary Videos 5
and 6), leading to an -1.4-A shift of the RNA 3’ end in the downstream
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Fig.2| Transcription reactivation occurs through RNA reverse translocation
in the presence of ligand. a, Nucleic acid scaffold and density map (transparent
surface) for the RNA-DNA hybrid is indicated on the left. The RNA transcriptis
colored gold, tDNA is colored black and ntDNA is colored dark red. In the middle
the RNAP translocation state is compared to the cross-linked EC (PDB 6ALF),
whichis colored green. The que-PEC is colored in blue in the absence of preQ,
and orangein the presence of ligand. b, Diagram of the RNAP-DNA and RNAP-
RNA contactsin the absence (left) and presence (right) of preQ, ligand as seen

(or modeled) in the cryo-EM maps from 3DVA. ¢, In vitro transcription assay

of mutants altering the uracil content in the RNA-DNA hybrid at the que-PEC
performed in the absence and presence of preQ,. Sequences of the RNA-DNA
hybrid for each mutant are indicated on the top. FL, full-length RNA; Term.,
terminated RNA products; WT, wild type. d, Percentage of terminated product
relative to the full-length transcript for each construct tested. Error bars ares.d.
of the mean fromindependent replicates (n=2).

direction of the active site (Fig. 4b). Since we could not fully resolve
the B-flap tip because of its well-documented flexibility?®, we asked
whetheritsinclusioninthe MDFF simulations would affect the observed
RNA twisting motion. Additional models generated with the 3-flap tip
included behave similarly (Supplementary Figs. 8 and 9), suggesting
that the preQ,-induced aptamer rotation is arobust feature.

Overall, MDFF unveils an unexpected, ligand-induced twisting
and insertion motion of the preQ, riboswitch relative to RNAP, which
has notbeenvisualized in previous structural analyses performed with
theisolated RNA*%,

The RNA exit channel responds to riboswitch rearrangement

As the newly synthesized transcript emerges from the RNAP main
cleft, thefirst five nucleotides past the RNA-DNA hybrid (RNA resi-
dues C33, U34, A35, A36 and G37) reside in the RNAP exit channel
and can potentially form duplex structures and modulate tran-
scriptional pausing efficiency through RNA-protein interactions®.
Additionally, the presence of a preformed positively charged sur-
face in the RNAP exit channel complementary to an A form helix
has been suggested to constitute a path for the nascent RNA that
guides the formation of RNA duplexes (Fig. 5a) (ref. 18). Therefore,
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Fig.3|Binding of preQ, to que-PECRNAP induces swivel module rotation
and B clamp closing. a, Least-squares superpositioning of the que-PECin the
absence and presence of preQ,. The arrows at the ’-SI3 domain and clamp
helices represent the directionality of the transition upon preQ, binding. The
nonswiveled preQ,-bound que-PEC s colored blue and the swiveled que-PEC
structure inthe absence of preQ, is colored purple. The ntDNA, tDNA and the RNA
nucleotides are colored red, black and gold, respectively. The protein backbone
isrendered as cartoon ribbons and the nucleic acids as both sticks and cartoons.
Refined coordinates for both ligand-free 3DVA component O and ligand-bound
3DVA component O structures were aligned with the RNAP structural core
module in ChimeraX (ref.48). b, Representative gels fromin vitro transcription
of'the preQ, riboswitch performed in the presence of 100 nM NusA transcription
factor. Transcription was performed in the absence (-) and presence (+) of 10 pM
preQ, ligand. Samples were taken 15, 30, 45, 60, 90, 120, 240 and 480 s after the

addition of all INTPs. Ch lanes are chased reactions collected after addition of
500 pM rNTPs for an additional 5 min. ¢, Quantification of que pause half-life
performed in the absence (blue) or presence (orange) of preQ, when NusA is
missing (left) or present (right) during the transcription reaction. Error bars
ares.d. of the mean from independent replicates (n = 2). d, Representative gels
frominvitro transcription of the preQ, riboswitch performed in the presence
0of 100 nM NusG transcription factor. Transcription was performed in the
absence (-) and presence (+) of 10 pM preQ, ligand. Samples were taken 15,
30,45,60, 90,120,240 and 480 s after the addition of all INTPs. Chlanes are
chased reactions collected after addition of 500 puM rNTPs for an additional 5
min. e, Quantification of que pause half-life performed in the absence (blue) or
presence (orange) of preQ, when NusG is missing (left) or present (right) during
the transcription reaction. Error bars are s.d. of the mean from independent
replicates (n=2).

we hypothesized that folding of the que-PEC may directly affect the
conformation of this subdomain.

In the absence of preQ,, the transcript is sterically hindered to
form astable RNA structure due to clashes between the 3-flap tip and
the riboswitch P2 loop (RNA residues C14, U15, A16, C17, A18 and C19)
and the 3’ end of the A stretch (RNA residues A27 to A32). Inside the
RNAP exit channel the nucleotides C10, U11, A12 and G13 align with a
path of positively charged residues involving arginine and lysine resi-
dues in the ’-ZBD, specifically residue ’-R77, which could establish

multiple hydrogen bonds with the nucleotide A16 (Fig. 5b and Sup-
plementary Table 3). This structural observation provides molecular
context for why mutation of positive residues in the 3’-ZBD to alanine
(R77A,K79A and R81A) significantly reduces the efficiency of the que
pause in the absence of ligand and supports the functional relevance
of this interaction®,

Upon ligand binding, due to the twist of the aptamer in the exit
channel, the riboswitch shifts closer to the ’-ZBD domain andisina
position where it probably forms ahydrogen bond between 3’-K79 and
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Fig.4 | MDFF analysis reveals arotation of the riboswitch within the RNA
exitchannel in the presence of ligand. a, RNAP exit channel subdomainsin
close proximity to the emerging riboswitch in the absence (blue) and presence
(orange) of preQ, ligand. The arrow depicts the 42° rotation of the riboswitch
upon ligand binding. Key RNAP structural subdomains are colored purple and
magentain the absence and presence of preQ,, respectively. b, Rotated view

of the RNAP exit channel showing the widening of the exit channel domains

and reverse translocation of the transcript toward the active site (dashed black
box). The catalytic triad residues D460, D462 and D464 (green) and the active
site (dashed box) areindicated. The arrow depicts the direction of the RNA
translocationin the presence of preQ,. ¢, The exit channel cleft of the ligand-free
complex (light blue) compared to the ligand-bound complex, which can be seen
tobeinamore openstate (purple).

G4 (Fig. 5b,d and Supplementary Table 3). Moreover, K395 within the
B’-dock domain could now also form hydrogen bonds with C19 and C33
nucleotides. An additional contact could be formed between 3’-K398,
whichis also conserved in eukaryotic RNAP Il (ref. 1), and nucleotide
C10 (Fig. 5band Supplementary Table 3), suggesting that ligand bind-
ing not only stabilizes the pseudoknot, but also increases the extent
of RNA-proteininteractions, accompanying the RNA twisting motion.

Conversely, analysis of the B-flap tip, f’-dock and ZBD reveals
that the RNAP undergoes substantial movements as a function of the
riboswitch docking state. In particular, the preQ;-induced twisting
pushes the B-flap, p’-dock and ZBD away from the riboswitch, effec-
tively opening the RNAP exit channel to accommodate the nascent
transcript (Figs.4cand 5c,d and Supplementary Video 2). Thus, ligand
binding and the resulting folding of the riboswitch have direct effects
ontheadjacent RNAP subdomains, providing astructural explanation
for the inhibition of transcriptional pausing in the presence of preQ;.

Discussion

Understanding both the fundamental mechanism of transcriptional
pausing and the dynamic interplay between nascent RNA folding and
gene expression is essential due to their profound regulatory roles in
bacteria®. In particular, the directional 5" to 3’ transcription of RNA
is often paused to temporally and spatially program the cotranscrip-
tional, hierarchical folding of RNA structures within or near the RNA
exitchannel®. We report high-resolution cryo-EMstructures of elonga-
tion complexes at the riboswitch-mediated que pause site (que-PEC)
inthe absence and presence of cognate ligand at 3.3 Aand 3.8 Aglobal
resolutions, respectively, revealing how RNA and RNAP affect each
other’s conformationinaligand-dependent mechanism (Fig. 6). Bind-
ing of the 252-Da preQ, ligand to the aptamer domain triggers a cas-
cadereaction, initiated within the RNAP exit channel as it swings open
(Fig. 4c), which propagates downstream to the active site of the
~400-kDa RNAP (Fig. 2a) to ultimately release the enzyme from the
paused state (Fig. 6). With the riboswitch embedded within the RNAP
exit channel, MDFF analysis reveals an intriguing RNA folding path-
way initiated by ligand binding that allosterically alters the global
RNAP conformation (Figs. 3 and 4). Our structural and biochemical
studies rationalize how RNA halts catalysis in the absence of preQ,,
and how ligand-induced riboswitch folding reactivates RNAP from its
paused state, thereby providing direct mechanistic insights into RNA
structure-stabilized transcriptional pausing regulation.

The RNAP exit channel is known to act as the gateway for regula-
tory processes that occur cotranscriptionally as aresult of interactions
with the translational machinery during transcription-translation
coupling**, transcription factors">** and folding of RNA structures
within it**. In addition, leveraging its positive charges that align with
the phosphates of A form RNA, the RNAP exit channel forms a route
that guides RNA duplex formation, acting as a basis for a regulatory
connection with the downstream active site'®.

In the absence of ligand, the 5’ segment of the P2 helix (specifi-
callyRNAresidue C17), is found in close proximity to the -flap tipand
threads toward the ’-ZBD (Fig. 5), as predicted by molecular dynamic
simulation®. Accordingly, both deletion of the B-flap tip (residues
890-914) and point mutationsin the RNA-binding region of the ’-ZBD
(residuesR77,K79 and R81) decrease the que pause efficiency substan-
tially, supporting the functional relevance of this interaction'. The 3
segment of P2 (in particular RNA residue U34) resides on the proximal
face of the f’-dock (contacting residue K395; Fig. 5), in agreement with
previous studies showing the equivalent interactions between the 5
segment of the his-paused RNA hairpinand RNAP®®, Therefore, follow-
ing translocation at the elemental pause site, the ligand-free aptamer
pseudoknot appears to constitute a physical barrier preventing RNA
extrusion from the exit channel, thereby holding RNAP in the swiveled
conformation (Fig. 3a). Conversely, this particular feature may also
contributeto the fastresponse of the que-PEC to ligand binding, since
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Fig. 5| Key RNA-protein interactions within the RNA exit channel. a, View
from the outside of the RNAP exit channel with the surface of RNAP colored by
electrostatic charge (-5red to +5blue). b, Map of RNAP amino acid side chains
thatare in close contact with the riboswitch pseudoknot. Blue, interactions in
the absence of preQ;; orange interactions in the presence of preQ,. Green boxes

highlight residues conserved among bacteria'. ¢, Close contacts between the
RNAP exit channel nucleotides and the 5’ side of the pseudoknot in the absence
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of preQ,. The RNAP exit channel domains are colored in green and the RNA
residues in yellow. Shaded ovals indicate the regions of proximity between the
riboswitch and RNAP domains and key nucleotides are indicated in red (see also
Supplementary Table 3). d, preQ, binding and subsequent steric hindrance shift
the riboswitch closer to the ’-ZBD. Shaded oval indicates the region of proximity
between the riboswitch and RNAP domains and key nucleotides are indicated in
red (see also Supplementary Table 3).

the pseudoknot structureis heldin place by RNAP for dynamic sensing
of preQ, (refs.13,36).

Following ligand binding, the riboswitch rotates ~42° along its
P1 helical axis (Fig. 4) and alters the que-PEC at multiple architec-
tural levels, leading to the release of transcriptional pausing. First,
preQ,-induced stabilization of the P2 helix remodels RNAP, causing its
RNA exit channel subdomains to shift away, effectively ‘opening’ the
pathand providing clearance for the nascent transcript (Figs. 4 and 5).
To this end, the B-flap moves away, expanding the channel’s inner
diameter, as has also been seen to allow for the accommodation of
amore simple regulatory RNA hairpin®. In addition, the p’-dock and
ZBD shift, counteracting with the swivel module rotation, as proposed
for an active elongation complex””. In the que-PEC, this remodeling
is expected to expose the RNAP binding surface for NusA domain S1
(Supplementary Fig. 10) (ref.11). In support of these observations,
we find that the que-PEC is sensitive to NusA only in the presence of
preQ, (Fig.3b,c).

Next, extensive contacts and physical proximity of the riboswitch
L2loop tothe ’-dock and ZBD rationalize the impact that riboswitch
folding has on the global RNAP conformation. In the absence of
preQ,, as the 3’ segment of P2 is abutted by the ’-dock, stabilization
of the preQ;-folded pseudoknot, coupled with riboswitch twisting,
promotes pause release by pushing the swivel module toward the
elongation-active nonswiveled conformation to operate through an
induce-fit mechanism (Fig. 6) (ref.29). Interestingly, the que pause
is decreased in the presence of NusG factor only in the absence
of preQ,, and to the same extent as in the ligand-bound condition
(Fig.3d,e), supporting the notion of an anti-swiveling motion triggered

by ligand binding and docking of the riboswitch??¢, While this renders
the que-PEC structure in the docked riboswitch state most similar to
the canonical PEC at a class I pause'®, this anti-swiveling motion can
potentially occur concomitantly with nucleotide addition and there-
fore constitutes astructural intermediate during transcription reacti-
vation. Insupport of these observations, the 3’-ZBD domain, to which
most of the RNA contacts are detected, has previously beenimplicated
in stabilizing the EC” and in modulating transcription termination’®.
Several mechanisms have been proposed for how RNAPs trans-
locate along the DNA template during transcription elongation®. An
obstacleto thismovementis presented by structural intermediates that
are transientand difficult to capture because of their inherent dynam-
ics.Suchintermediates have been suggested toalso occurinyeast RNAP
IIbound to a-amanitinand in viral RNAP**° and were recently observed
in paused bacterial RNAP complexes. For example, an asymmetric
movement of the RNA-DNA hybrid (half-translocation) explains the
stabilization of RNAP pausing at hairpin-stabilized pauses'®. Strik-
ingly, even if the template DNA is posttranslocated in the absence of
ligand, the que-PEC RNA is retracted from the active site, a geometry
preventing subsequent nucleotide incorporation (Fig. 6). Importantly,
aweaker RNA-DNA hybrid converts the que-PEC from a paused com-
plexto acomplex prone to termination (Fig. 2c,d and Supplementary
Fig. 6) suggesting that this retracted intermediate is also present at
the early steps of intrinsic or protein-mediated transcription termi-
nation*. During intrinsic termination, the asymmetric movement of
the RNA would directly follow terminator hairpin nucleation in the
hybrid-shearing mechanism*. However, in the ligand-bound que-PEC,
the downstream melting of the hybrid would be disfavored due to
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Fig. 6| Model for RNAP entering and release from the que pause as a
function of ligand binding to the riboswitch. RNAP can convert to a PEC
once encountering a consensus pause sequence that is stabilized by riboswitch
folding. Binding of preQ, ligand induces pseudoknot stabilization to release

RNAP from the paused state. The docked state (induced by ligand binding) leads
to riboswitch rotation within the RNAP exit channel, ultimately leading to RNA
exit channel expansion to accommodate the nascent transcript. Active site
schematics are shown as oval insets.

the lack of rU:dA base pairs in the hybrid, leading to pause escape in
the wild-type construct and transcription readthrough in the Mut4U
variant (Fig. 2c,d).

To date, only RNA hairpin folding within the RNAP exit channel
hasbeen found to allosterically alter RNAP structure in the context of
transcriptional pausing and termination mediated by the RNA tran-
script®**, For example, folding of an RNA hairpin within the RNAP exit
channel could favor forward translocation of the enzyme by pulling
out the nascent transcript in the RNA-DNA hybrid, which has been
proposed to help rescue backtracked RNAPs*. Other transcription
reactivation mechanisms involve the action of additional proteins,
such as the bacteriophage Q*? or AN protein®. The ligand-mediated
regulation of the que pause operates through a distinct mechanism
inwhich riboswitch foldinginthe docked stateinduces areverse RNA
translocation, pushing the RNA 3’ end closer to the RNAP active site
(Fig. 2a,b). A similar transcription reactivation mechanism has been
reported for the DNA translocase RapA* suggesting that the que-PEC
pause release mechanismis applicable to other regulatory mechanisms
controlling transcriptional pausing. In addition, an analogous rotation
of the P1 helix in the S-adenosyl methionine-sensing riboswitch has

been found previously**, suggesting that ‘RNA twisting’ mechanisms
could more generally be employed by structured RNAs to execute their
regulatory functions.

The que-PEC is still competent for ligand binding to the aptamer,
eventhough the que pause is situated in the expression platform (gene
regulatory domain), therefore, it may constitute a transcriptional
checkpoint for late ligand-binding events®. Because the riboswitch
is very small and will be transcribed in vivo in a short amount of time,
pause stabilization in the absence of preQ, will allow more time for
the aptamer to recognize and bind low concentrations of the ligand,
preventing transcription readthrough more efficiently®. This regula-
tory mechanism would also allow for the recruitment of regulatory
proteins, such as NusA and NusG, as a function of the riboswitch state
(Fig. 3) to fine-tune the downstream gene regulatory response. For
example, NusAis knowntoregulate transcription terminationat subop-
timal terminatorsin Bsu*, thus rationalizing the effect we observe for
NusA onthe gue pause only in the presence of preQ, to further enhance
downstream transcription termination®. Overall, the high-resolution
structures and biochemical evidence obtained here reveal the adapt-
ability of bacterial RNAP to funnel a variety of distinct molecular
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inputsinto achieving a desired gene regulatory output, and promise to
guide the development of novel antibacterial therapies against the
transcription machinery.
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Methods

Oligonucleotides used in this study

DNA oligonucleotides were obtained from IDT and the RNA construct
used for paused elongation complex formation was obtained from GE
Dharmacon (Horizon Discovery). A complete list of oligonucleotides
used in this study is provided in Supplementary Table 1.

RNAP expression and purification

E.colicore RNAPbearing an AviTag biotinylation tag on the C terminus
ofthe 3’ subunit and S1105A RNAP mutant were prepared as described
previously®. Briefly, wild-type and mutant RNAPs were purified from
E. coli strain BLR ADE3 transformed with the appropriate plasmids.
Cells were grown in 6 | Luria medium supplemented with kanamycin
(25 pg ml™) orampicillin (100 pg mi™) on a platform shaker (250 r.p.m.
at 37 °C) to an apparent optical density (ODg(,) of 0.5-0.6. Protein
expression was induced by addition of IPTG to a final concentration
of 1mM. The induced cells were then incubated at 37 °C for 3-4 h at
200 r.p.m. and collected by centrifugation (3,440g,15 min, 4 °C). The
cellpellet was resuspended in 25 mllysis buffer (50 mM Tris-Cl, pH 8.0,
2mM EDTA, 5% v/v glycerol, 1 mM -mercaptoethanol, 1mM DTT,
300 mM Nacl, 0.25 ml of 10 mg PMSF per mlin ethanol and 0.5 ml of
a protease inhibitor cocktail containing 31.2 mg benzamide, 0.5 mg
chymostatin, 0.5 mgleupeptin, 0.1 mg pepstatin, 1 mgaprotoninand
1mg antipain per mlin ethanol). The resuspended cells were lysed by
sonication. Subsequent purification steps were carried out at 4 °C
unless otherwise indicated. Crude RNAPs were enriched by polyeth-
ylenimine precipitation. Polyethylenimine (average molecular weight
60 K; Acros Organics, catalog no. 17857) was added to 0.6% final with
gentle stirring and the precipitate was recovered by centrifugation
(20,000g, 15 min, 4 °C). The polyethylenimine pellets were washed
by gentle resuspension in 25 ml TGEDZ buffer (10 mM Tris-Cl pH 8,
0.1mM EDTA, 5 uM ZnCl,, 1mM DTT, 5% glycerol) plus 500 mM NacCl
followed by centrifugation (20,000g,15 min, 4 °C). RNAPs were eluted
by gentle resuspension of the pellets in 25 ml TGEDZ buffer plus 1M
NaCl followed by centrifugation (20,000g, 15 min, 4 °C). RNAP was
precipitated from the supernatant at 4 °C by slow addition of solid
ammonium sulfate with gentle stirring to 37% w/v final, allowed to
stand at4 °Covernightand then recovered by centrifugation (20,000g,
15min, 4 °C). The precipitated RNAP was redissolved in 20 ml of buffer
A (50 mM NaH,PO,, 300 mM NaCl, 1 mM DTT, 5% glycerol, pH 8.0)
containing10 mMimidazole, loaded slowly to acolumn prepared with
10 ml of Ni**-NTA agarose resin (Qiagen), washed with 50 ml of buffer A
containing 20 mMimidazole and then eluted with buffer A containing
250 mMimidazole. Fractions containing RNAP were located by Brad-
ford assay, pooled and dialyzed against 2 | TGEDZ buffer plus 200 mM
NaClfor3-4 hat4 °C. Thedialyzed RNAP was thenloaded at 3 ml min™
onto aheparin-sepharose column (5 ml HiTrap) using an AKTA purifier
(GE Healthcare), washed with 25 ml of TGEDZ buffer plus200 mM NacCl
and eluted with TGEDZ buffer plus 500 mM NaCl. Purified RNAPs were
dialyzed into storage buffer (20 mM Tris—-Cl, pH 8,250 mM NacCl, 20 pM
ZnCl,,1mMMgCl,, 0.1 mMEDTA,1 mM DTT, 25% glycerol) and keptin
small aliquots at -80 °C until use.

Preparation of paused elongation complex for cryo-EM

The que-PECRNA was transcribed in vitro using T7 RNAP transcription
and gel purified before use. Synthetic DNA oligonucleotides were
obtained from IDT. The nucleic scaffold (tDNA, ntDNA and RNA) was
annealed at al:1:1ratio in a buffer containing 100 mM KCl and 50 mM
Tris—HCIpH 7.5 (90 °C for 2 min, 37 °C for 10 min and room temperature
for 10 min). RNAP core was mixed to the nucleic scaffold at a molar
ratio of 1:3 in assembly buffer (100 mM KCI, 50 mM Tris-HCI pH 7.5
and 1 mM MgCl,) and incubated for 15 min at 37 °C. CHAPSO (Sigma
Aldrich, catalog no. 82473-24-3) was added at 8 mM, and the complex
was concentrated by centrifugal filtration (Amicon, 100 kDa cutoff
column) to 5-6 mg mI RNAP concentration before grid preparation.

PreQ, ligand, when present, was added to 10 pM final concentration and
incubated with the complex for 5 min at room temperature.

Cryo-EM data collection and processing

Forboththe (-) and (+) preQ, samples, 3.5 pl of the complex was applied
to aglow-discharged C-flat 400-mesh Au grid (Ted Pella). The sample
was vitrified by plunge freezing in aliquid ethane slurry using a Ther-
moFisher Vitrobot at 4 °C and 100% humidity. All images for each
dataset were collected on a Titan Krios electron microscope (Ther-
moFisher) equipped withaK2 Summitdirect electron detector (Gatan)
operated at 300 keV and anominal pixel size of 1.01 A per pixel. Images
were acquired using Leginon software®. The total exposure time was
8 sandframeswererecordedevery 0.2 s, giving anaccumulated dose
of 62 e”/A? using a defocus range of —0.5 pm to —3.5 pm.

Raw movie frames pertaining to each dataset were dose weighted
and corrected for beam-induced drift using MotionCor2 (ref. 50). The
contrast transfer function (CTF) parameters were determined using
CTFFIND4 (ref. 51). Allimage processing was donein RELION v.3.0 and
cryoSPARC**?, Following the determination of the CTF parameters,
nontemplate-based particle picking was done in crYOLO™. Particles
were extracted into 300 px?(1.01 A per pixel) boxes and imported into
cryoSPARC for 2D classification. These particles were used to generate
aninitial 3D reconstructionabinitio, while defining two classes resulted
inone RNAP class and another containing nonsample-related particles.
Before 3D refinement, per-particle drift correction was carried out. The
abinitio 3D volume was refined against the particle data while correct-
ing for the CTF higher order aberrations using the nonuniform (NU)
refinement procedure in cryoSPARC?. Following NU refinement, the
data were further refined using the local refinement procedure while
applying atight maskat the protein—-solventinterface. For all datasets,
the same procedure was carried out to generate a consensus volume.
For the consensus refinements, gold standard global Fourier shell cor-
relation (FSC) calculations gave overall resolutions of 3.65 Aand 3.9 Ain
the absence and presence of preQ,, respectively. After this, around of
3D classification produced indistinguishable volumes for both (-) and
(+) preQ, datasets. Consequently, the particles from the two 3D classes
fromthe (-) preQ, dataset were combined and subjected to afinal round
of non-uniformrefinementin cryoSPARC (Supplementary Fig.2). The
one 3D class from the (+) preQl dataset was also used in a final round
of non-uniform refinementin cryoSPARC (Supplementary Fig. 3). The
best 3D consensus volumes for each dataset were determined to have
global FSC resolutions of 3.3 A and 3.8 A in the absence and presence
of preQ,, respectively.

To better resolve the conformational heterogeneity of the sam-
ples, the refined particles from each dataset were submitted to the
3DVA routine in cryoSPARC. For the (-) preQ, data, afilter resolution
of 5 A was employed while solving for three principal components.
The output particles were submitted to the 3DVA clustering routine.
The result was three particle sets representing the three variability
clusters (that is, components). Each component was then submitted
to nonuniform refinement, followed by local refinement. For the (+)
preQ, data, the same 3DVA pipeline was followed. However, due to a
smaller number of particles, a filter resolution of 10 A was used and
only two 3DVA components were solved for and clustered.

Model building, refinement and validation

The protein coordinates fromthe post-translocated elongation complex
were used as astarting point for coordinate fitting and refinement for
unliganded structure (PDB 6ALF) and the hisPEC complex (PDB 6ASX)
for the ligand bound complex. The nucleotide scaffold was built into
eachmap using acombination of Coot>* and Phenix real-space refine-
ment®. The coordinates were first placed into the refined maps using
the fit to map procedure in UCSF ChimeraX (ref. 56). Once placed, the
coordinates were submitted to around of unrestrained, all-atom refine-
ment using the Phenixreal-space refinement procedure. Then, another
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round of all-atom refinement was done while applying secondary
structure and Ramachandranrestraints. Finally, the fitted coordinates
were validated in MolProbity*’.

Molecular dynamics flexible fitting simulations
The MDFF is a simulation approach to flexibly fit atomic coordinates
into EM maps**°.

The MDFF integrates the EM density map as a potential so that high
density areas in the map are minima on the potential energy surface.
To achieve this, guiding forces are applied to the atomsinamolecular
system that are proportional to the gradient of the EM map potential.
Specifically, the EM map potential (Ug,), whichis definedona3D grid,
isgiven by:

Um(R) = Z w;Vem (17)
J

wherejrunsover the atomsinthe systemand the MDFF potential map
(Vew) isgiven by:

_ 2D
Pmax—Pihr
£ if®d (r) < Oy

Vem (r) = [ ] ifd (r) > Beny,

Here w; are atomwise weights, is a force scaling, @(r) is the EM
density at position r, @, is the maximum value of the EM density
map and @, is a density threshold. The density threshold serves to
eliminate EM data corresponding to the solvent contribution to the
map. The actual MDFF guiding forces (f;) that bring the structure into
correspondence with the EM density map are given by:

9 0
S = = Uen (R) = —wi 5= Ve(r)

Theinitial structures of the gque-PEC contained the template DNA
and aten-residue-long downstream riboswitch RNA forming the RNA-
DNA hybrid, but lacked the complete coordinates for the residues cor-
responding tothe preQ, riboswitch. Complete models of the gue-PECin
the absence and presence of preQ, were generated by attaching astruc-
tural model of the 37-nucleotide preQ, riboswitch to the 5’ end of the
RNAs presentin theinitial structure. The structural model of the ribos-
witch correspondedtoconformerlinthe NMRstructureofaclassIpreQ,
riboswitch aptamer bound to its cognate ligand (PDB 2L1V) (ref. 27).
In the case of the model in the absence of preQl, the ligand present
in the NMR structure was removed. Missing hydrogens and terminal
patches were added to the initial models using the CHARMM-GUIweb
server. Theresulting structures were energy minimized in vacuumwith
100 steps of steepest descent and 500 steps of adopted basis Newton—
Raphson method with agradient tolerance of 0.01to remove theinitial
clashes. A cutoff of 16 A was used to generate the nonbonded list. The
nonbonded list was updated heuristically. Switching function was
used to treat the Lennard-Jones and electrostatic interactions within
the complexes. During minimization, the heavy atoms in the protein
backbone (C, O, Nand Ca), nucleicacid backbone (P, 01P, 0O2P, 05’,C5’,
C4’,C3’ and 03’) and the ligand were harmonically restrained with a
force constant of 1.0 kcal mol™ A2 and the heavy atoms in the protein
side chain and the sugar and base of the nucleic acid residues were
harmonically restrained using a force constant 0.1 kcal mol™ A, Dur-
ing CHARMM energy minimization and subsequent MDFF simulations
(seebelow), we used the CHARMM36 force field** for the proteinand
nucleic acid components of the PEC, and the CHARMM general force
field (CGenFF)® for the preQ, ligand.

The energy-minimized coordinates of the initial models, along
with the cryo-EM density maps into which the initial structures were
already docked, were used to set up the MDFF simulations. The input

files for the MDFF simulations were generated using the MDFF plugin
within the VMD software®*. These files included restraint parameters
that we used to maintain the secondary structure of the individual
componentsinthe complex and prevent overfitting during the MDFF
simulations. The MDFF simulations were run in vacuum for 2 ns with
a time step of 1 fs using NAMD®. Before the production run, 1,000
steps of energy minimization were performed. The temperature was
maintained using the Langevin thermostat at 300 K. During the ini-
tial MDFF simulations, the coordinates of the protein components,
template DNA and ten-residue-long downstream riboswitch RNA that
forms the RNA-DNA hybrid in the initial structures were held fixed.
Only the upstream 37 residues of the RNA were free to move during the
simulations. For allthe MDFF simulations, atomwise weights, w;, were
set to atomic masses, the scaling factor () was set to 0.3 and @, is a
density threshold. For both conditions (-/+ preQ,), 100 independent
traditional MDFF trajectories were generated. Although, in principle,
advanced flexible fitting methods, such as cascade MDFF simulations,
canbe useful inimproving the quality of the models by overcoming the
problem of entrapment of structures in the local minima of cryo-EM
density-dependent potentials, our approach of traditional MDFF simu-
lations ensured resolving close-to-global minimum conformations
(Supplementary Note 1).

Pausing assays
A 148-nucleotide DNA template including the preQ, riboswitch from
B.subtilisunder the control of the T7Al promoter was generated using
anoverlapping PCR strategy. In addition, 25 nucleotides not found in
the wild-type sequence were inserted after the promoter sequence
to generate a 25-nucleotide stretch in which the RNA transcript lacks
any uracil residues (EC-25) except for the +2 position dependent on
the ApU dinucleotide used toinitiate the transcription. Transcription
templates for transcription in vitro were generated by PCR using the
‘T7A1-PreQ1-RNAOp (1)’ forward oligonucleotide and the complement-
ing reverse oligonucleotides (Supplementary Table1).

Halted complexes were prepared in transcription buffer
(20 mM Tris-HCI, pH 8.0, 20 mM NaCl, 20 mM MgCl,, 14 mM
2-mercaptoethanol, 0.1 mM EDTA) containing 25 pM ATP/CTP miXx,
50 nM a-[**P]GTP (3,000 Ci mmol™), 10 uM ApU dinucleotide primer
(Trilink, catalog no. 0-31004) and 50 nM DNA template. A portion of
100 nM E. coli RNAP holoenzyme (New England Biolabs, catalog no.
MO0551S) was added to the reaction mixture and incubated for 10 min
at 37 °C. The reaction mixture was then passed through a G50 (GE
Healthcare, catalog no.27533001) gel filtration column to remove any
free nucleotides. To complete the transcription reaction, a mixture
containing all four rNTPs (25 uM for time-pausing experiments and
100 pM for termination assays) was added concomitantly with heparin
(450 pg ml™) to prevent the re-initiation of transcription. In the case of
the construct DNA template used in the cryo-EM studies, 10 pM rNTPs
were used to perform the time-pausing assay. preQ, (when present)
was added to 10 pM or ranged from 100 nM to 250 pM for the T50
determination in Supplementary Fig. 8e. The reaction mixture was
incubated at 37 °C, and aliquots were quenched at the desired times
into an equal volume of loading buffer (95% formamide, 1 mM EDTA,
0.1% SDS, 0.2% bromophenol blue, 0.2% xylene cyanol). Reaction ali-
quots were denatured before loading 5 pl each onto a denaturing 8 M
urea, 6% polyacrylamide sequencing gel. The gel was dried and exposed
toaphosphorscreen (typically overnight), whichwas then scanned on
an Amersham Typhoon Phosphorimager (GE Lifesciences). Gelimages
were analyzed with ImageLab (Bio-Rad) software.

Time-pausing analysis

The half-life of transcriptional pausing was determined by cal-
culating the fraction of the RNA pause species compared with
the total amount of RNA for each time point, which was analyzed
with pseudo-first-order kinetics to extract the half-life*®. For each
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determination we subtracted the background signal. Error bars in
transcription quantification represent the standard deviation of the
mean from at least two independent replicates.

Exonuclease Ill footprinting

The que-PEC was assembled to 50 nM final RNAP concentration as
described previously; the RNAP bears an AviTag biotinylation tag on
the Cterminus of the ’ subunit for subsequent immobilization on mag-
netic streptavidin beads”. Depending on whether mapping was from
upstream or downstream, the template DNA (upstream border map-
ping) or nontemplate DNA (downstream border mapping) was 5’-[**P]
labeled for detection ongels. E. coli Exo lllwas added to 4 units pl ™ inthe
same buffer as for cryo-EM dataacquisition. Control experiments using
5’-[**P]-labeled RNA were performed separately. The reaction mixture
wasincubated atroom temperature, and aliquots were quenched at the
desired times into anequal volume of loading buffer (95% formamide,
1mM EDTA, 0.1% SDS, 0.2% bromophenol blue, 0.2% xylene cyanol).
Reactionaliquots were denatured before loading 5 pl each onto a dena-
turing 8 Murea, 6% polyacrylamide sequencing gel. The gel was dried
and exposed toaphosphor screen (typically overnight), whichwas then
scanned onan Amersham Typhoon Phosphorimager (GE Lifesciences).
Gelimages were analyzed with ImageLab (Bio-Rad) software.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The cryo-EM volumes and maps have been deposited in the Electron
Microscopy Data Bank (EMDB) and Protein Database (PDB), respec-
tively. The accession numbers for the cryo-EM density maps reported
in this paper are EMD-28845 (RNAP -preQ, consensus), EMD-29640
(-preQ, component 0), EMD-29676 (-preQ, component 1), EMD-29683
(-preQ, component 2), EMD-29732 (+preQ, consensus), EMD-29812
(+preQ, component 0) and EMD-29859 (+preQ, component 1). The
accession numbers for the atomic coordinates reported in this paper
are PDB 8F3C (RNAP-preQ, consensus), PDB8GOO (-preQ, component
0), PDB 8G1S(-preQ, component 1), PDB 8G2W (-preQ, component 2),
PDB 8G4W (+preQ, consensus), PDB 8GZE (+preQ, component 0), PDB
8G8Z (+preQ,component1). Source data are provided with this paper.
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Note S1: Performing traditional MDFF simulations instead of advanced flexible fitting

methods like cascade MDFF.

In this work, traditional MDFF simulations were conducted instead of advanced flexible fitting
simulations like cascade MDFF! . In this regard, we would like to emphasize that during our
traditional MDFF simulations, for both gue-PEC (in the absence and presence of preQ:), the
coordinates of the RNAP components, template DNA, and the RNA-DNA hybrid were held fixed.
Only the upstream 37 residues of the nascent RNA emerging from the RNAP exit channel were
free to move during the simulations. The objective was to best fit the nascent RNA into the low-
resolution cryo-EM density map outside the RNAP exit channel and capture the differences in
spatial orientation of the RNA scaffold upon preQ: binding in order to rationalize how preQ:
binding contributes to pause escape in terms of altering the global RNAP conformation
allosterically. In our study, most subunits of the RNAP and the core structure which includes the
RNA-DNA hybrid and the active site were best resolved, whereas, the conformationally flexible
RNA at the RNAP exit channel and the peripheral regions near the solvent interface were not well
resolved. There were no distinct conformations for both the systems within the cryo-EM datasets
using conventional 3D classification approaches. Additional 3D Variability Analysis (3DVA) in
cryoSPARC was unable to resolve any conformational isomers for the preQ;-bound que-PEC
dataset whereas the ligand-free que-PEC dataset resolved a mode (or eigenvector) (Movie S1) that
suggests only a singular motion that starts without any noticeable riboswitch RNA density and
ends with a reasonably low density for the RNA transcript. As such, except for the 37-residue
riboswitch RNA, all the RNAP subunits were reliably docked into the cryo-EM density map using

the real-space refinement procedure in PHENIX.



The cascade MDFF simulation was proposed to overcome the problem of entrapment of structures
in the local minima of cryo-EM density-dependent potential by performing a series of MDFF
simulations of the initial structure with a gradual increase in the cryo-EM map resolution. This
approach ensures that the lowest resolution map would represent the global minima of the large-
scale structural features of the initial structure. In our study, the MDFF simulations were already
performed in low-resolution cryo-EM map density around the RNAP exit channel only for the 37-
residue RNA scaffold which ensures resolving the RNA structures, in that region, in close-to-
global minimum conformations. The 100 independent MDFF simulations are capturing the
conformational diversity and, interestingly, the global cross-correlation coefficients (GCCC),
RMSD, and per-residue RMSF results for the 20 best-fitted models out of those 100 models were
found to be in excellent agreement with that (Figure S7). The GCCCs were found to be very similar
for all the 20 best-fitted models. We have reported the RMSDs of those 20 models with respect to
their average coordinates considering the upstream 37 residues of the RNA as a measure of the
precision of the MDFF simulations. The RMSDs for the 20 best-fit models in the absence of preQ:
exhibited a variation of 0.61 A (RMSDmax: 1.87 A, RMSDumin: 91 1.26 A) whereas it varied for
1.39 A (RMSDimax: 2.35 A, RMSDmin: 0.96 A) in the presence of preQi. We have also reported the
per-nucleotide modeling convergences in terms of RMSFs for the upstream 37 residues of the
RNA over the 20 best-fit models. The per-residue RMSFs of the RNA exhibited a variation of 3.33
A (RMSFpmax: 3.72 A, RMSFmin: 0.39 A) in the absence of preQ; whereas it varied for 3.81 A
(RMSFmax: 4.20 A, RMSFpmin: 0.39 A) in the presence of preQ;. Essentially, terminal and unpaired

residues exhibited higher RMSFs compared to that for the paired residues.
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Figure S1. PreQ;-mediated regulation of gene expression and que-PEC verification. (A) The
preQi-sensing riboswitch from B. subtilis regulates gene expression at the transcriptional level.
Stabilization of the pseudoknot (P2) upon preQ: binding induces the formation of an intrinsic
terminator hairpin leading to the transcription of the downstream gene. (B) Representative gels
from in vitro transcription of the preQ; riboswitch performed in the absence (top panel) and
presence (bottom panel) of 8§ mM CHAPSO. Transcription was performed in the absence (-) and
presence (+) of 10 uM preQ; ligand. Samples were taken 15, 30, 45, 60, 90, 120, 240 and 480 s
after the addition of all NTPs. Ch lanes are chased reactions collected after addition of 500 uM
rNTPs for 5 additional min. FL, Full-length product. (C) Quantification of que pause half-life
performed in the absence (blue) or presence (orange) of preQ: when CHAPSO is missing (left)
or present (right) during the transcription reaction. Error bars are SD (Standard Deviation) of the
mean from independent replicates (n = 2). (D) Representative gel from in vitro transcription of
the cryo-EM construct used for structure determination under the control of the T7A1 promoter.
Transcription was performed in the absence (-) and presence (+) of 10 uM preQ ligand. Samples
were taken 15, 30, 45, 60, 90, 120, 240 and 480 s after the addition of all INTPs. Ch lanes are
chased reactions collected after addition of 500 uM rNTPs for 5 additional min. FL, Full-length
product. (E) Quantification of que pause half-life performed in the absence (blue) or presence
(orange) of preQ; when using the Cryo-EM construct. Error bars are SD (Standard Deviation) of

the mean from independent replicates (n = 2).
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Figure S2. Data processing of the que-PEC in the absence of preQi. (A) Representative

micrographs of RNAP in vitreous ice. Scale bar, 100 nm. (B) The 20 most populated classes



from 2D class averaging. Box size = 303 A2. (C) Euler angle distribution for que-PEC particle
projections. (D) Gold standard FSC of the que-ePEC was calculated by comparing the 0.143 FSC
cutoff, indicating a nominal resolution of 3.3 A. (E) Data processing pipeline for the que-PEC
cryo-EM data. The image processing pipeline started with 6,808 dose-fractionated movies
collected on a 300 keV Titan Krios (Thermo Fisher) electron microscope with a K2 Summit
direct electron detector (Gatan). Frames were aligned and drift corrected with MotionCor22,
Particles were autopicked using the deep learning-based particle picking program crYOLO?. The
picked particles were polished in RELION-3.1% for 2D classification. The polished particles were
then imported into cryoSPARC?. After 2D classification, the dataset contained 142,410 particles.
These particles were then used to generate an ab initio consensus reconstruction, which was then
submitted to non-uniform refinement in cryoSPARC. The consensus refinement led to a
resolution of 3.3 A. (F) Heat map showing local resolution of consensus que-PEC (-) preQ; 3D

reconstruction.



Figure S3.
A B

GSFSC Resolution: 3.824

— NoMask (6.44)
— Spherical (4.74)
— Loose (424)
— Tight (384)
— Comrected (3.84)

10

0.8

0.6

Elevation
# of images

0.4

0.2

10° 00 %

Azimuth oc 154 754 si 3.84 3 254 214

3,806 image frames

Drift correction | Particle picking
CTF estimation | 2D classification

v

122,526 particles

ab initio 3D
reconstruction
v 120°

Class0: RNAP |
Class 1: Non-sample
related particles

3D classification

resolution (A)

100 80 65 50 30

Figure S3. Data processing of the que-PEC in the presence of preQ:. (A) Representative

micrographs of RNAP vitreous ice. Scale bar, 100 nm. (B) The 20 most populated classes from



2D class averaging. Box size = 303 A2, (C) Euler angle distribution for gue-PEC particle
projections. (D) Gold standard FSC of the que-ePEC was calculated by comparing the 0.143 FSC
cutoff, indicating a nominal resolution of 3.8 A. (E) Data processing pipeline for the que-PEC
cryo-EM data. The image processing pipeline started with 3,806 dose-fractionated movies
collected on a 300 keV Titan Krios (Thermo Fisher) electron microscope with a K2 Summit
direct electron detector (Gatan). Frames were aligned and drift corrected with MotionCor22,
Particles were autopicked using the deep learning-based particle picking program crYOLO?. The
picked particles were polished in RELION-3.1% for 2D classification. The polished particles were
then imported into cryoSPARC?. After 2D classification, the dataset contained 51,824 particles.
These particles were then used to generate an ab initio consensus reconstruction, which was then
submitted to non-uniform refinement in cryoSPARC. The consensus refinement led to a
resolution of roughly 3.8 A. (F) Heat map showing local resolution of consensus gue-PEC (+)

preQ: 3D reconstruction.



Figure S4.
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Figure S4. 3D variability analysis of the que-PEC dataset in the absence and presence of
preQi. (A) The three modes of variability for the RNAP que-PEC structure. The modes are
ranked in order of variability, with mode 0 having the most variability, and mode 2, the least. For
mode 0 (turquoise), the variability regions cover the B-flap and the B-lobe/SI1, for mode 2 (dark
blue), the B’-SI3 and upstream DNA helix and mode 2 (powder blue), showing the emerging
riboswitch from the RNA exit channel. (B) The two modes of variability for the preQi-bound

RNAP complex (filtered to 10 A) are in blue and magenta.
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Figure S5.
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Figure SS. Verification of the RNA-DNA hybrid conformation. (A) Schematic of the

Exonuclease Il degradation assay. Position of the labeling is indicated with green stars and the

orientation of the degradation pattern is defined with grey open circles. Expected position of the

Post and Pre-translocated states are indicated with grey and orange rectangles on the template

DNA. (B) Exo III mapping for the gue-PEC in the absence (left) and presence (right) of preQ;.

Exo III bands interpreted to arise from pre- (PRE) and post-translocated (PST) PECs are

indicated. RNA controls show that the gue-PEC does not overrun their intended stall positions.

(C) Quantification of the percentage of cleavage at A29 (Post-translocated) as a function of

degradation time performed in the absence (blue) and presence (orange) of preQ;. Error bars are

SD (Standard Deviation) of the mean from independent replicates (n = 2).
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Figure S6.
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Figure S6. PreQ: binding induces a reverse translocation of the RNA transcript. (A)

Representative gel from in vitro transcription of the preQ; riboswitch performed with the

S1105A RNAP mutant. Transcription was performed in the absence (-) and presence (+) of 10

uM preQ; ligand. Samples were taken 15, 30, 45, 60, 90, 120, 240 and 480 s after the addition of

all rNTPs. Ch lanes are chased reactions collected after addition of 500 uM rNTPs for 5

additional min. FL, Full-length product. (B) Quantification of que pause half-life performed in
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the absence (blue) or presence (orange) of preQ: with WT RNAP (left) or S1105A mutant RNAP
(right). Error bars are SD (Standard Deviation) of the mean from independent replicates (n =2).
(C) preQi-dependent single round transcription assay of the mutant 4U DNA template.
Transcription reactions were performed using the WT E. coli RNAP with 100 uM rNTPs. 32P-
labeled products were resolved on 6% polyacrylamide denaturing gel separating the full-length
(FL) and terminated (Term) RNA products. (D) preQi-dependent single round transcription
assay of the mutant 4U DNA template. Transcription reactions were performed using the
S1105A E. coli RNAP with 100 uM rNTPs. 3?P-labeled products were resolved on 6%
polyacrylamide denaturing gel separating the full-length (FL) and terminated (Term) RNA
products. (E) Plots of the fraction of transcription readthrough versus the concentration of preQ:
for the WT (blue) and S1105A mutant (red) RNAPs. Error bars represent the Standard Deviation

(SD) of the mean from independent replicates (n = 3).
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Figure S7.
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Figure S7. MDFF models validations (A) The complete structural models the que-PEC in the
absence (blue) and presence (orange) of preQ; generated from the final coordinates saved from
100 independent molecular dynamics flexible fitting (MDFF) simulations were sorted based on

global cross-correlation coefficients (GCCC) and 20 best-fit models were selected. To select
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reliable models from the MDDF simulations, the GCCC can be used as a measure of the
accuracy of fit. The zeroth models represent the initial models that were fitted into the target
cryo-EM map densities of 3.3 A and 3.8 A for the que-PEC in the absence and presence of
ligand, respectively. The GCCC was found to range between 0.7989 and 0.7984 for the 20
models in the absence of preQ:, compared to 0.7934 for the initial model. In the presence of
preQ1, the GCCC ranges from 0.8390 to 0.8371 for the 20 models when the initial model
exhibited a value of 0.8285. (B) All heavy-atom root mean square deviations (RMSD) of the 37-
nt riboswitch for the 20 best-fit models with respect to their average coordinates. Here RMSDs
serve as a measure of the precision of the MDFF simulations. The RMSDs for the 20 best-fit
models in the absence of ligand exhibited a variation of 0.61 A (RMSDmax: 1.87 A, RMSDmin:
1.26 A) whereas it varied for 1.39 A (RMSDmax: 2.35 A, RMSDmin: 0.96 A) in the presence of
ligand. Mean RMSDs are indicated by horizontal lines. (C) Per-nucleotide modeling
convergences in terms of all heavy-atom root mean square fluctuations (RMSF) per residue for
the 37-nt riboswitch over the 20 best-fit models. The per-residue RMSFs of the riboswitch
exhibited a variation of 3.33 A (RMSFmax: 3.72 A, RMSFuin: 0.39 A) in the absence of ligand
whereas it varied for 3.81 A (RMSFmax: 4.20 A, RMSFmin: 0.39 A) in the presence of ligand.
Terminal and unpaired residues exhibited higher RMSFs compared to that for the paired

residues. Mean convergences are indicated by horizontal lines.
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Figure S8.
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Figure S8. MDFF Models Validation in the presence of the B-Flap tip. (A) The complete
structural models the que-PEC in the absence (blue) and presence (orange) of preQ; generated
from the final coordinates saved from 100 independent molecular dynamics flexible fitting
(MDFF) simulations were sorted based on global cross-correlation coefficients (GCCC) and 20

best-fit models were selected. To select reliable models from the MDDF simulations, the GCCC
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can be used as a measure of the accuracy of fit. The zeroth models represent the initial models that
were fitted into the target cryo-EM map densities of 3.3 A and 3.8 A for the gue-PEC in the absence
and presence of ligand, respectively. The GCCC was found to range between 0.7968 and 0.7963
for the 20 models in the absence of preQ:, compared to 0.7916 for the initial model. In the presence
of preQ, the GCCC ranges from 0.8317 to 0.8309 for the 20 models when the initial model
exhibited a value of 0.8212. (B) All heavy-atom root mean square deviations (RMSD) of the 37-
nt riboswitch for the 20 best-fit models with respect to their average coordinates. Here RMSDs
serve as a measure of the precision of the MDFF simulations. The RMSDs for the 20 best-fit
models in the absence of ligand exhibited a variation of 1.65 A (RMSDpax: 2.86 A, RMSDmin: 1.21
A) whereas it varied for 1.16 A (RMSDpax: 2.45 A, RMSDmin: 1.29 A) in the presence of ligand.
Mean RMSDs are indicated by horizontal lines. (C) Per-nucleotide modeling convergences in
terms of all heavy-atom root mean square fluctuations (RMSF) per residue for the 37-nt riboswitch
over the 20 best-fit models. The per-residue RMSFs of the riboswitch exhibited a variation of 4.13
A (RMSFmax: 4.66 A, RMSFmin: 0.53 A) whereas it varied for 4.13 A (RMSFmax: 4.73 A, RMSFmin:
0.60 A) in the presence of ligand. Terminal and unpaired residues exhibited higher RMSFs

compared to that for the paired residues. Mean convergences are indicated by horizontal lines.
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Figure S9.
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Figure S9. Twist angle rotation of the riboswitch RNA when adding the B-Flap tip and root
mean square deviation (RMSD) comparison against the model without B-Flap tip. (A)
RNAP exit channel subdomains with the emerging riboswitch in the absence (blue) and presence
(orange) of preQ, ligand. The arrow depicts the 35° rotation of the riboswitch upon ligand
binding. Key RNAP structural subdomains are colored purple and red in the absence and
presence of preQ; respectively (B) Rotated view of the RNAP exit channel showing the
widening of the exit channel domains and reverse translocation of the transcript toward the active
site The arrow depicts the direction of the RNA translocation in the presence of preQ;. (C)

Comparison of the 20 best-fit models for the 37-nt undocked riboswitch in the absence and
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presence of the 3-Flap tip using pairwise RMSD heatmap. The best models (or model 1 based on
highest global cross-correlation coefficient) exhibited an RMSD < 2.00 A. (D) Comparison of
the 20 best-fit models for the 37-nt docked riboswitch in the absence and presence of the B-Flap
tip using pairwise RMSD heatmap. The best models (or model 1 based on highest global cross-

correlation coefficient) exhibited an RMSD < 3.00 A.
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Figure S10.

Figure S10. The que-PEC is sensitive to transcription factors depending on the riboswitch
docked state. (A, B) View from the outside of the RNAP exit channel in the absence (A) and
presence (B) of preQ: with NusA transcription factor bound. que-PEC structures were
superimposed with previously obtained cryo-EM structure of the NusA-bound Ais-PEC® (PDB
6ASX). NusA transcription factor is depicted in red and potential clashes between the preQ:

riboswitch and NusA-S1 domain are circled in green.
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