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Cotranscriptional RNA folding is widely assumed to influence the
timely control of gene expression, but our understanding remains
limited. In bacteria, the fluoride (F~)-sensing riboswitch is a tran-
scriptional control element essential to defend against toxic F~ lev-
els. Using this model riboswitch, we find that its ligand F~ and
essential bacterial transcription factor NusA compete to bind the
cotranscriptionally folding RNA, opposing each other’s modulation
of downstream pausing and termination by RNA polymerase.
Single-molecule fluorescence assays probing active transcription
elongation complexes discover that NusA unexpectedly binds
highly reversibly, frequently interrogating the complex for
emerging, cotranscriptionally folding RNA duplexes. NusA thus
fine-tunes the transcription rate in dependence of the ligand-
responsive higher-order structure of the riboswitch. At the high
NusA concentrations found intracellularly, this dynamic modula-
tion is expected to lead to adaptive bacterial transcription regula-
tion with fast response times.

cotranscriptional folding | RNA polymerase pausing | NusA | riboswitch |
single-molecule fluorescence microscopy

In order to thrive, bacteria must constantly adjust their gene
expression to their ever-changing environment. Because of
the competition between species, it is crucial for their survival
that bacteria adapt quickly to transient nutritional resources as
well as external threats such as antibiotics and toxins (1). Mod-
ulation of gene expression can be achieved in multiple ways.
One mechanism bacteria employ is based on riboswitches,
structural noncoding RNA elements mostly found in the 5
untranslated regions (5-UTR) of messenger RNA (mRNA)
(2). Bacterial riboswitches regulate gene expression either at
the level of transcription elongation or translation initiation (3).
A typical riboswitch contains two interconnected domains: 1) a
conserved aptamer region able to recognize a specific ligand
whose binding induces conformational changes in the second
domain and 2) the expression platform that modulates the
expression level of the downstream gene(s). In the case of a
transcription regulation mechanism, ligand binding to the ribos-
witch either promotes or prevents the formation of an intrinsic
terminator hairpin that leads to the premature termination of
transcription (4). It has also been shown that structural altera-
tions of the nascent RNA as a function of ligand binding can
drive the recruitment of Rho termination factor to the nascent
mRNA to promote transcription termination (5-7).

The archetypical fluoride (F )-sensing riboswitch (also
termed the creB motif) from the gram-positive bacterium Bacil-
lus cereus controls the expression of the F~ toxicity resistance
gene crcB through a transcriptional mechanism in which ligand
binding to the aptamer prevents the formation of an intrinsic
terminator hairpin in the expression platform to promote tran-
scription readthrough (8) (Fig. 14). Recent mechanistic studies
of this and other riboswitches have demonstrated that the tran-
scriptional machinery can significantly contribute to accurate
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riboswitch folding and regulation (5, 9, 10). This interplay high-
lights the need to perform analyses with an elongation complex
(EC) (i.e., with both the DNA template and transcribing RNA
polymerase [RNAP]) present) to more closely mimic the natu-
ral biological context.

In addition to the structural and environmental framework
provided by the EC, the transcription rate imposes kinetic con-
straints on riboswitch activity by affecting the time window
available for efficient ligand sensing (11) or by modulating the
adoption of transient functional RNA structures (5, 12).
Accordingly, intrinsic RNAP pausing as an off-pathway kinetic
step that interrupts the nucleotide addition cycle of the enzyme
can exert an additional layer of transcriptional control (5, 7, 10,
13). RNAP pause sites play important roles in modulating gene
expression, including transcription—translation coupling (14,
15), RNA folding (16), transcription termination (17), and tran-
scription factor recruitment (18). RNAP pausing relies on spe-
cific DNA sequences embedded throughout the genome (19)
but can also be promoted by the formation of RNA structures
in the vicinity of the RNA exit channel (10) or the interaction
with specific transcription factors (20).
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Transcriptional pausing by RNA polymerases (RNAPs) is criti-
cal for genetic regulation, yet how RNA structures modulate
this universal process is poorly understood. Combining bio-
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ger RNA structure and transcription factor NusA in modulat-
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transcription rate. We find that ligand-induced riboswitch
folding within the RNAP exit channel promotes transcrip-
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ing of the general transcription process.

Author contributions: A.C. and N.G.W. designed research; A.C. and P.A. performed
research; A.C. and R.Y. contributed new reagents/analytic tools; A.C. analyzed data;
and A.C,, P.A,, R.Y,, and N.G.W. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission. E.N. is a guest editor invited by the Editorial
Board.

Published under the PNAS license.

"Present address: Department of Physics and Astronomy, Michigan State University,
East Lansing, MI 48824.

2To whom correspondence may be addressed. Email: nwalter@umich.edu.

This article contains supporting information online at http://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2109026118/-/DCSupplemental.

Published November 15, 2021.

https://doi.org/10.1073/pnas.2109026118 | 1 of 12

>
]
]
=
e
)
o]
<
=
]
=
<
=
2
o
=
S
O

[=]
=
<
n
o
@
<
T
=
=
=

www.manaraa.com


https://orcid.org/0000-0003-4473-6194
https://orcid.org/0000-0001-9509-6807
https://orcid.org/0000-0002-9652-3388
https://orcid.org/0000-0002-7301-1275
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:nwalter@umich.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109026118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109026118/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2109026118&domain=pdf&date_stamp=2021-11-10

Downloaded at Palestinian Territory, occupied on December 1, 2021

Terminator

Termination Readthrough
FL: [~ 100 ® () NusA
g 804 © (+) NusA
T % s0
. e
() NusA £ 40
- g 1
[ R T 204 . [
b % i 1100 uM rNTPs
T4 NaF -5 ] 3 2 1
(+) NusA log [F] (M)

Fig. 1. Transcriptional regulation induced by the F~ riboswitch. (A) The
F~ riboswitch from B. cereus regulates gene expression at the transcrip-
tional level. Stabilization of the pseudoknot (PK) upon F~ binding (F")
prevents the formation of an intrinsic terminator hairpin, leading to
the transcription of the downstream gene. Magnesium ions that coordi-
nate ligand binding to the aptamer are indicated as orange spheres
based on the previous crystal structure of a related riboswitch (47). (B)
F~-dependent single-round transcription assay of a DNA template con-
taining the 5'-UTR of the crcB gene from B. cereus. Transcription reac-
tions were performed using the E. coli RNAP with 100 pM rNTPs, in the
absence (Top) and presence (Bottom) of 100 nM NusA factor. The 32p-
labeled products were resolved on 6% polyacrylamide denaturing gel
separating the full-length (FL) and terminated (T) RNA products. (C)
Plot of the fraction of transcription readthrough versus the concentra-
tion of F~ ion in the absence (black) and presence (orange) of 100 nM
NusA factor. Tso are highlighted as vertical dotted lines and are
reported in S/ Appendix, Table S2. Error bars represent the SD of the
mean from independent replicates.

N-utilizing substance A protein (NusA) is an essential
transcription factor that modulates transcription speed using a
multitude of protein and RNA binding interactions. It is a com-
ponent of the phage A protein N-mediated antitermination sys-
tem (21) and is required, along with other transcription factors,
for the processive transcription of ribosomal RNA (22, 23).
NusA promotes transcription termination (24, 25), decreases
the overall speed of RNAP (26), stimulates hairpin-stabilized
pauses (27-29), and participates in the correct folding of the
RNA component of ribonuclease (RNase) P (30). Sigma (o)
factors occupy the same binding site on RNAP as NusA (31,
32), and the latter was found to be always bound to the EC dur-
ing the elongation phase of transcription (33). NusA is a multi-
domain protein whose N-terminal domain is necessary and
sufficient for stimulating RNAP pausing by directly contacting
the RNAP exit channel (27, 28). This domain is followed by
three RNA binding domains (27, 28, 34) and, finally, in Escheri-
chia coli, the NusA carboxyl-terminal domain with two acidic
repeats, AR1 and AR2, that directly interact with the o subunit
of RNAP (32). The latter contact induces release of the autoin-
hibitory AR2-KH1 interaction, which then allows the S1, KH1
and KH2 domain to also interact with the nascent RNA tran-
script (35). Despite this detailed structural understanding and
the proximity of NusA and the nascent RNA transcript at the
RNAP exit tunnel, to date, there are only few examples of
NusA modulating riboswitch-based transcription regulation.
Specifically, it was demonstrated that the time window for
ligand sensing is widened in the presence of NusA, therefore
allowing for a more efficient gene regulatory response (11, 36,
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37). However, a full mechanistic understanding of how NusA
interacts with cotranscriptionally folding RNA has remained
elusive.

In the present work, we use the F~ riboswitch as a model
system to study the interplay between transcription factor
NusA and a highly structured, regulatory RNA transcript. By
employing a combination of biochemical and single-molecule
approaches to a reconstituted EC, we discover an interactive
mechanism wherein the cotranscriptional formation of a spe-
cific RNA structure accelerates the continuous release of NusA
from the EC and thereby modulates the transcription rate. Our
results also uncover how a noncoding RNA integrates multiple
physiological signals for a fast gene expression response, paving
the way for the design of antibiotics targeting such highly
dynamic and adaptive bacterial transcription regulation sys-
tems. Indeed, since NusA is essential for bacterial viability
(38, 39), further characterization of the mechanisms that modu-
late its association and stability to the transcription complex is
a significant contribution for the design of antibiotic drugs
targeting this versatile transcription factor (40).

Results

NusA Promotes Transcription Termination by Decreasing the Rate
of Transcription. To test whether NusA affects the gene regula-
tory response of the F~ riboswitch, we performed single-round
in vitro transcription assays of the riboswitch using bacterial (E.
coli) RNAP with a range of F~ ligand concentrations (Fig. 1B).
In the absence of NusA, we obtained a Ts (i.e., the concentra-
tion of F~ needed to induce 50% transcription readthrough) of
410 + 40 pM (Fig. 1C and SI Appendix, Table S2), within error
of the same value as the one previously reported (41). Strik-
ingly, adding E. coli NusA during transcription led to a signifi-
cant, twofold increase (P value < 0.05) in Ts, value (840 + 120
pM), suggesting that NusA impairs ligand binding and pro-
motes transcription termination. Similar results were obtained
while transcribing the riboswitch with the RNAP and NusA fac-
tor from Bacillus subtilis (SI Appendix, Fig. S14 and Table S2),
showing that riboswitch folding and NusA-mediated regulation
of transcription are conserved across the gram-negative (E.
coli) and gram-positive (B. subtilis) transcription machiner-
ies (42).

When we increased the transcription assay concentration
from 100 pM of each ribonucleoside tri-phosphate (rNTP) to a
more physiological concentration of 1 mM of each rNTP in the
absence of both NusA and the ligand, the percentage of read-
through product significantly increased (from 24% at 100 pM
to 45% at 1 mM rNTPs) and less of an F-mediated antitermi-
nation increase could be detected (decreased to a maximum of
80% at 100 uM versus only 55% at 1 mM of each rfNTP; Fig.
1C and SI Appendix, Fig. S1B). Nevertheless, in the presence of
NusA, a similar twofold increase in Tsy value was observed
(from 957 pM in the absence of to 1,723 pM in the presence of
transcription factor; SI Appendix, Table S2), suggesting that the
loss of ligand sensitivity upon addition of NusA also occurs
under near-cellular transcription rate conditions.

The observation that the termination amplitude depends on
the rNTP concentration raises the prospect that RNAP speed
matters. Indeed, an even slower transcription at only 10 uM of
each rNTP leads to more efficient transcription termination in
the absence of NusA, increasing from 45% at 1 mM rNTPs to
80% at 10 uM rNTPs in the absence of F~ (SI Appendix, Fig.
S1C). The Ts, value significantly increased in this condition (to
1,740 + 390 uM; SI Appendix, Table S2), which suggests that
the ligand-free state of the riboswitch is favored at the slowest
transcription rate. Most significantly, no further significant
effect of NusA on the Ts, value was observed, indicating that
the thermodynamic equilibrium for ligand binding has reached
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Fig. 2. Probing the structural dynamic of cotranscriptionally folded RNA. (A) Nascent fluorescently labeled RNA transcripts are transcribed in vitro using
E. coli RNAP. The halted complex (EC-25) is prepared through the addition of a dinucleotide labeled with Cy3 (ApU-Cy3) and UTP deprivation (ATP/CTP/
GTP) to halt the RNAP at the end of the U-less ITR. Once the transcription is completed, the released transcript (RT-72) is hybridized with a 5'-biotinylated
CP for subsequent immobilization on the microscope slide. (B) SiM-KARTS experimental setup. Immobilization of the nascent RNA transcript on the micro-
scope slide occurs through the CP. Repeated bindings of the SiM-KARTS probe targeting the terminator hairpin of the nascent transcript are monitored
through direct excitation of the Cy5 fluorescent dye. (C, D) Representative single-molecule trajectories showing the SiM-KARTS probe binding (red) to the
terminator hairpin of the F~ riboswitch transcribed with 1 mM rNTPs and recorded in the absence (C) or presence (D) of 2.5 mM F~ ion added cotranscrip-
tionally (F~ Co-Trx). Hidden Markov modeling (HMM) is indicated on the top of each trace. A.U., arbitrary unit. (E) Histograms displaying the overall bind-
ing (kon) and dissociation (ko¢s) rate constants of the SiM-KARTS probe binding to the cotranscriptionally folded F~ riboswitch in the absence (blue) and
presence of 2.5 mM F~ ion added either post- (purple) or cotranscriptionally (red). Error bars are the SD of the mean from independent replicates. The
total number of molecules analyzed is as follows: (—) F~ = 189; (+) F~ Post-Trx = 157; (+) F~ Co-Trx = 69 (***P < 0.01, **P < 0.05, *P < 0.1). (F) Histogram
displaying the overall binding (ko) and dissociation (ko) rate constants of the SiM-KARTS probe binding to the cotranscriptionally folded F~ riboswitch
in the absence and presence of 100 nM NusA factor and F~ ion during the transcription process. Error bars are the SD of the means from independent
replicates. The total number of molecules analyzed is as follows: (—) NusA, (=) F~ = 189; (=) NusA, (+) F~ Co-Trx = 69; (+) NusA, (=) F~ = 110; (+) NusA,
(+) F~ Co-Trx = 118 (***P < 0.01, **P < 0.05, *P < 0.1).

its lower limit and is no longer affected by any further NusA  a function of ligand concentration, we designed an in vitro tran-
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modulation of RNAP speed (43, 44).

Together, our results are consistent with the notion that
NusA modulates the riboswitch-mediated regulation of gene
expression by decreasing the overall rate of transcription, which
promotes the formation of the terminator hairpin, itself antago-
nized by F~ ligand binding.

The Transcription Rate Modulates Termination Efficiency through

haracterize the
nator hairpin as

or NusA governs

scription assay that generates a cotranscriptionally folded RNA
with a single fluorophore on the 5-end for detection at the
single-molecule level (Fig. 24). To this end, transcription was
performed with E. coli RNAP and initiated with a 5’ Cy3-
labeled dinucleotide (ApU-Cy3) in the presence of only three
rNTPs added (with rUTP omitted), generating a labeled, active
EC halted at position 25 (EC-25), where the first rUTP
incorporation is needed after transcription of a U-less internal
transcript region (ITR) sequence inserted upstream of the
riboswitch (Methods). Upon addition of all four rNTPs, the
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synchronized halted ECs are released, and transcription elon-
gation continues past position 25, with the RNA transcript fold-
ing cotranscriptionally prior to the single-molecule probing
assay (SI Appendix, Fig. S24). To suppress heterogeneity of the
transcript, as would be caused by intrinsic transcription termi-
nation at the poly-uracile sequence, the transcribed riboswitch
sequence is ended to form a “released transcript” at the RNAP
pause position 72 prior to the termination region (RT-72) (Fig.
24 and SI Appendix, Fig. S14). Once released from transcrip-
tion, RT-72 hybridizes to a subsequently added excess of bioti-
nylated DNA capture probe (CP) with complementarity to a
capture sequence inserted at the 3’-end. A radioactive in vitro
transcription assay performed with fluorescently labeled dinu-
cleotide shows that the addition of Cy3 at the 5'-end of the
RNA has no effect on the ability of the riboswitch to direct
transcription readthrough upon ligand addition (SI Appendix,
Fig. S2B and Table S2).

The resulting nascent RT-72:CP complex was then immobi-
lized on polyethylene glycol (PEG)-passivated and streptavidin-
coated quartz slides for imaging via prism-based total internal
reflection fluorescence (TIRF) microscopy. We added a short
(eight-nucleotide) CyS-labeled DNA oligonucleotide as a
single-molecule kinetic analysis of RNA transient structure
(SIM-KARTS) probe against the 5’ segment of the terminator
stem (targeting G42-A49), which allows for probing the accessi-
bility of this particular switching region (45, 46) (Fig. 2B and SI
Appendix, Fig. S14). Upon simultaneous excitation of Cy3 and
Cy5, single molecules were located on the microscope slide
through their Cy3 (green) RT-72 fluorescence, whereas SiM-
KARTS probe binding events to the target RNA were detected
as spikes of fluorescence intensity in the Cy5 (red) channel
(Fig. 2 C and D).

The cumulative dwell time distributions of the SiM-KARTS
probe being bound (Tpoung) Or unbound (Tynpound) to the ribos-
witch terminator stem were fitted with double-exponential
functions to extract the corresponding dissociation (ko¢) and
binding (k,,) rate constants, respectively (Fig. 2E and SI
Appendix, Table S3). In the absence of F~, the SiM-KARTS
probe binds to the RNA target with two rate constants of 4.69
+0.01 x 10° M ™" - 57" (kop,; — fraction 57%) and 0.52 + 0.01 x
10° Mt - 57! (konp — fraction 43%) and dissociates with two
rate constants of 0.41 + 0.01 s™* (kogry — fraction 94%) and
0.02 + 0.01 s7! (kotr2 — fraction 6%). This finding is consistent
with the notion that the SiM-KARTS probe senses (at least)
two alternative structures of the riboswitch expression platform.
Indeed, the targeted G42-A49 region is known to either form
the terminator hairpin or adopt a less stable pseudoknot-like
structure in the presence of ligand (9). In addition, a control
experiment probing the terminator hairpin in the absence of
the aptamer domain indicates that the pseudoknot structure
contributes to the stability of the SIM-KARTS to the RNA tar-
get, increasing the dissociation rate constant in the context of
RT-72 (SI Appendix, Fig. S2 C-E and Table S3).

We transcribed the RT-72 riboswitch in the absence of ligand
and then immobilized the RNA and added a saturating concen-
tration of F~ (2.5 mM, based on the titration in Fig. 1C), which
led to no significant change in the kinetic parameters observed
(F~ Post-Trx, Fig. 2E). This is consistent with the expectation that
ligand-mediated modulation of the terminator hairpin structure
cannot occur after the transcription process, in agreement with a
kinetically regulated riboswitch (37). In further support of this,
when we instead added ligand already during the transcription
process, a significant change in the kinetic parameters of the
SiM-KARTS probe with more frequent and longer binding
events was observed (F~ Co-Tix, Fig. 2 D and E). In addition to
an increase of the k., values, a significant change also occurs in
the amplitude of the fast association rate, which now contributes
>90% of the overall k,,. This observation supports that ligand
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binding to the riboswitch promotes the adoption of a less-
structured terminator hairpin (9). Furthermore, the overall Tpoung
of the SIM-KARTS probe is significantly increased in the pres-
ence of F~. In fact, short (0.36 + 0.01 s~') and long (0.05 + 0.01
s ') binding events are almost equally distributed in the ligand-
bound state (SI Appendix, Table S3). Lastly, the decrease in the
overall dissociation rate constant indicates that ligand binding
leads to a partial destabilization of the terminator hairpin. Our
SiM-KARTS analysis of cotranscriptionally folded RNA tran-
scripts thus supports that F~ binding to the riboswitch shifts the
dynamic sampling toward antitermination through terminator
hairpin destabilization.

The addition of NusA during the transcription has no signifi-
cant impact on the association rate constants of the SiM-
KARTS probe in the absence of F~, but a significant decrease
in the dissociation rate constant is observed (Fig. 2F and S/
Appendix, Table S3), showing that NusA shifts the equilibrium
toward the folding of the terminator hairpin similarly to the
same structure in the absence of the competing pseudoknot (S
Appendix, Fig. S2). However, the overall k,, of the SiM-
KARTS probe significantly decreased when NusA and F~ were
both present during transcription (Fig. 2F). This observation
indicates that NusA impedes the ligand-mediated switching
mechanism by promoting cotranscriptional folding of the termi-
nator hairpin specifically in the ligand-bound state. Moreover,
the presence of F~ does not shift the distribution of the fast
and slow dissociation rate constants, which suggests that NusA
also prevents the destabilization of the terminator hairpin
induced by pseudoknot formation in the ligand-bound state.
Moreover, similar results were obtained at a lower transcription
rate (SI Appendix, Fig. S3 and Table S3).

Taken together, we conclude that NusA antagonizes the
ligand-induced structural change of the riboswitch mediating
antitermination by lowering the overall transcription rate,
which ultimately promotes formation and stabilization of the
terminator hairpin.

Ligand-Induced Structural Change Modulates RNAP Pausing
Efficiency. Our biochemical and single-molecule assays under-
score the importance of the transcription rate for riboswitch fold-
ing and downstream regulation of transcription termination.
Transcriptional pausing has been shown to be an inherent param-
eter that can be modulated by cotranscriptional RNA folding or
protein recruitment and vice versa (20). Therefore, we next eval-
uated how riboswitch folding modulates transcriptional pausing,
using single-round transcription assays (Fig. 34).

While the RNAP pauses identified in the riboswitch aptamer
domain (U30, U34, and U41) showed no significant impact of
F~ on upstream pause duration (SI Appendix, Fig. S5B and
Table S4), two pause sites found in the expression platform
region (U48 and U72) are sensitive to the presence of ligand
(Fig. 3 B and C). The downstream-most pause (U72) is located
in the vicinity of the termination region and is not detected in
the presence of ligand. Therefore, we hypothesized that cotran-
scriptional folding of the terminator hairpin in the ligand-free
state promotes RNAP pausing and constitutes the pause signal
at U72. Indeed, a SiM-KARTS assay interrogating the termina-
tor hairpin in the context of a paused elongation complex
(PEC) located at pause site 72 (PEC-72) supports the idea that
the switching between terminator and antiterminator stem
occurs at this pause site and participates in the regulation of
transcriptional pausing at this position (SI Appendix, Fig. S4
and Table S3).

Interestingly, the duration of the upstream U48 pause is sig-
nificantly enhanced in the presence of F~ (Fig. 3C), suggesting
that the ligand-bound state further promotes RNAP pausing at
this position. Upon examination of the riboswitch secondary
structure, we hypothesized that the formation of the long-range
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interaction A10-U38 in the ligand-bound state (47) inside the
enzyme’s RNA exit channel (Fig. 3D) could potentially stabilize
RNAP pausing. To assess the impact of this long-range interac-
tion on RNAP pausing, we mutated A10 to U10 and U38 to
A38 individually and then together (Fig. 3 £ and F and SI
Appendix, Table S4). With the U38A mutant, the impact of F~
on RNAP pausing efficiency is completely abolished. Impor-
tantly, a mutation predicted to prevent the second A40-U48
long-range interaction (A40C construct) (47) significantly
affects neither ligand sensing nor NusA-mediated regulation of
transcription termination (SI Appendix, Fig. S5C and Table S2).
These results demonstrate how critical the A10-U38 interac-
tion is for ligand-mediated regulation of transcriptional paus-
ing. In further support, the compensatory mutant (A10U/
U38A) showed the same ligand-mediated effect on the U48
pause as the wild-type (WT) RNA, suggesting that positioning
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the long-range A10-U38 interaction within the RNA exit chan-
nel further enhances RNAP pausing in the presence of F.

To evaluate the relationship between riboswitch folding and
NusA activity, we next analyzed the RNAP pausing efficiency
in the presence of NusA. Overall, each pause encountered dur-
ing the riboswitch transcription is, to some extent, sensitive to
NusA in the absence or presence of ligand (SI Appendix, Fig.
S5B and Table S4). Interestingly, in the absence of F~ we
observed an ~10-fold increase of the U48 pause half-life in the
WT upon addition of NusA (13 s in the absence of versus 140 s
in the presence of NusA) (Fig. 3 F and G and SI Appendix,
Table S5). In contrast, in the presence of F~, NusA increased
the U48 pause half-life only by twofold (31 s in the absence of
versus 61 s in the presence of NusA). This suggests that the F~ -
bound conformation of the riboswitch may prevent NusA-
mediated enhancement of U48 pausing efficiency.
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Because we identified the A10-U38 long-range interaction
as a key modulator of the U48 pause in the absence of tran-
scription factor (Fig. 3F), we hypothesized that the same RNA
structure could also modulate NusA-mediated stabilization of
RNAP pausing. Indeed, the observed effect of F~ was abol-
ished when the transcription was performed in the U38A
mutant context, whereas the modulation of NusA activity
through ligand binding was partially restored with the A10U/
U38A compensatory mutant (~5-fold and only ~1.5-fold
enhancement of U48 pause half-life in the absence and pres-
ence of ligand, respectively; Fig. 3G and SI Appendix, Table S5).
Interestingly, while the U38A mutant no longer allows F~ to
prevent transcription termination, the A10U mutant and the
A10U/U38A compensatory mutant showed a similar ligand
sensing activity as WT (Fig. 3E and SI Appendix, Fig. S5D and
Table S2). In addition, the A10U mutant no longer displayed
any significant effect of ligand binding on the relative NusA-
mediated pause enhancement (Fig. 3G and SI Appendix, Table
S5), together suggesting that the A10-U38 long-range interac-
tion modulates both pausing efficiency and NusA activity.
Therefore, the effect of NusA on the U48 pause suggests that
this particular pause is critical for downstream riboswitch-
mediated transcription regulation.

Overall, our data are consistent with a pausing regulation
system in which the formation of a ligand-mediated RNA struc-
ture modulates transcriptional pausing efficiency and impedes
NusA-mediated stabilization of transcriptional pausing.

Riboswitch Folding Modulates NusA Recruitment to PEC. In order
to stabilize RNAP pausing, NusA recognizes the RNAP in the
paused state and has been suggested to assist with the nucle-
ation of an RNA hairpin inside the RNA exit channel of the
enzyme (27). To pinpoint how NusA activity is modulated at
the U48 pause, we examined the dynamics of NusA interaction
with PEC-48 through a single-molecule colocalization assay
(Fig. 4). For this experiment, we purified a NusA protein
containing only one single accessible cysteine residue and fluo-
rescently labeled it with Cy5-monomaleimide (NusA-Cy5)
(Methods). Structural models of NusA bound to the well-
characterized his-PEC [Protein Data Bank: 6FLQ (27)] suggest
that neither the introduced mutations nor the presence of the
Cy5 fluorescent dye should impact NusA function (S7
Appendix, Fig. S64). Consistent with this expectation, the pres-
ence of NusA-Cy5 during the transcription of the F~ riboswitch
showed the same effect on the Tsq value as the unlabeled NusA
protein (SI Appendix, Fig. S6B and Table S2). To obtain a fluo-
rescently labeled PEC for single-molecule analysis, we initiated
transcription with the Cy3-labeled ApU dinucleotide on a
DNA template containing a biotin moiety on the 5’-end of the
template DNA strand (Fig. 44). Addition of streptavidin results
in the formation of a stable PEC upon addition of all INTPs
that can be immobilized on PEG-passivated quartz slides for
imaging via TIRF microscopy (Fig. 4B).

Upon direct excitation of Cy5, we observed short spikes of
red fluorescence signal, indicating surprisingly transient binding
and dissociation of NusA-Cy5 to PEC-48 (Fig. 4 C and D). We
observed fewer detectable binding events in a control experi-
ment in which a 20-fold excess of unlabeled NusA is added con-
currently with NusA-Cy5 (SI Appendix, Fig. S6 C and D and
Table S6). To ask whether the transient nature of NusA binding
events to a PEC is universal, we analyzed the dynamic recruit-
ment of NusA to the well-characterized his-PEC (27). In that
context, similar transient binding events were observed, sup-
porting the highly dynamic NusA binding to PECs in general
(ST Appendix, Fig. ST7). Notably, the his-PEC favored more fre-
quent and longer NusA binding events compared to PEC-48,
likely due to the structural properties of its hairpin pause
signal (SI Appendix, Fig. S7A) that previously have been
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shown to be critical for NusA-mediated enhancement of RNAP
pausing (29).

We calculated the Tyoung and Tunbound dwell times of NusA in
the absence and presence of ligand at PEC-48 (Fig. 4E). The
resulting cumulative dwell time distributions were fitted with a
single-exponential function for k,, and to a double-exponential
function for k.. In the absence of F~, NusA binds with a .k, of
7.05 + 0.82 x 10° M~' s, very similar to the overall associa-
tion rate constant calculated for the his-PEC (7.00 + 1.87 x
10° M~" s™; ST Appendix, Table S6). In the presence of ligand,
a twofold decrease in the k,, value was observed (4.10 + 0.11 x
10° M~! s7"), indicating that the riboswitch structure in the
ligand-bound state prevents NusA recruitment to PEC-48.
Interestingly, no significant change in the dissociation rate
constant was detected when F~ was present (Fig. 4E, Inset),
demonstrating that ligand binding affects the early steps of
NusA-mediated enhancement of pausing by preventing initial
NusA recruitment to the PEC. The observed decrease of the
kon n the presence of ligand is specific to the riboswitch confor-
mation in the context of PEC-48 since no change in NusA bind-
ing kinetics was detected with a PEC paused upstream before
the riboswitch is transcribed (EC-25) (SI Appendix, Fig. S8 and
Table S6). Moreover, NusA recruitment to PEC-72 is promoted
in the ligand-free state, probably because of the formation of a
more stable terminator hairpin in the RNA exit channel (S
Appendix, Fig. S9 and Table S6). These data support the gen-
eral role of NusA during transcription termination (25).

We further analyzed NusA binding kinetics to PEC-48 in the
context of the A10-U38 mutants (Fig. 4F). As expected from
our in-bulk time-pausing assays (Fig. 3), the effect of F~ on
NusA association was strictly dependent on the formation of
the A10-U38 long-range interaction in the ligand-bound state.
In addition, we noticed a significant (twofold) decrease of ko,
in the absence of ligand for the U38A mutant relative to WT
(Fig. 4F). These results suggest that the introduced mutation
alter the properties of the NusA RNA binding site. It was pre-
viously suggested that NusA preferentially recognizes stretches
of pyrimidine residues in the RNA exit channel (34, 48).
Indeed, introduction of the single A10U mutation, which
conserves the pyrimidine content of the nascent transcript
inside the RNA exit channel, resulted in a significant increase
of the NusA association rate constant over WT (Fig. 4F and
SI Appendix, Table S6). Interestingly, NusA binds to the
A10U mutant with two distinct k., values and a significant con-
tribution (>35%) of the fast rate constant to the overall ko, (ST
Appendix, Table S6). This result suggests that the A10-U38
long-range interaction inherently participates in NusA kinetics
in the WT construct by preventing the fast association rate
component.

Collectively, these data suggest that formation of the
A10-U38 long-range interaction is dynamic and that this inter-
action contributes to the overall association of NusA to PEC-48
in the absence of F~. Our single-molecule assays demonstrate
how riboswitch cotranscriptional folding modulates the highly
dynamic binding of NusA at the U48 pause site and that
higher-order RNA structures formed in the vicinity of the
RNA exit channel can prevent NusA from being actively
recruited to the PEC.

Ligand Binding to the Riboswitch Promotes NusA Release During
Transcription Elongation. Our results so far reveal that in the
context of a stalled or paused EC, the observed binding kinetics
of NusA are readily reversible. This finding suggests that NusA
has the potential to modulate EC activity and the transcription
rate with a fast response time. We therefore aimed to follow
NusA binding during active transcription elongation. To this
end, we initiated transcription with a biotinylated dinucleotide
(ApU-Biotin) to attach an active halted transcription complex
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to a microscope slide via the nascent RNA transcript (49). Sim-
ilarly to the fluorescently labeled transcript, addition of a biotin
moiety to the RNA 5-end had no significant effect on the
ligand-mediated regulation of transcription termination (SI
Appendix, Fig. S104). In addition, the transcribed DNA was
labeled with a Cy3-fluorescent dye at the 5'-end of the template
strand, leading to the observation of a protein-induced fluores-
cence enhancement (PIFE) signal when the RNAP reaches the
end of the template (50, 51).

After ~10 s of movie recording, manual injection of the INTP
mix allows for the transcription to restart from the EC-25 stall
point, and the PIFE signal was subsequently detected and fol-
lowed by a loss of the fluorescence signal, indicating transcription
to the end of the DNA template, resulting in eventual dissocia-
tion of the complex from the surface (Fig. 54). Notably, in some
instances we observed that the fluorescence signal returns to its
initial intensity (SI Appendix, Fig. S10B), suggesting that the
RNAP may be more strongly blocked by the presence of the fluo-

A10U A10U
U3sA

A10U (+) F~ = 254; A10U/U38A (-) F~ =
250; A10U/U38A (+) F~ = 112 (***P < 0.01,
**P < 0.05, *P < 0.1).

The calculation of the time window between the rNTP injec-
tion and the observation of the PIFE signal is equivalent to the
amount of time it takes a single RNAP to traverse the DNA
template (hereafter referred as tyanscription): Th€ tiranseription Val-
ues could be well fitted with a single Gaussian distribution con-
sistent with a processive transcription elongation as observed
for T7 RNAP (54). As expected (49, 54), decreasing the INTP
concentration led to a significant decrease in the observed over-
all transcription rate, supporting the notion that we are survey-
ing transcription elongation in real-time (Fig. 5B and SI
Appendix, Fig. S10D). We observed a slight increase in the over-
all transcription rate in the presence of F~ compared to the
ligand-free condition, potentially due to the absence of strong
RNAP pausing at the U72 position in the ligand-bound state
(SI Appendix, Fig. S10C). Addition of a saturating concentra-
tion of NusA (0.1 uM) with the transcription mix led to a slight
but significant decrease of the transcription rate, which was
further enhanced at the lowest tNTP concentration (Fig. 5B
and SI Appendix, Fig. S9D). Similar nuanced effects of
NusA on the RNAP velocity were previously observed in opti-
cal trapping experiments (26), consistent with a model wherein
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NusA-Cy5 in the contexts of the WT and U38A variants calculated in the absence (blue) and presence (red) of 2.5 mM F~ ion. Error bars are the SD of the
means from independent replicates. The total number of molecules analyzed in each dataset is as follows: WT (=) F~ = 97, WT (+) F~ = 67; U38A (—) F~ =

89; U38A (+) F~ =60 (***P < 0.01, **P < 0.05, *P < 0.1).

NusA-mediated regulation of the transcription rate occurs
through transient binding of the transcription factor.

In order to probe how cotranscriptional folding of the F~
riboswitch modulates NusA dynamics, we performed single-
molecule colocalization of NusA-Cy5 in the context of our real-
time transcription assay (Fig. 5C). Cotranscriptional NusA
binding events were detected and analyzed across the time win-
dow between the injection of the transcription mix and the
observation of the PIFE signal (tyanscription), €nsuring that the
observed binding events were obtained cotranscriptionally (Fig.
5D). In the absence of ligand, NusA remained bound to the
EC, with two distinct dwell times (Thounar = 6.03 + 0.23 s;
Thound2 = 1.02 £ 0.02 s), suggesting that the EC adopts different
functional conformations targeted by NusA (SI Appendix, Table
S8). The two notable bound times match closely the values pre-
viously calculated at the two different analyzed PECs (PEC-48
and PEC-72), which further supports the model of dynamic
NusA binding to ECs engaged in transcription.
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When real-time transcription experiments were performed in
the presence of F~, only the shorter-lived NusA binding events
(~1 s) were detected (Fig. SE and SI Appendix, Table S8). We
hypothesize this observation to reflect cotranscriptional stabili-
zation of the A10-U38 long-range interaction, which then pro-
motes NusA release during active transcription elongation. To
test this hypothesis, we analyzed the kinetics of NusA binding
during active transcription of the U38A mutant in which ligand
sensing activity is abolished (Fig. 5F). In the absence of F~,
NusA still binds cotranscriptionally to the EC with two distinct
Thound Values, similar to the WT (SI Appendix, Table S8). How-
ever, no significant effect of F~ was observed on the overall
NusA Tpouna Value (Fig. 5G and SI Appendix, Table S8), further
supporting the model that cotranscriptional ligand binding fol-
lowed by the formation of the A10-U38 long-range interaction
is responsible for NusA release from the transcribing EC.

Taken together, these results unveil multiple complementary
mechanisms by which the F~ riboswitch fine-tunes the rate of
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transcription, in which ligand-induced structural changes of the
RNA modulate both the processivity of RNAP through tran-
scriptional pausing modulation and NusA occupancy during
transcription elongation.

Discussion

In this work, we have combined biochemical transcription and
single-molecule fluorescence microscopy assays to study the
dynamic interplay between the general transcription factor
NusA and cotranscriptional folding of the F~ riboswitch. Our
single-molecule data provide dynamic information that has
been absent from a recent burst of structural snapshots
highlighting the mechanisms of factor-mediated RNAP pausing
(21, 22, 27, 55-58) and how transcription factors are influenced
by RNA cotranscriptional folding, revisiting our current model
of factor-mediated regulation of transcription. Furthermore, by
tracking NusA recruitment during active transcription elonga-
tion, we reveal a transcriptional checkpoint at which the F~
riboswitch integrates diverse signals in order to modulate
RNAP processivity and ultimately allow for an adaptive genetic
response to environmental cues (Fig. 6).

In particular, we reveal that the presence of NusA during the
transcription of the F~ riboswitch prevents antitermination
induced by ligand binding, pushing the genetic response toward
the termination of transcription (Fig. 1). Mechanistically,
dynamic sampling of the terminator stem by NusA is shifted
toward the adoption of a more stable termination-prone hair-
pin in the presence of both NusA and F~ (Fig. 2). This observa-
tion is consistent with the proposed chaperoning effect of
NusA in assisting hairpin folding (27) and a slow transcription
regime induced by the presence of NusA (26, 43, 44). Our
kinetic insights may help explain how NusA promotes the ter-
mination of transcription in vivo, especially at weak, suboptimal
terminators (25).

Riboswitch cotranscriptional folding potentially could be
facilitated by RNAP pausing, which allows more time for an
RNA transcript to adopt a specific and functional conformation
(13, 59, 60) or to bind its cognate ligand (11, 36). Transcrip-
tional pausing has been found to be stabilized by two main
mechanisms: hairpin-stabilized (class I) and backtracked (class
IT) (61). In addition, a third class of transcriptional pausing
regulation (class III) has been recently identified in the preQ;-
sensing riboswitch from B. subtilis, in which folding of a pseu-
doknotted RNA inside the RNA exit channel modulates
RNAP pausing efficiency differentially in the absence and pres-
ence of ligand (10). Class I pauses are further stabilized by the
NusA transcription factor upon interaction with the nascent
RNA paused hairpin and the f-flap domain of the RNAP,
resulting in the stabilization of the swiveled conformation of
the RNAP (27, 62). Class II pauses instead are due to a reverse
motion of the RNA relative to the enzyme (backtracking) and
lead to the disengagement of the RNA 3'-end from the RNAP
catalytic site. This class of pause is sensitive to GreB, which
promotes RNA cleavage and subsequent transcription reactiva-
tion (63). Class II pauses are also sensitive to NusG, which sup-
presses backtracking (64). Our results demonstrate that the
U48 pause shares similarities with the canonical class I pause,
in which folding of the upstream RNA hairpin P3 stabilizes
RNAP pausing. Notably, the first base pair of the P3 stem is at
the same distance from the RNA 3’ end (65), and a similar
enhancement of pausing efficiency is observed in the presence
of NusA as for the well-characterized his-PEC (66). However,
we also found that the U48 pause is further stabilized in the
presence of ligand because of the formation of the A10-U38
long-range interaction in the ligand-bound state, analogous to
the class IIT mechanism (Fig. 3). Strikingly, the presence of the
same higher-order structure decreases the sensitivity of the
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Fig. 6. Model illustrating the dynamic interplay between NusA and the F~
ion during riboswitch-mediated regulation of gene expression. During the
elongation of transcription, NusA binds transiently to the EC, fine-tuning
the rate of transcription. Transcription can follow two different pathways
depending on the presence of a saturating concentration of F~ in the cellu-
lar environment. The U48 pause constitutes a transcriptional checkpoint at
which NusA is either stabilized or released from the EC. In the absence of
F~ (Upper), NusA remains bound to the EC for the time frame of transcrip-
tion so that cotranscriptional folding of the stable terminator hairpin is
favored because of slow transcription. Cotranscriptional folding of the
riboswitch in the ligand-bound state (Lower), by contrast, promotes NusA
release from the EC and its recycling and inhibits downstream transcrip-
tional pausing. As a result, the F~ ion acts as a “release factor” that fastens
the transcription rate in order to weaken the terminator hairpin and ulti-
mately promote transcription readthrough. Magnesium ions that coordi-
nate ligand binding to the aptamer are indicated as orange spheres based
on previous crystal structure of a related riboswitch (47).

PEC to NusA. This observation supports a pivotal role for
the U48 pause in the regulation of gene expression. Accord-
ingly, alterations to the long-range A10-U38 interaction in the
riboswitch abolish the effect of F~ on RNAP pausing, transcrip-
tion factor activity, and termination of transcription (Fig. 3).

Few studies have probed NusA activity in the presence of
higher-order nascent RNA structures. To our knowledge, previ-
ous studies have been restricted to deciphering the mechanism
by which NusA interacts with a hairpin-stabilized pause signal
or artificial duplexes in the vicinity of the RNA exit channel
(65, 67, 68). Interestingly, introduction of the U38A mutation
leads to a significantly slower association rate of NusA to PEC-
48 in the absence of F~ (Fig. 4F), suggesting that the A10-U38
long-range interaction acts as a key structural switch that masks
the NusA binding site on the nascent RNA transcript. The
same type of “binding site occlusion” mechanism has been
characterized for other riboswitch-mediated regulation systems;
for instance, ligand binding to the thiamin pyrophosphate or
Mg**-sensing riboswitches alters the accessibility of the rut
(Rho-utilization) site for Rho termination factor binding (5, 6),
as well as the cleavage sites targeted by RNase E in the lysine
and the guanidine-sensing riboswitches (69, 70), supporting the
notion that riboswitches can integrate multiple cues to fine-
tune their genetic response.

From the broader perspective of the transcription cycle, the
surprisingly dynamic sampling of the EC by NusA allows the
transcription factor to dynamically modulate the transcription
rate. In fact, a fast dissociation of NusA from the EC allows the
RNAP to escape from the paused state and thus prevents the
accumulation of an irreversibly stalled EC, which otherwise
could collide with the DNA replication machinery (71). More-
over, dynamic sampling of the EC by NusA presents an
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opportunity for cotranscriptional regulation to occur in a short
timeframe. When the RNAP reaches the U48 pause, NusA
binds less efficiently if the F~ ion is already bound to the ribos-
witch (Fig. 4F). While no significant alteration of the RNA
structure was detected at the U48 pause site (9), a twofold
decrease in the k,,, was observed in the presence of ligand, sup-
porting the model that NusA is able to distinguish between two
slightly shifted conformational equilibria (41).

Conversely, our real-time kinetic analysis of NusA's cotran-
scriptional binding reveals how F~ prevents NusA-mediated
termination of transcription. While two distinct populations of
NusA-bound ECs were detected during ligand-free transcrip-
tion, a significant proportion (>35%) remain tightly associated
with NusA (for ~6 s; Fig. 5E). Assuming a typical average tran-
scription rate of 20 to 25 nt/s in E. coli (72) and the high con-
centration of NusA inside the cell [~6.5 pM (73)], only ~3 s
would be necessary to complete the transcription of the F~
riboswitch, suggesting that the same molecule of NusA would
be present throughout the entire riboswitch synthesis, thus pro-
moting the downstream transcription termination in kinetically
aligned fashion (25). Strikingly, NusA dissociates from the EC
faster in the presence of F~, with only one population detect-
able (Thouna ~1 s), suggesting that ligand binding and RNA
structure modulation release NusA cotranscriptionally, allowing
efficient recycling of the transcription factor in order to bind
and regulate another transcription unit (Fig. 6). Real-time tran-
scription of the U38A mutant supports this hypothesis with an
equal distribution of the short and long binding events (Fig.
SF). Our observations thus provide direct evidence for the reg-
ulatory contribution of an RNA's cotranscriptional folding and
demonstrate how RNA structure modulates the processivity of
the transcriptional machinery, which has proven difficult to
probe using bulk techniques (16, 20, 56).

In summary, we here have demonstrated a dynamic interplay
between ligand and transcription factor binding to a riboswitch,
which we anticipate will govern transcription of numerous non-
coding RNAs across organisms (74, 75). Using a combination
of biochemical and biophysical approaches that are easily trans-
ferable to other transcription machineries, we discovered that
in the absence of ligand, NusA is able to slow elongation by
RNAP and ultimately promote efficient termination of tran-
scription. By contrast, ligand binding to the riboswitch speeds
up RNAP transcription via inhibition of transcriptional paus-
ing, mediated in part by rapid cotranscriptional release of
NusA factor prior to reaching the termination point (Fig. 6).
Our results reveal an unexpected kinetic layer of gene regula-
tion induced by RNA cotranscriptional folding that may be
exploited for the design of antibiotic drugs targeting essential
factors of the bacterial transcription machinery (40).

Methods

Single-Round In Vitro Transcription Assays. Halted complexes (EC-25) were
prepared in transcription buffer (20 mM Tris-HCl, pH 8.0, 20 mM NaCl, 20 mM
MgCl,, 14 mM 2-mercaptoethanol, 0.1 mM ethylenediaminetetraacetic acid
[EDTA]) containing 25 pM ATP/CTP mix, 50 nM «*2P-GTP (3,000 Ci/mmol), 10
pM 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. The sample was passed through a G50 col-
umn to remove any free nucleotides. To complete the transcription reaction,
all four rNTPs were added concomitantly with heparin (450 pg/mL) to prevent
the reinitiation of transcription. Time-pausing experiments were performed
using 10 pM rNTPs. For termination assays, the F~ concentrations ranged from
1 pM to 10 mM. 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% sodium dodecyl sulfate [SDS], 0.2% bro-
mophenol blue, 0.2% xylene cyanol). Sequencing ladders were prepared by
combining the halted complex with a chase solution containing 250 pM of
each rNTP, in addition to one 3'-OMe rNTP (at 5 pM for 3/-OMe GTP and 2 pM
for 3'-OMe ATP, UTP, and CTP).
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Reaction aliquots were denatured before loading 5 to 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).

Transcription Data Analysis. To determine the Tsy, the relative intensity of the
full-length product was divided by the total amount of RNA transcript (full-
length + terminated product) for each F~ concentration. The resulted percen-
tages of readthrough were plotted against the ligand concentration using
equation

Y =Yo + ((M1%X)/(Tso + X)),

where Yy is the value of Y at Xiin (no ligand condition) and M1 =Y nax — Ymin

The half-life of transcriptional pausing was determined by calculating the
fraction of each 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 (76). For each determination, we have subtracted the
background signal.

Preparation of Fluorescently Labeled Nascent Transcripts. In vitro transcrip-
tion reactions were performed in two steps to allow the specific incorporation
of Cy3 at the 5'-end of the RNA sequence. Transcription reactions were per-
formed in the same transcription buffer described above. Transcription reac-
tions were initiated by adding 100 uM ApU-Cy3 dinucleotide and 25 pM ATP/
CTP/GTP nucleotides at 37°C for 10 min, thus yielding a fluorescent halted
complex. The sample was next passed through a G50 column to remove any
free nucleotides, and the transcription was resumed upon addition of all four
rNTPs at the indicated concentration and heparin (450 pg/mL) to prevent the
reinitiation of transcription. The resulted nascent transcript was hybridized to
the 5'-biotinylated CP (Anchor_Bio oligonucleotide) complementary to the 3'-
end capture sequence, allowing immobilization of the complex to the micro-
scope slide. The CP was mixed to a ratio of 10:1 with RNA transcript and added
for 5 min before flowing the whole complex to the microscope slide.

In the case of PEC transcription, the DNA templates contain a biotin at the
5'-end of the template DNA strand. Streptavidin was mixed to a ratio of 5:1
with the DNA template for 5 min prior to start the transcription reaction.

F~ (when present) was always added cotranscriptionally (except for the
posttranscriptional experiment in Fig. 2E) at a final concentration of 2.5 mM,
and the same concentration of ligand was added into the corresponding
buffer during subsequent dilutions.

NusA Expression and Purification. WT and single-cysteine NusA were expressed
from plasmids pNG5 and pKH3, respectively, in BLR (DE3) cells. The cells were
grown in Luria Bertani media supplemented with 50 pg/mL kanamycin,
induced with 1 mM isopropyl Beta-d-1-thiogalactopyranoside when optical
density at 600 nm reached ~0.7 and harvested 3 h postinduction. His-tagged
proteins were purified using nickel affinity chromatography as described pre-
viously (28). The fractions containing NusA protein were confirmed by SDS
polyacrylamide gel electrophoresis (PAGE) and dialyzed into low salt dialysis
buffer (20 mM Tris-HCl, pH 8.0, 200 mM NaCl, 0.5 mM Tris(2-carboxyethyl)-
phosphine hydrochloride [TCEP], 0.1 mM Na,EDTA) and subsequently purified
using ion-exchange chromatography (Mono Q) using an NaCl gradient from
0.2 M to 2 M. In the case of the single-cysteine mutant, the ion-exchange chro-
matography was performed after the labeling step (see NusA Labeling). After
purification, the protein was found to be purified to >95% homogeneity and
mixed in a 1:1 ratio with storage buffer (20 mM Tris-HCl, pH 8.0, 200 mM Nacl,
0.5 mM TCEP, 0.1 mM Na,EDTA, 50% glycerol) and flash frozen in liquid nitro-
gen for storage at —80°C.

NusA Labeling. NusA was labeled with Cy5-maleimide dye (PA25031, GE
Healthcare) using an 8:1 molar ratio of dye/protein in a total volume of 200 pL
(~20 uM protein) of labeling buffer (20 mM Tris-HCl, pH 8.0, 200 mM Nacl, 0.5
mM TCEP, 0.1 mM Na,EDTA). After ~4.5 h incubation at 4 °C, the reaction was
quenched upon addition of excess 2-mercaptoethanol. NusA-Cy5 and the free
dye were separated by ion-exchange chromatography. The labeling reaction
was loaded on a Mono Q column and washed with excess amount (over 20
column volume) of ion-exchange buffer (20 mM Tris-HCl, pH 8.0, 200 mM
Nacl, 0.5 mM TCEP, 0.1 mM Na,EDTA) to remove the free dye. Then, NusA-
Cy5 was eluted from the column using an NaCl gradient from 0.2 M to 2 M.
The fractions containing NusA protein were confirmed by SDS-PAGE, and the
purified labeled protein was mixed in 1:1 ratio with storage buffer (20 mM
Tris-HCl, pH 8.0, 200 mM Nacl, 0.5 mM TCEP, 0.1 mM Na,EDTA, 50% glycerol)
and flash frozen for storage at —80 °C. Labeling stoichiometry was determined
as ~0.6 for Cy5/NusA using the absorbance measurements at A,go and Agsp.
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Single-Molecule Experiments. All single-molecule fluorescence microscopy
experiments were performed using a prism-based TIRF microscope based on
an Olympus IX-71 frame equipped with a 60x water-immersion objective
(Olympus UPlanApo, 1.2 NA). All movies were collected at 100-ms time resolu-
tion using an intensified charge-coupled device camera (Hamamatsu
C13440-20CU scientific complementary metal-oxide semiconductor camera).
PEG-passivated quartz slides with a microfluidic channel containing inlet and
outlet ports for buffer exchange were assembled as described in previous
works (45, 77). For real-time transcription assay, the inlet consists of a cut pipet
tip acting as a reservoir, and the outlet is connected to a 3-mL syringe to pull
in the solution to the microscope slide. The surface of the microfluidic channel
was coated with streptavidin (0.2 mg/mL) for 10 to 15 min prior to flowing the
nascent transcripts hybridized to the CP or the halted complex for real-time
transcription. In the case of PEC analysis, the fluorescent PECs were directly
injected into the channel surface using the biotin-streptavidin roadblock for
immobilization.

For SiM-KARTS experiments, the nascent RNA transcripts were diluted in
SiM-KARTS buffer (80 mM Hepes-KOH, pH 7.5, 300 mM KCl, 5 mM MgCly).

For NusA colocalization assays and real-time transcription, the molecules
were diluted in imaging buffer (40 mM Tris-HCl, pH 8.0, 330 mM KCl, 5 mM
MgCl,, 0.1 mM EDTA, 0.1 mM dithiothreitol, 1 mg/mL bovine serum albumin).

NusA-Cy5 (2 nM) or the SiM-KARTS probe (12.5 nM) was injected into the
channel in the corresponding imaging buffer along with an enzymatic oxygen
scavenging system consisting of 44 mM glucose, 165 U/mL glucose oxidase
from Aspergillus niger, 2,170 U/mL catalase from Corynebacterium glutami-
cum, and 5 mM Trolox to extend the lifetime of the fluorophores and to pre-
vent photo-blinking of the dyes (10). For real-time transcription assays, the
oxygen scavenging system was injected prior to the addition of the transcrip-
tion mixture to stabilize the lifetime of the molecules at the beginning of the
recording. To perform in-slide transcription, heparin (450 pg/mL), rNTPs, and
NusA (2 nM for NusA-Cy5 or 100 nM for unlabeled NusA) were carefully
injected after ~10 s recording.

The raw movies were collected for 10 to 15 min with direct green (532 nm)
and red (638 nm) laser excitation.

Single-Molecule Data Analysis. Locations of molecules and fluorescence inten-
sity traces for each molecule were extracted from raw movie files using
custom-built MATLAB codes (MathWorks). Traces were manually selected in
MATLAB for further analysis using the following criteria: single-step photo-
bleaching of Cy3 and >2 spikes of Cy5 fluorescence of more than twofold the
background intensity. Traces showing binding events were idealized using a
two-state (bound and unbound) model using a segmental k-means algorithm
in QuB (78, 79). From the idealized traces, dwell times of NusA or the SiM-
KARTS probe in the bound (tpoung) and the unbound (tunbound) States were
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obtained. Cumulative of bound and unbound dwell time distributions were
plotted and fitted in OriginLab with single-exponential or double-exponential
functions to obtain the lifetimes in the bound and unbound states. The disso-
ciation rate constants (k.¢) were calculated as the inverse of the tpounds
whereas the binding rate constants (k,,) were calculated by dividing the
inverse of the Tynpound by the concentration of NusA-Cy5 or SiM-KARTS probe
used during the data collection. Statistical significance of differences in the
rate constants was determined using two-tailed Student’s test (t test). P values
< 0.1 were considered significant.

Determining the Transcription Rate. To assess the end of the transcription pro-
cess, each Cy3 trajectory was inspected manually to observe the PIFE signal. A
PIFE signature marking the end of transcription is defined as a sharp increase
in the fluorescence intensity. In most cases, the PIFE signal is followed shortly
after by a loss of Cy3 intensity, indicating either dissociation of the labeled
DNA from the EC or photobleaching of the Cy3 fluorescent dye. The transcrip-
tion time or the time interval between the rNTP injection and the observation
of the PIFE signature could be well fitted using a single Gaussian function in
OriginLab. Traces exhibiting multiple PIFE peaks were not analyzed because
these molecules likely represent more than one single EC or the presence of
two RNAPs on the same DNA template. The exact time point marking the end
of transcription was selected as the time frame when the higher Cy3 intensity
was detected (54). The transcription rate was calculated by dividing the length
of the transcribed RNA (72 nucleotides) by the transcription time.

For cotranscriptional NusA binding assays, traces were first filtered for a
PIFE signal, then molecules showing at least one NusA-Cy5 binding event
were collected for further kinetics analysis as described above.

Statistical Details. Statistical details of individual experiments such as number
of molecules analyzed and definition of error bars are indicated in the main
text, figures, and figure legends.

Data Availability. All study data are included in the article and/or S/ Appendix.
Study data have been deposited in the University of Michigan Deep Blue Data
repository (DOI: 10.7302/3356).
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