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An anionic ligand snap-locks a long-range
interaction in a magnesium-folded riboswitch

Rajeev Yadav 12 julia R. Widom® '3, Adrien Chauvier® ' & Nils G. Walter® 1®

The archetypical transcriptional crcB fluoride riboswitch from Bacillus cereus is an intricately
structured non-coding RNA element enhancing gene expression in response to toxic levels of
fluoride. Here, we used single molecule FRET to uncover three dynamically interconverting
conformations appearing along the transcription process: two distinct undocked states and
one pseudoknotted docked state. We find that the fluoride anion specifically snap-locks the
magnesium-induced, dynamically docked state. The long-range, nesting, single base pair
A40-U48 acts as the main linchpin, rather than the multiple base pairs comprising the
pseudoknot. We observe that the proximally paused RNA polymerase further fine-tunes the
free energy to promote riboswitch docking. Finally, we show that fluoride binding at short
transcript lengths is an early step toward partitioning folding into the docked conformation.
These results reveal how the anionic fluoride ion cooperates with the magnesium-associated
RNA to govern regulation of downstream genes needed for fluoride detoxification of the cell.
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iboswitches are structured noncoding RNA elements typi-

cally found in the 5 untranslated regions of bacterial

messenger RNAs!—>. They regulate gene expression, most
often at the level of transcription and translation, through the
binding of specific ligands that induce changes in riboswitch
structure. A typical riboswitch comprises a highly structured
aptamer (receptor) domain and a downstream regulatory domain
(expression platform); binding of the ligand to the aptamer
domain induces a conformational switch in the expression plat-
form that directs downstream gene expression. So far over 40
classes of riboswitches have been identified, sensing diverse
ligands including metabolites, enzyme cofactors, and metal
ions>-%. The critical role of riboswitches in bacterial gene reg-
ulation makes them an attractive target for the development of
new antibiotic therapies!.

Fluoride riboswitches, also known as crcB motif RNAs, are a
family of transcriptional riboswitches present in many bacteria and
archaeall. On recognition of detrimental levels of fluoride (F),
they activate the expression of genes that encode fluoride-sensitive
transporters and enzymes such as enolase and formate-
hydrogenlyase to detoxify the cell':12. We focus on the arche-
typical mesophilic Bacillus cereus (B. cereus) fluoride riboswitch,
which contains an intrinsic terminator that becomes disrupted
upon F binding (Fig. la). The crystal structure of the ligand-
bound thermophilic aptamer of the Thermotoga petrophila
fluoride riboswitch shows a pseudoknot-structured docked
conformation stabilized by long-range interactions, with the F-
binding pocket surrounded by three Mg?* ions coordinated with
backbone phosphate groups and water molecules!3. NMR spec-
troscopy of the B. cereus fluoride riboswitch showed that it
adopts a similar tertiary structure in solution both in ligand-bound
and ligand-free form, where the ligand allosterically induces the
formation of a reverse Hoogsteen A40-U48 base pair at the
interface of the aptamer and expression platform!4. These struc-
tural studies were performed at equilibrium, but RNA must fold
during transcription where it might function before it is fully
transcribed, with the RNA polymerase (RNAP) potentially pausing
to assist®1>10,

Various methods have been wused to wunderstand co-
transcriptional folding of RNA including single-molecule fluor-
escence resonance energy transfer (smFRET);!7-19 optical-
trapping;® and selective 2/-hydroxyl acylation analyzed by primer
extension sequencing (SHAPE-seq)?0-%2. Applying SHAPE-seq to
the B. cereus fluoride riboswitch with RNAP stalled at each
nucleotide position, in particular, revealed ligand-dependent
delays in terminator formation and identified the point at
which the outcome of transcription is determined??. Despite these
advances, missing is a dynamic conformational analysis of global
RNA structure at functionally relevant transcription points, as
signified by either RNA folding topology or intrinsic RNAP
pausing, as potential key forces in the mechanism of ligand-
guided gene regulation?3.

Here, we used smFRET to determine the conformational
dynamics of the B. cereus fluoride riboswitch in dependence of
both Mg?* and F, first in isolation, then in the presence of
bacterial RNAP. We find that the riboswitch in the presence of
Mg?t folds into a pseudoknotted docked conformation, pre-
viously observed by NMR spectroscopy'4, that still transiently
visits two other, less intricately folded states; upon addition of F-,
the docked structure becomes stably snap-locked by engaging
the long-range linchpin A40-U48 base pair. The proximity of
RNAP in a downstream elongation complex facilitates the folding
of the aptamer into this stably docked conformation. Overall, our
results reveal the importance of dynamic RNA docking as a path
toward conformational capture by an anionic ligand, aided
by RNAP.

Results

smFRET analysis reveals three conformational states of the
fluoride riboswitch. In the present study, we used smFRET to
investigate the fluoride riboswitch in isolation (Fig. 1b) and as a
component of transcription elongation complexes (ECs), com-
paring the equilibrium populations of accessible conformational
states and their kinetic parameters. Given that riboswitch prop-
erties and interactions within the transcription machinery will
evolve as additional RNA sequence is synthesized in 5-to-3’
direction!®, we prepared a series of three riboswitch variants—
termed RNA48, RNA58 and RNA64 in reference to their lengths
—by splint ligation. The ligated 5° RNA segment contains both
donor and acceptor fluorophores, placed to interrogate aptamer
pseudoknot formation by smFRET, whereas the 3’ segment
entails nucleotides that can be surface captured and mimic the 3/
most 7-10 nucleotides of the transcript in the RNA/DNA tran-
scription hybrid not available for folding (Fig. 1c). The variant of
shortest length (RNA48) represents the RNA produced at a
ligand-dependent pause position that we observed using in vitro
transcription assays (Supplementary Fig. 1). By comparison, in
RNA58 the aptamer is fully synthesized and can fold into the
pseudoknotted conformation, however, with its 3’ segment still
residing in the exit channel of RNAP20. Finally, in RNA64 the
aptamer domain has completely emerged from the exit channel
and is free to fold. We first characterized this latter RNA as a
reference baseline.

To address the effects of both Mg2* and F- ions on the
conformation of the complete aptamer domain, we investigated
the structural dynamics of RNA64 upon immobilization on
polyethylene glycol (PEG)-passivated, streptavidin-coated quartz
slides via a biotinylated locked nucleic acid (LNA) capture probe
(CP, covering the short anchor sequence downstream shown in
orange in Fig. 1b). We used smFRET to monitor changes in the
positions of donor and acceptor fluorophores, with the donor
placed at position 33 and the acceptor coupled to the 5" end of the
riboswitch. Based on hidden Markov modeling (HMM), we found
the traces to exhibit three FRET states, of low- (~0.4), mid-
(~0.6-0.7) and high-FRET value (~0.8-0.85; Fig. 1d, e, and
Supplementary Fig. 2). Upon addition of Mg?t and F-, most
molecules become stabilized in the mid-FRET state (Fig. 1d, right;
Fig. 1e shows a trace where this occurs during observation), with
an estimated inter-fluorophore distance of 46-50 A that is very
close to the distance observed in the crystal structure (50 A; based
on PDB ID 4ENC)!3. These observations are consistent with the
notion that the mid-FRET state represents the previously
characterized, compact “docked” conformation of the fluoride
riboswitch, henceforth referred to as “D” state.

To further characterize the three states we distinguished, we
performed a control experiment wherein we blocked the
formation of the main pseudoknot (PK1; we note that several
different nomenclatures are in use - we here follow reference20)
using an LNA oligonucleotide complementary to nucleotides
A39-U48 of the riboswitch (Supplementary Fig. 3). Independent
of Mg?t and F, we observed only the high-FRET state,
supporting the notion that, despite representing a structure with
proximal fluorophores, this state lacks the pseudoknot and thus
docking; we therefore refer to it as “prefolded” (P). By
comparison, the low-FRET state of RNA64 is much less compact
(as evidenced by the distal fluorophores) and will be denoted as
unfolded (U). In the following, we further test these assignments.

Increasing magnesium induces folding into two distinct D
states, first dynamic, then static. To determine the populations
in the three conformational states under different conditions, we
generated FRET histograms from 100-300 molecules each and
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Fig. 1 smFRET analysis of the Bacillus cereus crcB fluoride riboswitch. a Structure of the fluoride riboswitch in the absence and presence of fluoride. The
circled nucleotides show the 3’ ends of the constructs used for smFRET. The positions of donor and acceptor are shown by green and red ovals labeled D
and A, respectively. b Experimental smFRET setup. The RNA is immobilized through a biotinylated LNA capture probe. ¢ The different lengths of RNA used
for smFRET. The orange sequence at the 3’ end of the riboswitch is complementary to the CP LNA (or bubble DNA, in experiments performed with RNAP
as shown in Fig. 4). The red and green segments are a guide to the eye to compare the riboswitch structure in the absence and presence of F-, analogous to
the color scheme used in panel a. d Representative smFRET traces for RNA64 in the absence of Mg2+ and F~ (left), in the presence of only Mg2+ (middle),
and in the presence of both Mg2+ and F~ (right). e Example of an RNA64 smFRET trace that transitions between all three FRET states (observed in 5-10%
of traces in the presence of Mg2+ only and Mg2+ plus F7). The HMM fit is shown in red above the trace and the FRET distribution of the trace, fitted with

three Gaussian peaks, is shown on the right.

fitted them using a sum of multiple Gaussian peaks (Fig. 2a, b).
As expected from our qualitative inspection, the FRET histograms
were best fitted with three peaks centered at Eprgr =~ 0.35, 0.69,
and 0.83 in the absence of Mg?t, and similarly Egggr = 0.35, 0.63,
and 0.85 in the presence of 5 mM Mg?*. With Mg?™, however,
the mid-FRET D state becomes more populated, increasing from
~36% in the absence of Mg?t to 56% in 1mM Mg?*, and

eventually saturating at 80% at 5 mM Mg?* (Fig. 2a). This Mg?*-
dependence is fitted well with a Hill equation to yield a half-
saturation point of K;,, ~ 1 mM and a cooperativity coefficient of
n=2.1 (Supplementary Fig. 4). Taken together, these observa-
tions provide further evidence that the mid-FRET is the Mg?™-
dependent docked D state and requires multiple Mg2* ions to
form.
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Next, we generated transition occupancy density plots
(TODPs), which show as a heat map the fraction of single-
molecule traces that exhibit at least once any given initial-to-final
FRET transition?. In the presence of nonphysiologically high
(10 mM) Mg2t, a sub-population of static traces in the mid-
FRET (~0.63) state becomes dominant, evidenced on the diagonal
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in the TODP (Fig. 2a, b). At a more physiological 1 mM Mg+,
only 4% of traces reside in this static D state, rising to 30% and
38% in the presence of 5mM and 10 mM Mg?*, respectively
(Fig. 2c). These data indicate that the fluoride riboswitch
transiently interconverts between docked and undocked con-
formations in the absence of Mg?*, and increasingly adopts a
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Fig. 2 Effect of Mg2" and F on the folding of the riboswitch (RNA64). FRET histograms and corresponding TODPs in the absence (a) and presence (b)
of F~. Histograms are well fitted with three Gaussian peaks, shown in green, red and cyan for the low-, mid- and high-FRET states, respectively, with the
cumulative fit shown in blue. The percent population of all fitted peaks are shown in respective colors in each histogram panel, and the number of
molecules that were analyzed is indicated by “N". TODPs represent dynamic traces as ‘off-diagonal’ and static traces as ‘on-diagonal’ features, where the
color scale shows the prevalence of each population. € Percent of all traces that remain statically in the mid-FRET (docked) state as a function of
Mg2+concentration in the absence (red) and presence (blue) of 1mM F". d, e Kinetics of low- to mid-FRET and high- to mid-FRET transitions as a function
of Mg2* concentration. P, U, D stand for prefolded (high-FRET), unfolded (low-FRET) and docked (mid-FRET) states, respectively. The black diamond and
red triangle symbols represent rates in 2 mM Mg2+ and 1 mM F. The error bars are presented as * standard deviation for n = 2 independent experimental
datasets. f Representative smFRET traces during real-time ligand jump experiments at 1mM Mg2+ (left two traces) and at 2 mM Mg2+ (right two traces)
before and after the addition of 1TmM F~. Upon addition of F- molecules transition from the DD to the SD conformation. The time of F- addition is indicated

by the green arrow.

static form of the D state as the Mg?™ concentration is increased.
The observed dwell time in this static mid-FRET state is limited
by photobleaching, which ranges from 5s to 80s with a mean
time of ~20 s (Supplementary Fig. 5), representing a lower limit of
the static D state lifetime. We henceforth call this the stably
docked (SD) conformation of the fluoride riboswitch.

Along with the SD population, a substantial portion of
molecules still dynamically transition among FRET states as
evidenced by the off-diagonal contours in the TODPs (Fig. 2a).
We measured rate constants for docking and undocking from
both the prefolded (P, high-FRET) and unfolded (U, low-FRET)
to the docked (D, mid-FRET) state (Fig. 2d, e, and Supplementary
Table 1). For U to D transitions, the docking and undocking rate
constants are kgoq = 1.8 571 and kypgoa = 3.6 s~1 in the absence
of Mg?T, slowing to 1.4s71 and 0.5s71, respectively, in the
presence of 2mM Mg2*. The more significant reduction in the
Kundock rate constant upon Mg?* addition shows that the metal
ion also promotes this dynamic docked (or DD) conformation. At
Mg?T concentrations higher than 1 mM these rate constants
remain unchanged (Fig. 2e), suggesting that—in contrast to the
SD state population—they plateau at physiological Mg2+
concentrations of ~1 mM. That is, physiological Mg?* concen-
trations induce the riboswitch into the dynamic docking (DD
conformation), whereas higher Mg?t concentrations access a
distinct, locked SD conformation.

Fluoride snap-locks the Mg?+-bound riboswitch from the DD
into the SD state by conformational selection. We next asked
how the conformation of the riboswitch changes in response to
ligand binding. We did not observe any change in the FRET
histograms or TODPs when 1 mM F- was added in the absence of
Mg?t, indicating that the anionic ligand does not appreciably
bind the negatively charged riboswitch (Fig. 2b). In contrast, in
the presence of 1 mM and 2 mM Mg?* the addition of 1 mM F-
leads to a drastic (~sixfold and ~fivefold over zero F-, respec-
tively) increase in the population of the SD conformation (Fig. 2b,
c). Our findings indicate that F- locks the Mg?>*t-induced DD
conformation into the SD conformation more potently than an
increase in Mgt concentration.

This becomes particularly evident in a ligand-jump
experiment?> wherein we observe the same set of molecules
before and after the addition of F-. We find that most molecules
respond to the F- jump in both 1 mM and 2 mM Mg?*, with DD
traces converting directly into the SD state (Fig. 2f). These
observations support the notion that the DD state transiently
samples a correctly folded docked conformation, wherein the
three crystallographically observed!3 Mg?* ions create a tran-
sient, positively charged pocket in the highly negatively-charged
RNA. F then binds to this pocket and “snap-locks” the docked
conformation into place, resulting in the observed high popula-
tion of SD molecules. In light of the two alternate mechanisms of
molecular recognition known as conformational selection (CS,

“folding first”) or induced-fit (IF, “binding first”)20-27, our data
suggest that F~ only binds to the Mg T -stabilized docked state of
the riboswitch and thus follows the CS mechanism.

The linchpin base-pair A40-U48 is required for the SD state.
The highly conserved reverse Hoogsteen A40-U48 base pair
(Fig. 1a) was previously observed by NMR and X-ray crystal-
lography to cap the PK1 helix in the presence of F~ and therefore
proposed to steer transcription toward anti-termination!3-14 (note
that the latter reference labels it as A37-U45). We therefore asked
whether this interaction is important for forming the SD state by
disrupting it with a site-specific base mutation, U48A. In the
absence of both Mg?* and F-, the U48A mutant riboswitch traces
are highly dynamic. The population of the low-FRET U state
dramatically decreased by ~threefold in the U48A mutant com-
pared to the U48 wild-type, and we did not observe a distinct P
state, perhaps because the DD state was shifted slightly higher in
Epgrer value, resulting in overlap (Fig. 3a). In the presence of
2mM Mg?*, the U48A mutant resembles the wild-type, with a
minor (10%) U state at Eggpr = 0.35 and a major (90%) DD state
at Epggr = 0.7 (Fig. 3b). Most strikingly, upon addition of F- there
was no evidence of on-diagonal SD traces in the TODP (Fig. 3),
suggesting that the linchpin base-pair A40-U48 is essential for
fluoride-mediated stabilization of the SD state.

The observed low population of the U state in the absence of
Mg?t and F- is consistent with the results of our measurements
with bases A39 through U48 blocked using a complementary
LNA (Supplementary Fig. 3). Like the mutation, this blockage
precludes the formation of the A40-U48 base-pair, but it
additionally precludes pseudoknot formation and yields the P
state almost exclusively. Nearly identical behavior is observed for
RNA48, in which the 3’ arm of the pseudoknot is sequestered,
again precluding docking and formation of the A40-U48 base-
pair. Thus, any disruption to the A40-U48 base-pair significantly
disfavors the U state, whether or not the disruption also impacts
the pseudoknot. If the pseudoknot is additionally disrupted, only
the P state is significantly populated (RNA48 and RNA64 with
blocking LNA), whereas the mutation alone allows both the D
and P states to remain populated. The SD state is accessible only
when both the pseudoknot and the A40-U48 base-pair can form,
as in wild-type RNA64 (Fig. 2).

RNA polymerase stabilizes riboswitch docking. It is well known
that RNA folding is highly sensitive to many cell-specific factors
including macromolecular crowding?82%, jonic conditions®® and
proximal RNAP23, In particular, upon incorporation into a
transcription complex containing DNA template and RNAP, the
folding of the riboswitch could be altered by factors, such as
macromolecular crowding, specific RNA-protein interactions and
electrostatic interactions with the DNA template. To address this,
we recorded smFRET traces with the riboswitch immobilized
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Fig. 3 U48A mutation in RNA64 leads to loss of the SD state. Representative smFRET traces, histograms and TODPs for the U48A mutant (a) in the
absence of Mg2* and F~; (b) in the presence of 2 mM Mg2™ alone; and (c) in the presence of both 2 mM Mg2+ and TmM F-. The percent population of all
fitted peaks are shown in respective colors in each histogram panel. The dashed white circle in the TODP highlights the absence of the SD state. The

number of molecules that were analyzed is indicated by “N".

through biotinylated RNAP on PEG-passivated, streptavidin-
coated quartz slides (Fig. 4a), which enabled observation of the
riboswitch in an active, yet halted elongation complex
(EC)23:31:32 Since our F- riboswitch is derived from Bacillus
cereus, we additionally performed transcription assays using RNA
polymerase from the closely related species Bacillus subtilis, as
well as the more distantly related E. coli. Both RNAPs exhibited
pausing at U48 and fluoride-induced antitermination, although
their behavior differed at locations further downstream than
those investigated in this study (Supplementary Fig. 1). As a
result, we elected to use the better studied E. coli RNAP in our
experiments, which also allowed us to build on previous work??
that performed smFRET on ECs containing E. coli RNAP. While
the two RNAPs may affect riboswitch behavior in somewhat
different ways, we expect that the fundamental mechanism of
ligand sensing that we have uncovered will be conserved as are
the bacterial RNAPs.

Similar to the isolated RNA64, EC64 also shows three FRET
states with Epggr = 0.40, 0.60 and 0.85. Both dynamic and static
traces were observed as shown by off-diagonal and on-diagonal
features in TODPs, respectively (Fig. 4). This suggests that in the
presence of RNAP and the DNA template, the riboswitch retains
the previously observed prefolded P, docked D and unfolded U
states. For low- to mid-FRET transitions the observed rate
constants are kgocc = 3.5 571 and kyndoc = 0.5 571 in the presence
of 2 mM Mg?2™; note that the docking rate is ~3-fold higher than
that observed for isolated RNA64 (Fig. 4e). Similar results were
observed for high- to mid-FRET transitions, where the docking
rate is increased by ~3.5-fold in EC64 (Supplementary Fig. 6).

Moreover, we found that the SD conformation forms more
readily for EC64 than RNA64. In the presence of 2 mM Mg, the
population of the SD traces is 28% for EC64, which is ~threefold
higher than that observed for RNA64 (Figs. 2a, 4b-d). Upon
addition of 1 mM F-, the prevalence of SD traces further increased
to 69%, or ~1.3-fold higher than that observed for RNA64
(Fig. 4d). We could not obtain reliable kinetic parameters for
EC64 in the presence of F~ due to the dominance of SD states and
thus the low prevalence of dynamic transitions. The increased
number of SD traces in EC64 indicates that the transcription
machinery thermodynamically stabilizes the docked conforma-
tion of the riboswitch (Fig. 4f). Still, the overall folding behavior
observed for EC64 is the same as observed for RNA64 in the
absence of RNAP, with the DD conformation predominant in the
absence of F~ and the SD conformation becoming predominant in
the presence of F~ (compare Figs. 2a and 4b-d).

To estimate the favorable effect of the transcription machinery
on folding of the F~ riboswitch more quantitatively, we computed
the free energy change upon docking and performed single-
molecule transition-state analysis (smTSA, see Methods)3033-3>, In
the presence of only 2 mM Mg?*, we determined that in EC64 the
docked conformation is stabilized by ~0.61 kcal/mol compared to
RNA64 (Fig. 4f), consistent with previous studies of molecular
crowding?2%, Furthermore, smTSA revealed that the difference in
the free energy of activation for docking in an EC relative to the
isolated RNA, AAGHY . is very similar at 0.58 kcal/mol at 2 mM
Mg?* (Fig. 4f), suggesting that the transition state is late with
essentially all docking interactions already established, including
those involving Mg?* ions. Thus, we propose that the crowding
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Fig. 4 The presence of RNA polymerase favors the docked conformation of RNA64. (a) smFRET experimental setup for probing elongation complexes.
RNA is immobilized through biotinylated E. coli RNAP. (b, ¢) FRET histograms and corresponding TODPs in the presence of only 2 mM Mg2+ (b) and in the
presence of both 2 mM Mg2+ and TmM F- (c). Histograms are well fitted with three Gaussian peaks, shown in green, red and cyan for the low-, mid-, and
high-FRET states, respectively, with the cumulative fit shown in blue. The percent population of all fitted peaks are shown in respective colors in each FRET
histogram panel, and the number of molecules that were analyzed is indicated by “N". A dashed white circle highlights the presence of the SD conformation
in both TODPs. (d) Percent of all traces that remain statically in the mid-FRET (docked) state for isolated RNA (orange) and ECs (green) both in the

presence of 2 mM Mg2 ™ only (left) and in the presence of both 2 mM Mg2+ and 1mM F~ (right). (e) Kinetic parameters for the unfolded-to-folded docked
(low- to mid-FRET) transition in the presence of 2mM Mg2+. The error bars are presented as * standard deviation for n = 2 independent datasets (with
the values as kqock: 1.4 % 0.157 and kyndock: 0.5 + 0.2 571 for isolated RNA and kgoci: 3.6 + 0.2 5™ and kyngoci: 0.5 = 0.2 571 for EC). Reliable kinetic parameters
could not be obtained in the presence of F~ due to the low prevalence of dynamic traces. (f) Free energy diagram for RNA64 (orange) and EC64 (green) in
the presence of 2 mM Mg2+, The relative free energies of the undocked and docked states were obtained from the dwell times in the docked and unfolded

states, while the relative barrier heights were obtained using single-molecule transition state analysis (Methods).

near the surface of RNAP provides additional stabilizing interac-
tions in the TS that accelerate the Mg?*-induced folding into the
docked riboswitch conformation. (Of note, we did not perform TSA
in the presence of F- due to the small number of dynamic traces
observed under those conditions).

RNA polymerase plays a key role in the folding of riboswitch at
early stages of transcription. We next investigated the effects of
the proximal RNAP on the folding of shorter riboswitch RNAs of
lengths 58 and 48 (Fig. 5 and Supplementary Figs. 7, 8). For the
isolated RNAS58 as well as RNAP-containing EC58, the FRET his-
tograms were best fitted with two Gaussian peaks representing high
and mid-FRET states (Fig. 5d and Supplementary Figs. 7, 8). We
again assigned the mid-FRET state to the docked conformation. For
RNA58 almost all the traces were static in nature (Supplementary
Fig. 7), while both dynamic and static traces were observed for
EC58 (Fig. 5d). Of note, in EC58 we observed a shift from the P
(high-FRET) state to the SD (static mid-FRET) state upon addition

of Mg?t, with further addition of F stabilizing the SD state even
more. This stands in contrast to EC64, in which Mg?* and F-
induced a shift from the U state to the D state (Fig. 4).

We also performed smFRET experiments using an RNA
variant, in complexes RNA58n and EC58n, in which the donor
labeling position was altered (labeled at A39 instead of U33;
Supplementary Note 1 and Supplementary Fig. 9). For this RNA,
we disrupted the pseudoknot by two methods—by making a
U45A/C46U double mutation, and by blocking the 5’ arm of the
pseudoknot with an LNA oligonucleotide. In both cases, the
population was shifted from the mid-FRET to the high-FRET
state, indicating that the mid-FRET state here also represents a
docked conformation that is depleted when pseudoknot forma-
tion is disfavored (Supplementary Fig. 10). Again, we observed
that the F~ ligand favors the docked conformation in EC58n
(Supplementary Note 1 and Supplementary Figs. 9-14). These
results indicate that the transcription machinery facilitates folding
of the riboswitch into the docked conformation, and that the P
state is prevalent in the absence of Mg?* and F-.
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Fig. 5 Effect of Mg2+ and F- on EC58 and EC48. (a, b) Schematics of the fluoride riboswitch in an elongation complex at transcript lengths of 58 and 48
nucleotides, respectively. (¢, d) FRET histograms and corresponding TODPs in the absence and presence of Mg2* and F~ for EC58 and EC48, respectively. The
FRET histograms are well fitted with two Gaussian peaks for EC58 shown in red and cyan for the mid- and high-FRET states, respectively, with the cumulative fit
shown in blue; and a single Gaussian peak for EC48 shown in blue. The percent population of fitted peaks are shown in respective colors in each histogram panel,
and the number of molecules that were analyzed is indicated by “N". A dashed white circle highlights the presence of the SD conformation in TODPs for EC58.
(e) Representative time traces for EC48 showing similar Egger values but different y values, which were determined using fluorescence intensities of donor (Ip)
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EC48 in the absence and presence of F~ as indicated.

Interestingly, we observed very slow dynamics, on the time-
scale of tens of seconds, for both the EC58 and EC58n
(Supplementary Figs. 8 and 11). The intrinsic dynamics of
pseudoknot formation is fast, as observed for EC64, in which the
complete aptamer is accessible for folding. We hypothesized that
the slow dynamics observed in EC58 and EC58n are caused by
another parameter, possibly interaction of the riboswitch with
RNAP. To test this, we performed further investigations including
protein-induced fluorescence enhancement (PIFE)3%37 and
single-molecule fluorescence lifetime measurements for the
construct EC58n labeled with a single fluorophore at A39
(Supplementary Note 2 and Supplementary Fig. 14). We observed
PIFE in both the absence and the presence of F, indicating the
existence of fluctuating RNA-RNAP interactions (Supplementary
Fig. 14b). Furthermore, fluorescence lifetime measurements

showed that addition of F~ causes the RNA to undergo a
conformational change that increases the mobility of the
fluorophore (Supplementary Fig. 14c—e). This change may result
from the breaking of RNA-RNAP interactions that confine the
fluorophore in the absence of F-.

In case of the shortest design EC48, representing a ligand-
dependent transcription pause position (Supplementary Fig. 1),
almost all of the population (>98%) remains in the high-FRET
state in the absence and presence of Mgt and F- (Fig. 5c). This
can be rationalized given that EC48 cannot adopt the docked
conformation because the 3’ segment of the aptamer is still
sequestered within the RNA:DNA hybrid. In our in vitro
transcription assay, we observed transcriptional pauses at even
shorter RNA lengths (U30, U34, and U41; Supplementary Fig. 1)
located in the aptamer domain that might extend the time
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Fig. 6 Models for ligand-dependent transcription regulation by the fluoride riboswitch. (a) A proposed local conformational change at early transcript
length, where F~ binding pre-organizes the aptamer by poising the 5' segment of the pseudoknot in close proximity to the RNAP exit channel, facilitating
pseudoknot formation once the 3' segment is transcribed. (b) If F- binds late, the aptamer is highly dynamic in nature in the absence of Mg2™, transitioning
among the prefolded, folded and unfolded states. The unfolded state is prevalent when the aptamer has been transcribed completely and the A40-U48
interaction can occur (RNA64). In the presence of physiological Mg2+ concentrations, the riboswitch dynamically samples a docked conformation similar
to the ligand-bound conformation (“dynamic docked"). The binding of F~ stabilizes this conformation (to become “stably docked"), mediated by the linchpin

long-range A40-U48 interaction.

available for the folding of the P1 hairpin. In agreement with the
SHAPE-seq study?’, these pauses are independent of the
concentration of F~ (Supplementary Fig. 1 and Supplementary
Note 3). By contrast, the ligand-dependent transcriptional pause
at position U48 is proximal to the 3’ segment of the pseudoknot,
and may provide time for the Mg?t and F- ligands to bind. Thus,
the observed effect of F- on the U48 pause half-life must occur
through a local F--induced change that is not detectable through
the smFRET analysis presented so far.

To further investigate the possibility of a local F-induced
change in EC48, we measured gamma (y) parameters from donor
and acceptor time trajectories (Methods), where the deviation of
the y-value from a value of 1 is evidence of a change in the local
environment around the fluorophore that could be due to
interactions with protein or nucleic acids (Fig. 5¢)38:39 For EC48,
a broad distribution of y-values was observed for individual
molecules in the presence of 2 mM Mg?*, ranging from 0.4 to 1.6
with a maximum close to 1; upon addition of F-, the maximum
population shifted to ~0.6 (Fig. 5f, time traces with different y-
values are shown in Fig. 5e). This deviation in y supports the
notion of an interaction of the L3 loop (where the donor
fluorophore is located) with RNAP. The binding of F- may bring
L3 into closer proximity with the polymerase, facilitating the
formation of the pseudoknot as additional RNA is transcribed
(Fig. 6a).

Discussion
We have explored in detail the conformational dynamics of the B.
cereus crcB fluoride riboswitch at the single-molecule level. First,
we investigated the folding dynamics of the aptamer and how it
changes as a function of Mg?* and F- concentrations. On this
foundation, we further explored the involvement of transcription
machinery, specifically bacterial RNA polymerase, which induces
the riboswitch to fold into the docked conformation, and
explored other possible factors involved in the folding process.
Using smFRET analysis, we resolved three conformational states:
prefolded, unfolded, and docked, and determined their fractional
populations and conformational dynamics including inter-
conversion rates. We observed that the prefolded and unfolded
states are prevalent before and after the aptamer has been fully
transcribed, respectively, and each of these states is able to
transition to the docked conformation in the presence of F-
ligand. Thus, the prefolded state may play a role as an inter-
mediate on the pathway to the docked conformation at the early
stages of transcription (Fig. 6). We also observed ligand-
dependent switching behavior even at short transcript lengths,
finding evidence that a local conformational change induced by F-
suppresses transcriptional pausing at U48.

The B. cereus fluoride riboswitch has previously been char-
acterized by chemical-exchange saturation transfer (CEST) NMR
spectroscopy!4. In that study, highly localized fleeting dynamics
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were observed at the interface of the aptamer domain and the
expression platform. The ligand-free aptamer was found to
transiently access an excited conformational state and ligand
binding allosterically suppressed that state, while the riboswitch
adopted a tertiary structure in the presence of only Mg?+ similar
to that in the presence of both Mg?* and F~!4. Using smFRET,
we were able to identify key differences between the global
behavior of the riboswitch in the presence of only Mg?* and in
the presence of Mg?*t and F. Specifically, the DD state is pre-
valent in the presence of only Mg, getting “snap-locked” into
the SD state upon F- binding. The CEST-NMR study showed that
the A40-U48 “linchpin” base-pair is important for aptamer
folding and transcription regulation!. Here we observed that the
A40-U48 base-pair plays a significant role in stabilizing the
docked state in the presence of F-, with a single mutation
breaking this base-pair and completely abolishing the SD state.
This stands in contrast to the pseudoknot-structured preQ;, ZTP
and SAM II sensing riboswitches, where the docked conformation
is mainly stabilized through the formation of the pseudoknot
helix>. This distinction may be a unique consequence of the
anionic F~ ligand binding to a polyanionic RNA.

Transcriptionally acting riboswitches are thought to be kine-
tically controlled and may be required to sense their ligands at the
early stages of transcription in order to initiate the folding process
before RNAP passes the intrinsic terminator hairpin4?. SHAPE-
seq indicated that the aptamer folds unstably in the absence of
ligand, whereas in the presence of ligand it adopts a long-lived
folded conformation?0. This is consistent with our observation of
a DD conformation in the presence of Mg?™ that transitions to an
SD conformation upon addition of ligand. Given that each
individual transcript makes its own “decision” between termi-
nation and read-through, single-molecule methods are particu-
larly well-suited to analyze the key factors contributing to that
decision. Considering the average transcription rate of 20-25 nt/
sec in vivo?l, there is a brief window of ~1-2's for ligand binding
between the departure of RNAP from the U48 pause and its
arrival at the poly-U termination sequence pause. Of note, the
prevalence of high stability SD traces (lifetime in the docked state
at least 20s) increases from 10% (RNA64) and 25% (EC64)
without ligand to 50 and 70% with ligand, respectively. This
indicates that a subpopulation of nascent RNAs will adopt a
docked state at an early stage of transcription, and that they will
persist in that state until the entire anti-terminator is formed.
Additionally, the remaining (DD) population exhibits a dwell
time in the docked state (Tgockea) Of ~1-2s, meaning that ter-
mination or readthrough are both possible outcomes for the
subpopulation of nascent RNAs that adopt this conformation.
Thus, at least 70% of transcripts (the entire SD subpopulation + a
fraction of the DD subpopulation) are expected to undergo read-
through rather than termination in the presence of F. This is
consistent with previously reported in vitro transcription
experiments that showed ~70-100% read-through depending on
the rate of transcription!4. Thus, the early binding of ligand
during transcription would have a high impact on the down-
stream gene expression. Indeed, we observed that the y-value of
EC48 and the half-life of the pause at U48 both depend on F-
(Fig. 5 and Supplementary Fig. 1), suggesting that F- may bind at
an early stage of transcription, in contrast to the findings of the
prior SHAPE-seq study?0.

It is well known that Mgt promotes many riboswitches to fold
into partially compact or docked-like conformations that become
the basis for CS-mediated ligand binding?>27-30. A small change in
the Mg2?™ concentration may alter the nature of ligand-binding
mechanism. For example, the preQ; riboswitch from Thermo-
anaerobacter tencongensis follows an IF mechanism in the absence
of Mg?*, while the addition of only 10 uM Mg?* shifts to the

mechanism to CS30. Similarly, small differences in aptamer
sequence can significantly impact the ligand-mediated folding
mechanism?7:42. Here, we propose a mechanism (Fig. 6b) in which
ligand binding by the aptamer domain follows a CS process, where
physiological Mg?*+ concentrations lead the riboswitch to dyna-
mically sample a conformation similar to the F-bound con-
formation (DD). F binding then stabilizes this conformation,
leading to the observation of a long-lived docked state (SD).

The anionic ligand F~ does not directly interact with any spe-
cific nucleotide in the riboswitch but instead bridges a cluster of
three Mg?* ions in contact with the backbone phosphates near
the PK1 helix!3 (Fig. 6b). In contrast, riboswitches that sense
cations, such as Mg?* and Mn?* bind their ligands largely
through direct interactions with the phosphate backbone. Despite
these differences, the Mn2* riboswitch appears to follow a similar
folding pathway as the one we uncovered for the F~ riboswitch. In
the presence of Mg?t alone, the Mn?t riboswitch transiently
samples a docked conformation that converts to a stably docked
conformation upon addition of submillimolar Mn?t 25, The
similarity extends to the fact that a Mg?* ion binds to the RNA
very close to the riboswitch ligand, whereupon either Mn2* or F-
binding can serve as a linchpin for the docking interaction.

Our results in elongation complexes with a proximal RNAP
demonstrate that the transcription machinery facilitates folding of
the riboswitch into the docked conformation (Fig. 4f). This
behavior is analogous to that seen in a previous study, where
RNAP was found to stabilize the docked pseudoknot conforma-
tion of the preQ, riboswitch?3, suggesting that stabilization of
RNA folding by RNAP may be a more general phenomenon. In
addition to molecular crowding, electrostatic interactions?343
between the RNA and protein and slow solvation3*** around
proteins and RNAs may help lower the transition state energy as
observed here (Fig. 4f).

Taken together, our findings provide an understanding of the
ligand-sensing mechanism of the F- riboswitch and the coupling
between its conformational dynamics and the transcription
machinery that may lay the basis for the development of novel
antibiotics. We anticipate that the mechanism uncovered here
may underlie the co-transcriptional folding pathways and reg-
ulatory functions of other riboswitches and RNAs.

Methods

Protein preparation. E. coli core RNAP containing an ‘AviTag’ biotinylation tag
(GLNDIFEAQKIEWH) on the C terminus of the £’ subunit was expressed from

plasmid pIA1202 in BLR(DE3) cells**. The cells were grown at 37 °C in LB media
supplemented with 100 ug/mL carbenicillin until ODgq, reached around 0.52. They
were induced with 0.4 mM IPTG and, at the same time, 20 uM biotin was intro-
duced into the media. The cells were harvested 4 h postinduction. The protein was
purified using a Ni-NTA agarose column, heparin column and finally a Mono Q
ion-exchange column, followed by overnight dialysis into storage buffer (10 mM

Tris-HCI, pH 7.5, 50% glycerol, 100 mM NaCl, 0.1 mM EDTA, 0.1 mM DTT) as
described previously?® and stored at -80 °C.

Preparation of RNA constructs for smFRET. Different lengths of riboswitch were
prepared by splinted ligation of two (dye-labeled and nonlabeled) RNA oligonu-
cleotides. Dye-labeled RNA oligonucleotides and nonlabeled RNA oligonucleotides
bearing a 5'-phosphate were purchased from Dharmacon (GE Healthcare Life
Sciences) and Integrated DNA Technologies, respectively. We used two different
dye-labeled RNAs; the first contains a Cy5-9S label at U3 and a 5-
aminohexylacrylamino-uridine (5-LC-N-U) at position U33, while other one
contains a Dy547 label at the 2’ position of A39 and a 5'N3 at position U3; these
constructs were labeled using a Cy3 and Cy5 mono-reactive dye pack (GE
Healthcare Life Sciences), respectively. The RNA was isolated by ethanol
precipitation.

For ligation, 300 pmol each of labeled RNA oligonucleotide and
5’phosphorylated RNA oligonucleotide were annealed to the complementary DNA
or LNA splint (400 pmol) in a 20 pL of ligation buffer (150 mM NaCl, 10 mM Tris-
HCI, pH 8.0, and 1 mM EDTA) by heating at 90 °C for 2 min and followed by
cooling at 37 °C for 10 min and 22 °C for 10 min. This annealing mixture was
diluted to 50 pL in T4 RNA ligase 2 buffer and 40 units of T4 RNA ligase 2 (New
England Biolabs) were added. The reaction mixture was incubated at 37 °C for 3h
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and the reaction was stopped by the addition of gel loading buffer (95% formamide,
1 mM EDTA). The RNA was purified by denaturing urea, 8-9% polyacrylamide gel
electrophoresis (PAGE). The ligated RNA was electro-eluted from the gel (BioRad
Model 422) and isolated by ethanol precipitation. After drying, the RNA pellet was
dissolved in water and the concentration was determined using a NanoDrop

spectrophotometer. During the labeling and ligation procedures, the samples

having dye-labeled construct were protected from ambient light by aluminum foil.

Sample preparation and smFRET experiments. We have performed smFRET
experiments in the presence and absence of RNAP, where immobilization of
sample is achieved using biotinylated RNAP and biotinylated capture probe (CP)-
locked nucleic acids (LNA), respectively. The 3’ end of each riboswitch variant
consisted of 10 nucleotides complementary to the template strand of the DNA
transcription bubble or LNA sequence. For studying elongation complexes, we first
prepared an artificial DNA bubble as previously described?>40. In brief, the
sequence of nontemplate DNA (ntDNA) and template DNA (tDNA) strands
(Table 2 S) were designed with 11 noncomplementary nucleotides in the middle of
the bubble. Ten nucleotides of this noncomplementary region on the tDNA strand
are complementary to those appended onto the 3’ end of RNA. The sequence of the
CP was designed to be complementary to the same 10 nucleotides, and LNA bases
were included to achieve a melting temperature T,,, of more than 70 °C. The
sequence of the 10 nucleotides that form the RNA:LNA or RNA:DNA hybrid was
not based on the expression platform, and was identical in the RNA constructs of
different lengths with the exception of three bases that had to be changed to
accommodate the portion of the aptamer oligonucleotide that became part of the
hybrid in the shortest design, RNA48.

For experiments in ECs, the RNA of interest was combined at a final
concentration of 0.5 uM with tDNA and ntDNA each at 1 uM in imaging buffer
(50 mM Tris-HCI, pH 7.5, 100 mM KClI). The mixture was annealed by incubating
at 90 °C for 2 min, then 37 °C for 10 min and then RT for 10 min. This annealing
mixture was diluted in imaging buffer supplemented with 1 mM MgCl, to a final
concentration of 50 nM and 0.37-0.42 pM E. coli RNAP was added; this mixture
was incubated for 15 min at 37 °C and then kept on ice. This reaction mixture was
diluted in imaging buffer to a final concentration of 100-200 pM RNA in and
flowed into the imaging chamber (which had previously been passivated with a
10:1 ratio of PEG to biotinylated PEG, then incubated for 10-15 min with a 0.2 mg/
mL solution of streptavidin). For experiments on isolated RNA, 0.5 uM RNA was
combined with 5-7.5 uM of CP-LNA in the imaging buffer. The mixture was
annealed by incubating at 90 °C for 2 min, then 37 °C for 10 min and then RT for
10 min. The annealing mixture was diluted in imaging buffer to a concentration of
20-100 pM RNA and flowed onto the imaging chamber. After incubation for 2-
10 min, unbound RNA molecules were removed by extensive flushing of the
imaging chamber with imaging buffer.

Unless otherwise noted, all experiments were carried out in 50 mM Tris-HCI,
pH 7.5, 100 mM KClI, supplemented with varying concentrations of MgCl, and
fluoride as indicated in the text and figures. An enzymatic oxygen scavenging
system (OSS) was also included consisting of 165 U/mL glucose oxidase from
Aspergillus niger, 2170 U/mL catalase from Corynebacterium glutamicum, 44 mM
glucose and 5 mM trolox to minimize photo-bleaching and photo-blinking of dye
molecules?’. This oxygen scavenger was chosen based on previously reported
measurements of RNAP elongation activity in buffers containing various OSS
components?3. The imaging chamber was incubated with each buffer for 10 min
prior to data collection. All smFRET movies were recorded at room temperature
(22°C) on a prism-based TIRF microscope using a CCD (I-Pentamax, Princeton
Instruments) or sSCMOS camera (Hamamatsu ORCA-Flash4.0 V3) with the
exposure time of 50 ms, unless otherwise specified. A continuous laser source of
532 nm was used to excite Cy3 or DY547 and the emission from both Cy3/DY547
(donor) and Cy5 (acceptor) were recorded simultaneously on the same camera.
The sample was directly excited using a 640 nm laser at the beginning and the end
of each movie to verify the presence of Cy5. Labview was used for all the
commands and data acquisition.

smFRET data analysis. All of the smFRET data analysis was performed using
custom Matlab scripts (The Math Works). For each dataset, donor-acceptor pairs
were identified and localized, and the intensity of each fluorophore was tracked
throughout the movie. For further analysis, we manually selected the traces that
adhere to the following criteria: Single-step photobleaching, a total (donor +
acceptor) fluorescence intensity of >250 (arbitrary units), a fluorescence duration of
at least 100 frames (prior to photobleaching) and, if transitions were observed,
anticorrelation between donor and acceptor signals. These selection criteria ensure
that the traces that get selected originate from single donor-acceptor pairs, not
from aggregates or background impurities. All selected traces were processed to
subtract background and correct for cross-talk and fluorescence bleed-through.
The FRET efficiency (Egrer) was calculated by using background-corrected
fluorescence intensities of donor (Ip) and acceptor (I,) and the equation

Eppgr = 14/(I4 + Ip). FRET histograms were created by sorting the normalizing
Errer and taking the same weightage from each trace to avoid the population
inequality due to the different time length of traces that occurs due to photo-
bleaching. OriginLab was used for plotting and fitting of histograms. The
approximate distances (r) between the fluorophores were calculated using the mean

FRET (E) values and an R, value of 54 A for the Cy3-Cy5 the dye pair using the
following equation*s:

E = R3/(R; +1°) m

HMM and kinetic analysis. For kinetic analysis, the QuB software was used as
described previously?449, where the traces were idealized using hidden Markov
modeling (HMM) with a three-state model corresponding to two undocked states
(low and high FRET) and a docked state (mid-FRET) using the segmental k-means
algorithm. The idealized smFRET traces were further analyzed using custom
Matlab scripts that identified transitions, created TODPs and exported dwell-times.
TODPs are heat maps that show the fraction of traces that exhibit a given type of
transition at least once?4, with all traces weighted equally. In brief, regardless of the
number of transitions in a dynamic trace, only a single transition is counted to
construct the TOPD, which avoids the over-representation of molecules exhibiting
many fast transitions. A typical TODP includes both dynamic traces (fast transi-
tions along with slow or rare transitions) and static traces. The sub-populations of
different FRET transitions from dynamic traces show up as off-diagonal contours
in the TODP heat map, whereas on-diagonal contours represent the sub-
population of static traces. For the dynamic traces, dwell times of each state were
extracted and converted to cumulative dwell-time histograms. Lifetimes in the
undocked (Tprefolded aNd Tunfolded) and docked (Tdocked) States were obtained by
fitting with multi-exponential functions in OriginPro 8.5. Rate constants of docking
and undocking were then calculated as kgock = 1/Tunfolded OF 1/Tprefolded aNd kyndock
= 1/Tqocked-

Since we observed two distinct population of traces, static docked as well as
dynamic docked, the equilibrium constant for docking (Kyoc) was estimated from
both types of traces, which was further used to calculate an overall docking Gibbs
free energy as follows:

kd k
Kd " — ocl 2
o akundﬂck + (1 - a)kphotobleach ( )
AGYRYA* = —RTINK 4, (RNAG4) 3)
AGYE" = —RTINK 4,4 (EC64) e

where a and (1-a) are the fractional populations of dynamic and static traces,
respectively. Furthermore, the free energies of docking (AGgofk) observed for
RNA64 and EC64 were used to compute the change in the equilibrium free energy
AAG ., of folding:

0 0.RNA64 0,EC64
AAde:k = AGdock - AGdack (5)

Note: Here we assumed a lower limit of Ky, which is limited by the
photobleaching rate of static docked traces. However, in case of dynamics traces,
the cumulative dwell-time of docked state (Tgocceq) Was best fitted with three-
exponential function having a slowest time constant of around 20 s (with 2-3%
population), which is very close to the average time constant (19-24 s) for the static
docked traces. Thus, we assume the observed K, would be very close to the actual
value. Furthermore, we compute the free energy change in presence of only 2 mM
Mg2+ (for both RNA64 and EC64), and not in presence of F- due to the small
number of dynamic traces and more number of static docked traces, which may
contribute to high error.

Single-molecule transition-state analysis (TSA). For RNA64 and EC64, single-
molecule TSA was carried out as previously described®®34. The rate constants of
docking kgock observed for RNA64 and EC64 were used to compute the changes in
the free energy barrier for docking (AAG}Y,) induced by RNAP, as follows:

AAGHE = —RTIn(KENAs kEC 7)

Although TSA has been extensively used to study the folding of single-domain
proteins, it can also be applied to investigate bimolecular reactions where folding is
coupled to ligand binding?”. Recently, a similar approach has been used to study
the folding of RNA, using “mutation” of a ligand to alter its interactions with the
RNA during its folding3®33-3%. In the current study, we measured AAG} by
treating the isolated riboswitch (RNA64) as the “mutant”, given that RNAP
contacts are absent in this form.

Calculation of Gamma values. We measured the Gamma parameter (y) for traces
that show similar Egrgr, but have differences between the donor and acceptor time
traces in terms of their quantum yield®. y is determined from the change in the
intensities of donor and acceptor upon photobleaching of the acceptor as follows3:

Y= (L pre = L post)/ (I post = Ip pre) (©)]

where I o, p is the fluorescence intensity of the donor or acceptor fluorophore, and
Pre and Post subscripts indicate intensities before and after photobleaching of the
acceptor, respectively.
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Excited-state fluorescence lifetime of DY547 of single riboswitch. Fluores-
cence lifetimes were recorded using a fluorescence lifetime imaging (FLIM) system
(Alpha 5, ISS Inc., Urbana-Champaign, IL). The sample was excited at 532 nm,
selected by AOFT from a white light excitation source (Fianium WL-SC-400-8-PP)
using a 582/75 nm emission filter. First, a laser scanning confocal image was
recorded, then the excitation light was focused on a specific molecule and the
fluorescence intensity recorded overtime to generate a time-dependent fluorescence
decay. Individual decays were fitted using deconvolution of the instrument
response function (IRF), yielding the fluorescence lifetimes of single riboswitches.

Single-round Transcription Assays

DNA templates. A 199-nucleotides DNA template including the fluoride riboswitch
from B. cereus under the control of the T7A1 promoter was cloned into pUC19
plasmid between EcoRI and BamHI restriction sites. In addition, 25 nucleotides not
found in the wild-type sequence were inserted after the promoter sequence in order to
generate a 25-nucleotide stretch in which the RNA transcript lacks any uracil residues
(EC-25) except for the +2 position dependent of the ApU dinucleotide used to initiate
the transcription. Transcription templates for in vitro transcription were generated by
PCR using the ‘T7A1-PCR’ forward DNA oligonucleotide and the ‘crcB-reverse’
reverse DNA oligonucleotide. (Supplementary Table 2). For B. subtilis transcription,
the T7A1 promoter was replaced by the LambdaPr promoter using forward DNA
oligonucleotide ‘LambdaPr-CrcB-FWD’ (Supplementary Table 2).

In vitro Transcription Assay. Halted complexes (EC-25) were prepared in tran-
scription buffer (20 mM Tris-HCI, pH 8.0, 20 mM NaCl, 20 mM MgCl,, 14 mM 2-
mercaptoethanol, 0.1 mM EDTA) containing 25 uM ATP/CTP mix, 50 nM
a32P-GTP (3000 Ci/mmol), 10 uM ApU dinucleotide primer (Trilink), and 50 nM
DNA template. E. coli RNAP holoenzyme (New England Biolabs) was added to
100 nM, and the mixture was incubated for 10 min at 37 °C. In the case of B.
subtilis transcription core RNAP and SigA factor were incubated for 30 min at
30 °C with a 1:4 ratio (RNAP:SigA) to reconstitute the holoenzyme prior to the
transcription reaction. The sample was passed through a G50 column to remove
any free nucleotides. To complete the transcription reaction all four rNTPs were
added concomitantly with heparin (450 pug/mL) to prevent the re-initiation of
transcription. Time pausing experiments were performed using 10 uM rNTPs. The
mixture was incubated at 37 °C, and reaction 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). Sequencing ladders were pre-
pared by combining the halted complex with a chase solution containing 250 uM of
each rNTP, in addition to one 3’~-OMethyl rNTP (at 5uM for 3-OMe GTP and
2 uM for 3-OMe ATP, UTP and CTP). Reaction aliquots were denatured before
loading 5-8 uL of each onto a denaturing 8 M urea, 6% polyacrylamide sequencing
gel. The gel was dried and exposed to a phosphor screen (typically overnight),
which was then scanned on a Typhoon Phosphor Imager (GE Healthcare Life
Sciences).

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

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

Data availability

The data supporting the findings of this study are available from the corresponding
authors upon reasonable request. The source data underlying Figs. 2¢, d, e, and 4d, e,
Supplementary Fig. 1¢, Supplementary Fig. 4, and Supplementary Fig. 6 are provided in a
Source Data file and in Supplementary Table 1. Study data have been deposited in the
University of Michigan Deep Blue Data repository (https://doi.org/10.7302/pa6y-
fb55). Source data are provided with this paper.

Code availability
Custom scripts used to analyze the smFRET have been deposited in the University of
Michigan Deep Blue Data repository (https://doi.org/10.7302/pa6y-fb55).
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