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The Shine-Dalgarno sequence of
riboswitch-regulated single mRNAs shows
ligand-dependent accessibility bursts

Arlie J. Rinaldi1'*'T, Paul E. Lund1'2'*, Mario R. Blanco"™ & Nils G. Walter!

In response to intracellular signals in Gram-negative bacteria, translational riboswitches—
commonly embedded in messenger RNAs (mRNAs)—regulate gene expression through
inhibition of translation initiation. It is generally thought that this regulation originates from
occlusion of the Shine-Dalgarno (SD) sequence upon ligand binding; however, little direct
evidence exists. Here we develop Single Molecule Kinetic Analysis of RNA Transient Structure
(SiM-KARTS) to investigate the ligand-dependent accessibility of the SD sequence of an
mMRNA hosting the 7-aminomethyl-7-deazaguanine (preQ;)-sensing riboswitch. Spike train
analysis reveals that individual mRNA molecules alternate between two conformational
states, distinguished by ‘bursts’ of probe binding associated with increased SD sequence
accessibility. Addition of preQ; decreases the lifetime of the SD's high-accessibility (bursting)
state and prolongs the time between bursts. In addition, ligand-jump experiments reveal
imperfect riboswitching of single mRNA molecules. Such complex ligand sensing by individual
mRNA molecules rationalizes the nuanced ligand response observed during bulk mRNA
translation.
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iboswitches are noncoding structural elements most

commonly embedded in the 5" untranslated region (UTR)

of bacterial messenger RNAs (mRNAs) that regulate the
expression of a downstream gene through the binding of an
intracellular signal'™. These signals include nucleobases®”,
amino acids®®, cofactors of metabolic enzymes!®!! and metal
ions!2~14, among others. Genetic regulation is achieved through a
multitude of mechanisms; however, the two most common
modes are transcriptional attenuation and inhibition of
translation initiation. In translational riboswitches, ligand
binding sequesters the Shine-Dalgarno (SD) sequence of the
mRNA through alternative base pairing, resulting in occlusion of
the ribosomal binding site needed for efficient initiation of
translation. In recent years, a plethora of biophysical techniques
has been employed to understand the genetic regulation
mechanism utilized by translational riboswitches!>~2!; however,
these techniques have rarely involved the entire mRNA and have
largely failed to provide direct mechanistic insight at a molecular
level into the coupling of ligand-induced conformational changes
with downstream regulatory effects.

The preQ, riboswitch from Thermoanaerobacter tengcongensis
(Tte) is a strikingly small translational riboswitch that responds to
the presence of the modified nucleobase preQ; (ref. 22). Crystal
structures!8, in combination with single-molecule fluorescence
resonance energy transfer (smFRET), NMR and computational
studies'®, have indicated that this riboswitch achieves genetic
regulation by the formation of a pseudoknot, in which the P2
helix containing the first two nucleotides of the SD sequence is
formed. In the absence of ligand, this helix is only transiently
closed!®, presumably revealing the SD sequence in its entirety as
part of the downstream expression platform to bind the anti-SD
sequence of the 16S ribosomal RNA (rRNA, Fig. 1a,b). These and
many similar studies?!>? have provided valuable insight into the
conformational sampling of the preQ; riboswitch as well as other
translational riboswitches as a function of ligand concentration.

They have left largely unresolved, however, the molecular
mechanism by which sequestration of just a small fraction of
the SD sequence brings about the proposed ON/OFF gene-
regulatory control of an entire mRNA through coupling between
the aptamer and expression platform.

We here develop a technique termed Single Molecule Kinetic
Analysis of RNA Transient Structure (SiM-KARTS), wherein a
short, fluorescently labelled nucleic acid probe, whose sequence is
complementary to a particular region of interest, is used to probe
changes in structure of a longer target RNA through repeated
binding and dissociation events. In the current implementation,
an RNA probe corresponding to the 3’ sequence of
T. tengcongensis (Tte) 16S rRNA (that is, an anti-SD probe)
binds to preQ; riboswitch-containing, surface-immobilized,
single Tte mRNA molecules, and thus directly reports on the
accessibility of the SD sequence. Our results reveal unexpected
complexities of ligand-induced riboswitching during translation
initiation and add a new dimension to an emerging model,
wherein stochastic single-molecule events contribute to fine-
tuned temporal gene expression fluctuations in bacteria. We
anticipate that SiM-KARTS will find broad application in probing
dynamic RNA structural elements at the single-molecule level.

Results

preQ; regulates translation of the Tte mRNA in vitro. The
expression platform of translational riboswitches contains the SD
sequence, a short (three to eight nucleotides, nt), purine-rich
sequence located ~5-9 nt upstream of the start codon of bac-
terial mRNAs?®. It hybridizes with the 3’ end of 16S rRNA
(Fig. 1b), and this interaction is important for canonical initiation
and proper start codon selection by the 30S ribosomal subunit?%.
To date, a majority of riboswitch studies have focused on the
properties of only the isolated aptamer domain®!. Studies
incorporating the full riboswitch including the downstream
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Figure 1| In vitro translation of Tte mRNA. (a) Structural map of the Tte preQ; translational riboswitch displayed with Leontis-Westhof notations®’. The
SD sequence (purple) partially overlaps the P2 stem nucleotides (green). Formation of the P2 stem interferes with proper base pairing between the anti-SD
sequence at the 3’ end of the 16S rRNA and the SD sequence of the Tte mRNA. (b) Schematic of Tte mRNA used for in vitro translation assays. The putative
mRNA transcript is bicistronic, containing the overlapping reading frames for TTE1564 and TTE1563. The preQ; riboswitch aptamer (light blue) overlaps
with a portion of the SD sequence (purple) of TTE1564. (¢) Example autoradiograph of in vitro translation products. Tte mRNA was translated using L-[3°S]-
Cys in the presence of the control mRNA encoding CAT at a 4:1 ratio of Tte:CAT mRNA. Molecular weight markers are indicated on the right (full-length gel
is shown in Supplementary Fig. 11). (d) Quantification of in vitro translation products as a function of preQ; concentration. The total protein produced from
the Tte mRNA (sum of TTE1564 and TTE1563 bands, grey bar) is reported relative to the intensity of the CAT product in the same lane, after normalizing for
the cysteine content of each protein (5, 1 and 1 for CAT, TTE1564 and TTE1563, respectively). The results represent the mean £ s.d. of three replicates
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expression platform have mostly involved reporter gene assays
replacing the mRNA’s native gene(s) with the exogenous reporter.
Here we instead opted to test the functional activity of the preQ,
riboswitch in the context of its native mRNA. In T. tengcongensis,
the riboswitch is located in the 5 UTR of a putative bicistronic
operon as the Tte mRNA encodes two genes (Fig. 1b). In vitro
translation using purified Escherichia coli translation factors and
ribosomes, which share the anti-SD sequence of T. tengcongensis
16S rRNA with the exception of an additional 3’ single-nucleotide
overhang (Supplementary Fig. 1a), produced the corresponding
two proteins, TTE_RS07450 and TTE_RS07445 (subsequently
referred to by their former locus tags TTE1564 and TTE1563,
respectively), as expected (Fig. 1c and Supplementary Fig. 1b,c).
We next performed competition experiments using a 4:1 molar
ratio of Tte to chloramphenicol acetyltransferase (CAT) control
mRNA, where the latter encodes CAT, does not contain the
preQ, riboswitch and thus is not expected to be modulated in its
translation by preQ; (Supplementary Fig. 2a). We observed an
mRNA-specific, ~40% decrease in translation of the two Tte
mRNA genes on addition of saturating concentrations (16 and
100 pM, see below) of preQ; (Fig. 1d; note that the quantification
accounts for the higher number of labelled cysteines in CAT, see
Methods). This result suggests that preQ; decreases the
translational efficiency of Tfe mRNA, and that the native
mRNA is thus responsive to ligand-induced structural changes.

SiM-KARTS detects changes in the structure of single mRNAs.
To observe changes in SD sequence accessibility as a function of
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ligand concentration, we developed SiM-KARTS (Fig. 2), utilizing
a short, fluorescently (Cy5) labelled RNA anti-SD probe with the
sequence of the 12 nt at the very 3’ end of T. tengcongensis 16S
rRNA (Fig. la and Supplementary Note 1). Target mRNA
molecules were hybridized with a high-melting-temperature
TYE563-labelled locked nucleic acid (TYE563-LNA) for
visualization, immobilized on a quartz slide at low density via a
biotinylated capture strand and imaged with single-molecule
sensitivity by total internal reflection fluorescence microscopy
(TIRFM, Fig. 2a,b). To simplify our analysis in the context of the
full-length mRNA, we chose the TYE563-LNA marker to also
block the distinct SD sequence and start codon of the TTE1563
open reading frame (ORF), preventing the anti-SD probe from
binding to the downstream TTE1563 SD (Fig. 2a and
Supplementary Fig. 3). TYE563 fluorescence could only be
observed once all three components (biotinylated capture strand,
Tte mRNA and TYE563-LNA) were assembled on the surface
(Fig. 2b and Supplementary Fig. 4), attesting to the high
specificity of the experiment.

Because the interaction between the Tte mRNA and the anti-
SD probe is limited to seven Watson-Crick base pairs and one
wobble (Fig. 1a), binding of the probe to a single mRNA molecule
under equilibrium conditions is reversible and transient (Fig. 2b).
In addition, since the experiment is performed using TIRFM,
only probe molecules transiently immobilized to the slide surface
via the mRNA target will be observed within the evanescent field
and co-localized with TYE563 in a diffraction-limited spot,
whereas probes diffusing freely in solution will instead contribute
to a modest background fluorescence. Repeated, transient
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Figure 2 | SiM-KARTS measurements of preQ;-dependent anti-SD-binding kinetics. (a) The Tte mRNA complex used in SiM-KARTS experiments.
Full-length Tte mRNA molecules are immobilized to the slide surface via a biotinylated-capture strand that is hybridized to the 5’ end of the mRNA. Features
of the riboswitch and associated reading frames are coloured as in Fig. 1a,b, respectively. A TYE563-LNA (with green star) is hybridized to the start of the
downstream open reading frame to occlude this second SD sequence and to locate mMRNAs on the slide surface. (b) Experimental prism-based TIRFM
set-up. The Tte mRNA complexes shown in a are immobilized to a slide surface that has been passivated with biotinylated BSA (omitted for clarity).
Repeated binding and dissociation of the anti-SD probe labelled with Cy5 (red sphere, red star) is monitored through co-localization of TYE563 and Cy5
fluorescence. (c) Representative anti-SD probe-binding fluorescence versus time trajectory and corresponding fluorescence intensity histogram for a single
Tte mRNA molecule in the absence of preQ;. Cy5 intensity from the anti-SD probe (magenta) and Hidden Markov idealization to a two-state model (HMM,
grey) are plotted as a function of time. The TYE563 fluorescence trace used to identify and localize the Tte mRNA has been omitted for clarity. (d) Anti-SD
(red) and control (black) probe binding and dissociation rate constants (ko left plot; ko, right plot) were determined from exponential fits of dwell times in
the unbound and bound states, respectively, as a function of preQ; concentration. Binding and dissociation rate constants for the control probe are
unaffected by preQ concentration. The corresponding Kj,, value from the saturation curve fit of the anti-SD probe binding is indicated. The results

represent the average  s.e.m. of at least three independent experiments.
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diffraction-limited co-localization of Cy5 and TYE563 fluores-
cence therefore unambiguously characterizes individual binding
events of the anti-SD probe to a single target mRNA molecule
(Fig. 2b). Since changes in the probe binding and dissociation
time constants can be sensitively monitored over an arbitrarily
long time window with high precision, these characteristic repeat
signals are expected to quantitatively report on the accessibility of
the SD sequence and thus secondary structure of individual
mRNA molecules.

Previous SAXS!®, smFRET and MD simulation data!® on the
Tte preQ; riboswitch aptamer have found that helix P2 of the
riboswitch pseudoknot is partially open in the absence of preQ,
leaving the SD sequence more exposed than it is in the presence
of ligand (Fig. 1a). To ask whether SiM-KARTS detects the
expected difference in accessibility of the SD sequence under
equilibrium conditions in the absence and presence of preQ,
Cyb5-labelled anti-SD probe was flowed on a slide with
immobilized and TYE563-LNA-bound Tte mRNA first in the
absence of ligand. Demonstrating the highly parallel nature of
SiM-KARTS, thousands of transient binding events were
observed in over 100 mRNA molecules per experiment. The
resulting Cy5 emission trajectories were fit using a two-state
Hidden Markov Model (HMM) to extract dwell times of the
probe in the bound and unbound states, Thounda and Tyunbound>
respectively (Fig. 2c). The use of HMMs allows us to objectively
identify binding events in single-molecule fluorescence time
trajectories that are inherently noisy because of the background of
excess free Cy5-labelled probe in solution. HMMs filter out this
noise and can detect binding events as short as a single camera
integration time. HMMs also offer an advantage over simple
signal thresholding or image spot finding algorithms because
HMMs inherently consider the kinetics of binding events that are
the key information sought from SiM-KARTS. Using HMM
analysis, we found that a lower-than-average signal-to-noise ratio
of some trajectories sometimes could lead to misidentification of
the molecule’s state (bound or unbound). To further improve the
HMM analysis, refitting was performed on select trajectories
where binding events were clearly missed (Methods). Although
this additional refitting improved the fits of a small number of
individual trajectories, the rate constants were only modestly
affected (Supplementary Fig. 5). This suggests that the analysis of
SiM-KARTS data is robust, provided sufficient numbers of
molecules are sampled (Supplementary Note 2). The resulting
cumulative Typound and Tynpound dwell time distributions were fit
with a single-exponential function to calculate the binding rate
constant k,, and a double-exponential function to extract a fast
and a slow dissociation rate constant kg, respectively, based on
an analysis of the residuals (Supplementary Fig. 6). In the absence
of ligand, the anti-SD probe binds with a bimolecular rate
constant k., of 2.4 £ 0.3 x 10°M ~1s ! and dissociates with two
unimolecular rate constants kog of 4.6+02s”! (relative
amplitude =76%) and 1.0+0.2s ! (relative amplitude = 24%;
Fig. 2d and Supplementary Table 1 and Supplementary Note 3).
As our further analysis will demonstrate, the apparent biphasic
nature of kg is simply the result of the shortcomings of a
phenomenological fit to a set of complex, kinetically broadly
distributed molecular behaviours.

Next, mRNA molecules were folded in the presence of varying
concentrations of preQ; and subjected to SiM-KARTS. The value
of ko, of the anti-SD probe decreased as the concentration of
preQ; increased, with a half-saturation point K;,, of ~60nM
preQ; (Fig. 2d). Such a decrease in the binding rate indicates an
occlusion of this target sequence in the presence of preQ;, as
expected. It is important to note that this K, is related to, but
not a direct measure of, li%and affinity, which is known to be in
the low nanomolar range 8 Instead, it reflects preQ;-induced

4

structural changes in the expression platform, in contrast to
previous studies performed on only the minimal aptamer'’.
Unexpectedly, increasing preQ; concentrations also resulted in a
decrease in both the fast and slow k. rate constants (Fig. 2d),
indicating that high preQ; concentrations stabilize the SD:anti-
SD interaction once formed. A plausible explanation for such an
effect is the potential for preQ; to stabilize co-axial stacking of the
anti-SD probe on a more fully formed P2 helix (Fig. 1a).

To test whether these changes are indeed due to conforma-
tional rearrangements near the SD sequence of the riboswitch, we
performed equilibrium SiM-KARTS using a Cy3-labelled block-
ing strand that anneals to a 35-nt region, effectively sequestering
the expression platform as well as the initial five nucleotides in
the TTE1564 ORF and disrupting the riboswitch aptamer domain
(Supplementary Fig. 7a and Supplementary Note 1). Performing
equilibrium SiM-KARTS experiments in the presence of this
blocking strand along with the TYE563-LNA strand results in a
situation where both SD sequences are occluded from anti-SD
probe binding. Accordingly, the probe dissociation constant,
Kgeffectives  for the mRNA at high ligand concentration is
significantly lower than that for mRNA in the absence of ligand
but annealed with the blocking strand (Supplementary Fig. 7e, red
bar versus red striped bar). This indicates that the affinity of the
anti-SD probe for the Tte mRNA is greatly reduced when the
expression platform of the riboswitch is blocked. In addition,
while the k,,, of the anti-SD probe in the presence of the blocking
strand (0.82 x 10°M ~ s~ 1, Supplementary Table 2) is compar-
able to that of the probe in the presence of high ligand
concentration (1.1 x 10°M ~1s~1, SupplementarY Table 1), the
values of k¢ differ substantially (8.3 versus 2.1 s~ *, respectively),
indicating that any spurious, nonspecific events are characterized
by significantly faster probe dissociation (Supplementary Fig. 8b).
This suggests that, while both conditions (blocking strand or high
ligand) induce a conformation in which the SD sequence is
(partially) blocked, the ligand induces a distinct kinetic profile.
Conservatively assuming that the entire bound dwell time
distribution for Tte mRNA annealed with the blocking strand
represents nonspecific probe-binding events, we can proportion-
ally subtract this background from the distribution in the
presence of high ligand to estimate that a majority (>60%) of
all binding events must be specific to the SD sequence under these
conditions (see Supplementary Note 1 and Supplementary
Fig. 8c). This unequivocally demonstrates that most binding
events we observe in our equilibrium SiM-KARTS experiments
are localized at the upstream SD sequence.

Finally, to further confirm the specificity of our assay, we
performed equilibrium SiM-KARTS experiments using a control
probe complementary to a region distal to the riboswitch and
within the open reading frame of the mRNA (Supplementary
Fig. 3 and Supplementary Note 4), whose structure and, thus,
accessibility to control probe binding should be unaffected by
preQ;. Indeed, the kinetics of the binding of this probe showed
little change in response to preQ; concentration (Fig. 2d),
indicating that the ligand-induced conformational changes are
localized to the SD region of the riboswitch.

Periods of high SD sequence accessibility occur in bursts.
Further inspection of individual probe-binding trajectories
revealed that single molecules interconvert between periods of
frequent probe-binding events and periods of more sporadic
events, which can be interpreted as periods of high and low SD
accessibility, respectively (Fig. 3a). Traditional analysis methods
of single molecules in aggregate failed to detect these changes. For
example, common scatter plots of the mean Typouna and Tunpound
dwell times for individual molecules®®=3° in the presence of
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Figure 3 | Detection of burst behaviour through spike train analysis. (a) Representative trajectories as in Fig. 2b for two single Tte mRNA molecules in
the absence of preQ;, annotated with bursts (green bars) and non-burst periods (red bars) detected through spike train analysis. (b) Cumulative histogram
displaying the distribution of ISIs during burst (green) and non-burst (red) periods in the absence of preQ;.

saturating ligand concentration revealed a shift towards longer
unbound times compared with the absence of ligand; however, all
molecules generally fit within a single broad distribution (Supple-
mentary Fig. 8a). This observation suggests that calculating
average rate constants for each mRNA molecule, while revealing
heterogeneity among a population of molecules?®~%, largely fails
to detect time evolution in the equilibrium behaviour of a single
molecule.

The probe-binding events detected via SiM-KARTS strongly
resemble neuronal spike trains, where neuronal firing is
monitored and detected as sharp, transient increases (or ‘spikes’)
in electrical activity in response to external stimuli. A common
feature of these spike trains is short intervals of high firing
activity, or ‘bursts’, separated by periods of relative inactivity
(non-bursts)>!. This type of analysis previouslgr has been used to
describe transcription time series in E. coli*>*°, leading us to ask
whether spike train analysis could detect and separate in an
unbiased manner the periods of high and low frequency of probe-
binding events observed within single molecules. To specifically
justify its use in the context of SiM-KARTS, we first calculated the
Fano factor*® of the number of spikes within a certain time
window (Supplementary Fig. 9). The Fano factor here is defined
as the variance of the number of spikes within a certain time
frame divided by the mean. For a random Poisson distribution,
that is, one that is completely independent of the time window,
the Fano factor is consistently equal to one (simulated data points
in Supplementary Fig. 9). Our SiM-KARTS data clearly deviate
from this expectation (Supplementary Fig. 9), rendering spike
train analysis an appropriate tool. Next, exploiting its
nonparametric approach we applied the Rank Surprise (RS)
method of burst detection, which has been utilized to detect
regions of high spike activity>! that, in our case, represent periods
of high SD accessibility. The RS method does not make any
assumptions about the distribution of spikes and is based solely
on the definition of bursts as representing many spikes in a
comparably short amount of time>!. Global burst analysis across
the various concentrations of ligand tested found that individual
molecules displayed detectable bursts of anti-SD probe binding,
which were separated by non-bursting periods characterized by
areas of low average binding activity (Fig. 3a). When the duration
of interspike intervals (ISIs), equivalent to T,npoung dwell times, in
the bursting and non-bursting periods were plotted, two distinct,
previously hidden intramolecular behaviours became evident
(Fig. 3b). We found that single molecules typically interconvert
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between periods of bursting and non-bursting behaviour, rather
than segregating into separate subpopulations of highly and
poorly accessible molecules, with bursts of high SD accessibility
identified even at saturating ligand concentrations (Fig. 4a). This
finding suggests that Tte mRNA switches between (at least) two
distinct conformational states: a bursting state with overall high
SD accessibility and frequent binding events of the anti-SD probe
(that is, shorter ISIs) and a non-bursting state characterized by
low SD accessibility where the SD sequence is more sequestered
away from the probe (longer ISIs). The latter non-bursting state is
adopted even in the absence of ligand (Fig. 4a), in accord with
previous studies indicating that the P2 helix, which partiall

sequesters the SD sequence, can form without ligand present!®1°,

preQ; decreases the number of bursts and the burst duration.
Visual inspection of the trajectories at high ligand concentration
suggested that the bursting state is shorter lived, and non-burst-
ing periods longer lived, compared with low ligand concentration
conditions (Fig. 4a). In global spike train analysis, this observa-
tion is reflected in an increasing bias towards non-burst-asso-
ciated ISIs with increasing preQ; concentration (Fig. 4b and
Supplementary Table 1). Furthermore, the cumulative burst
duration distribution shifts towards shorter values (Fig. 4c),
indicating that the conformation in which the SD sequence is
more accessible becomes shorter-lived and destabilized by ligand.
However, the duration of ISIs, and thus the binding rate constant
kon, within bursting states is largely unaffected by ligand, indi-
cating that the bursting state conformation is similar in the
absence and presence of ligand, just that its lifetime is shorter
(Supplementary Fig. 10 and Supplementary Table 1). Overall, our
results suggest that the Tte mRNA with embedded preQ; ribos-
witch transitions between two distinguishable equilibrium con-
formational states: a bursting state conformation with an exposed
SD sequence that is available for frequent binding of the anti-SD
sequence and a non-bursting conformation with a less accessible
SD sequence. Both of these states coexist and interconvert in both
the presence and absence of ligand. As more ligand is added,
transitions to the bursting state become less frequent and shorter
lived, yet remain a persistent feature of the mRNA-embedded
riboswitch.

mRNA only partly adapts to changes in preQ,; concentration.
To assess the response of individual mRNAs and their SD
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accessibility to changing (nonequilibrium) ligand concentrations,
as may occur in the bacterial cell, we devised a ligand-jump
experiment that allowed us to apply SiM-KARTS to molecules
tracked throughout a transition from no ligand, to saturating
ligand and back to no ligand (Minus, Plus, Minus’ segments,
respectively) in a set of contiguous fluorescence-time trajectories
(Fig. 5a). We then applied global spike train analysis to all
molecules we were able to track through this nonequilibrium
ligand-jump experiment. To further characterize the evolution of
the SD accessibility through the changes in ligand concentration,
each of the three segments for a given molecule was ranked by
time spent in the bursting state. An individual molecule’s Minus,
Plus or Minus’ segment with the highest density of bursts was
ranked as High (H), the next highest as Mid (M) and the lowest
as Low (L). We then quantified the overall distribution of burst
ranks in the three different segments (Fig. 5b). For the majority of
molecules, the highest burst density occurred in the first segment
where ligand is absent (Minus), as expected. By contrast, the
saturating ligand segment (Plus) exhibited mostly Low- and Mid-
burst density rankings, again as expected. Finally, the Minus'
segment, where the ligand-containing buffer had been extensively
washed out, exhibited a fairly equal distribution of ranks. These
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the presence of 16 uM preQ; (Plus) and again in the absence of preQ,
(Minus’). Each axis break represents a 50-s dark period between segments
during which buffer was exchanged. (b) Distribution of burst density
rankings for each segment of an individual molecule's trajectory, for

all molecules in the ligand-jump SiM-KARTS experiment (N=97).

(c) Rastergram displaying the bursting behaviour of the Tte mRNA
molecules in b. Bursts are displayed as black bars. Individual probe-binding
events (spikes) are omitted for clarity.

measures indicate that, as an ensemble, single mRNA molecules
respond to ligand concentration with the expected modulation in
SD accessibility. We further plotted the bursting behaviour of
each of 97 molecules as a rastergram and organized them into six
groups according to their per-segment burst density ranks
(Fig. 5¢), several of which were of particular interest. This com-
parison showed that ~24% of all molecules responded to the
addition and removal of ligand with reduction and recovery of
bursting behaviour (H-L-M in the Minus, Plus, Minus’ sequence;
molecules 75-97 in Fig. 5¢ and upper trace Fig. 5a), respectively,
as expected. However, ~30% of molecules seemed to not revert
to greater burst density on the timescale of the experiment after
the ligand was washed out (H-M-L, molecules 46-74 in Fig. 5c).
This population of mRNAs reacts to initial ligand binding by SD
sequence occlusion, but appears to remain in a ligand-bound
conformation even after the preQ;-containing buffer is removed,
consistent with the known slow rate of preQ; dissociation 18
Interestingly, we also observed that ~16% of molecules dlsplayed
the opposite behaviour, that is, displayed their highest bursting
density in the Minus' segment (L-M-H, molecules 1-16 in
Fig. 5b, lower trace in Fig. 5a), after the introduction and removal
of ligand. This behaviour suggests that in some cases the ligand
may help promote refolding of an mRNA in which the SD
sequence was occluded before the addition of ligand.
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Discussion

It is generally thought that translational riboswitches achieve
gene regulation through a ligand-mediated conformational
change in the aptamer domain that is then transduced
into the downstream expression platform to actuate an ON/
OFF switch in gene expression'™. However, the molecular
underpinnings of this transduction, especially in the context of
the native gene, are still poorly studied and understood. Here we
present SiM-KARTS as a cost-effective and relatively non-
invasive alternative technique to FRET that sensitively probes
site-specific changes in secondary structure of arbitrarily large or
complex single RNA molecules in real-time and without the need
for covalently modifying the targeted RNA, which can be an
inefficient and expensive undertaking. Utilizing an anti-SD probe
mimicking the 3’ end of the corresponding 16S rRNA, we used
SiM-KARTS to quantify the accessibility of the SD sequence in
the expression platform of an mRNA hosting a small preQ,
riboswitch over a significantly longer time window than a similar
FRET experiment, since SiM-KARTS is inherently not limited by
photobleaching. The resulting extended observation of single
molecules is critical for long RNAs that demonstrate relatively
slow changes in structure, such as the accessibility changes in the
SD sequence of the mRNA studied here. As expected, we detected
a decrease in SD accessibility on addition of preQ; as a marked
decrease in the binding rate constant k,, of the probe. Less
expectedly, however, probe-binding events to a single mRNA
(spikes) typically occurred in bursts. Consequently, spike train
analysis of these bursts provided evidence for two conformational
states repeatedly interconverting within single molecules that are
characterized by periods of high and low SD accessibility.
Unexpectedly, these two states were observed not only in the
absence of preQ;, but also at saturating ligand concentration,
indicating that the riboswitch continues to occasionally sample a
conformation with high SD accessibility. Finally, nonequilibrium
ligand-jump experiments indicated that single mRNA molecules
only imperfectly switch between high and low SD accessibility.
These findings rationalize the significant, but relatively modest
impact of saturating preQ; concentrations on the in vitro
translation output of the mRNA and lead us to propose the
model for stochastic riboswitch-controlled gene expression
depicted in Fig. 6.

Notably, previous smFRET studies of the isolated Tte
riboswitch also found two conformations populated from zero
to saturating ligand concentration, identified as pre-folded and
folded, that both respond to (that is, ‘sense’) ligand19. It is
tempting to speculate that these two local conformations of the
aptamer give rise to the two mRNA conformations that
differentially bind the anti-SD during SiM-KARTS; the pre-
folded state appears to have an only partially formed P2 helix"®
that is expected to bind the probe more readily (resulting in a
burst of spikes), whereas the folded state features a fully formed
P2 (ref. 19) that disfavours probe binding and thus leads to only
sparse spikes (non-bursts, Fig. 6). Consistent with the relatively
modest binding free energy of —11kcalmol ~! available from
this small-molecule ligand™”, the mode of action of preQ; then is
to subtly remodel the aptamer and only modestly reduce the
hosting mRNA'’s translation-initiation frequency, consistent with
the observed reduction of in vitro translation product by ~40%.
This seemingly moderate (approximately twofold) change in vitro
that can be directly attributed to the ligand suggests that
regulation by preQ; is more nuanced than previously
appreciated and that it may be potentiated by other forces at
work in the cell, including: co-transcriptional folding of the
mRNA from 5 to 3’ ends>>*°, competition between ribosome-
catalysed translation and RNase-mediated mRNA decay®”>38
(leading to a shorter lifetime of a sparsely translated mRNA,
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Figure 6 | A stochastic burst model for preQ;-dependent expression of
the Tte mRNA. In the absence of ligand (top), a transcription event

(grey arrow) gives rise to an individual riboswitch-containing mRNA
molecule that persists in the cell until it is degraded (light red arrow). During
its lifetime, the mRNA transitions between burst (green bar segments) and
non-burst (red bar segments) conformational states during which its SD
sequence (purple nucleotides) is highly accessible and largely occluded,
respectively. As reflected by increased anti-SD probe binding during SiM-
KARTS, there are more potential opportunities for translation initiation events
(blue arrows) in the burst state, leading to bursts of protein biosynthesis,
than in the non-burst state. In the presence of the ligand (bottom), preQ,
favours formation of the full P2 stem (green nucleotides) and occlusion

of the SD sequence, resulting in shorter excursions to the burst state and,
consequently, fewer opportunities for translation initiation. This may be
accentuated by a decrease in the mRNA's lifetime (depicted as overall
shorter burst/non-burst bars) resulting from its scarce occupancy with
actively translating ribosomes, leading to significant downregulation of
protein expression. Colouring of the riboswitch cartoon is as in Figs 1a and 2a.

Fig. 6) and repeated unfolding of the RNA resulting from close
spacing between the transcription complex and the leading and
sequentially loaded ribosomes™.

The spike trains detected by SiM-KARTS resemble the
transcriptional burstin% that has been suggested as an underlying
cause of genetic ‘noise’*>4%4!, This generally stochastic nature of
biological systems results in cell-to-cell variability and has been
shown to be beneficial to organisms, particularly during times of
environmental stress*?~44, Each time a single mRNA molecule is
transcribed it gives rise to a few to tens of protein molecules>.
We here show that translational bursting of an mRNA, which
can be modulated by ligand binding to an embedded
riboswitch, appears to add another layer of stochasticity to the
gene expression cascade (Fig. 6). We anticipate that such
translational bursting will turn out to be a widespread
phenomenon among mRNAs that generally present structurally
dynamic ribosome substrates whose SD region is known to
significantly influence translation efficiency®’, and that our
SiM-KARTS approach can detect changes in the secondary
structure not just of single riboswitch-hosting mRNA molecules
but of virtually any RNA under a wide range of conditions,
poising it to find broad application.
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Methods

Ligand and oligonucleotides. The preQ; ligand used in this study was generously
provided by George Garcia; preQ, was synthesized following established methods*®
and additionally purified using reverse-phase HPLC as described?’. DNA and LNA
oligonucleotides were purchased from Integrated DNA Technologies Inc. (IDT)
and Exiqon, respectively. Fluorophore-labelled DNA and LNA oligonucleotides
were HPLC-purified by the respective manufacturer. The control and anti-SD
probe RNAs were purchased from IDT with a 5 aminohexyl-linker modification
and labelled with Cy5-NHS ester (GE Healthcare) exactly as described!®. The
sequences of all oligonucleotides and cloning primers used in this study are listed in
Supplementary Note 4.

RNA preparation. Reference genomic sequences for T. tengcongensis were
downloaded from the National Center for Biotechnology Information
(NC_003869.1, http://www.ncbi.nlm.nih.gov). The complete mRNA transcript,
including the TTE_RS07450 and TTE_RS07445 (TTE1564 and TTE1563, respec-
tively) ORFs, and its 3 UTR as predicted from the FindTerm algorithm (Soft-
Berry), was amplified using PCR from T. tengcongensis genomic DNA, which was
purchased from the NITE Biological Resource Center. The amplified region was
cloned into the pUC19 plasmid between the BamHI and HindlIII sites with an
engineered upstream T7 promoter. For use as a control for in vitro translation
assays, an Fspl site was introduced through site-directed mutagenesis*® into the
control vector provided with the ActivePro In Vitro Translation Kit (Ambion)
containing the CAT gene under the control of a T7 promoter (pAMB CAT). All of
the plasmids used in this study are available through Addgene (www.addgene.org).

mRNA was produced by in vitro transcription. The Tte pUC19 plasmid was
linearized with HindIII (AflII or Xbal for in vitro translation assays; New England
Biolabs) for run-off transcription. Similarly, the pAMB CAT plasmid was
linearized with FspI (New England Biolabs). Transcription reactions were
performed in the presence of 120 mM HEPES-KOH (pH 7.5 at 25 °C), 25 mM
MgCl,, 2 mM spermidine, 40 mM dithiothreitol (DTT), 30 mM NTPs, 0.01% (w/v)
Triton X-100, 200 nM linearized plasmid, 0.01 U pl~! pyrophosphatase and
0.07mgml ~! T7 RNA polymerase in a total volume of 1 ml. Transcription
reactions were incubated at 37 °C for 4h. Enzyme was removed using phenol/
chloroform extraction, and the resulting solution was spun in an Amicon 100
MWCO spin column to reduce the volume to ~ 100 pl. mRNA was purified by
denaturing, 7 M urea, PAGE, detected using brief 254-nm ultraviolet radiation and
gel-eluted overnight. mRNAs were ethanol-precipitated and resuspended in TE
buffer at pH 7.0. The sequences of the Tte mRNAs used in this study are listed in
Supplementary Note 4.

Equilibrium SiM-KARTS. An RNA mix containing 2 nM each of Tte mRNA,
TYE563-LNA, biotin capture strand and Cy3-blocking strand (when present, see
Supplementary Fig. 7 and Supplementary Note 1) were heat-annealed at 70 °C for
2 min in the presence of SiM-KARTS buffer containing 50 mM Tris-HCI (pH 7.5 at
25°C), 0.6 M NaCl and 20 mM MgCl,, and were allowed to cool to room tem-
perature over 20 min in the presence or absence of preQ;. Next, the RNA mix was
diluted to 40 pM in the same buffer in the presence or absence of preQ;, with an
additional 12.5-fold excess of TYE563-LNA, biotin-capture strand and Cy3-
blocking strand (when present) to ensure that the complex would stay intact during
dilution. All sequences of mRNA, capture strand, TYE563-LNA, Cy3-blocking
strand and Cy5 anti-SD probe can be found in Supplementary Note 4. The diluted
complex was chilled on ice. The chilled solution was flowed over an assembled
microfluidic channel on a quartz slide coated with biotinylated BSA and strepta-
vidin, as previously described*>*°. The chilled, 40 pM RNA complex solution
(100 puL) was flowed over the slide and allowed to equilibrate for 5 min. Excess
RNA was washed off the slide with SiM-KARTS buffer with or without preQ;. An
oxygen-scavenging system consisting of 5mM protocatechuic acid and 50 nM
protocatechuate-3,4-dioxygenase with or without preQ;, to slow photobleaching,
and 2mM Trolox, to reduce photoblinking®!, as well as 50 nM Cy5 probe was
flowed over the slide and allowed to equilibrate for 5min. Both Cy5 and TYE563
dyes were directly and simultaneously excited using 638 nm red and 532 nm green
diode lasers, respectively. Emission from both fluorophores was simultaneously
recorded using an intensified charge-coupled device camera (I-Pentamax,
Princeton Instruments) at 100-ms time resolution using the Micro-Manager
software (https://www.micro-manager.org/). Fluorescence time traces were
extracted from the raw movie files using IDL (Research Systems) and analysed
using Matlab (The MathWorks, Inc.) scripts. Genuine traces exhibiting binding
were manually selected using the following criteria: a single photobleaching step of
the TYE563 signal to localize the mRNA molecule on the slide surface, TYE563
fluorescence intensity of >200 intensity units and at least two Cy5 co-localization
signals per trajectory corresponding to anti-SD-binding events with a signal to
noise ratio of at least 3:1. Suitable traces were compiled. Hidden Markov Modeling
analysis was performed on the Cy5 intensity using the segmental k-means
algorithm in the QuB software suite>?. A two-state model was used with an
unbound and bound state to idealize the data (for an additional discussion of the
idealization procedure, see Supplementary Note 2). Transition density plots were
constructed to extract the dwell times in the bound and unbound states, as
described™. The normalized cumulative distributions of bound dwell times were fit
with a double-exponential, and unbound dwell times were fit with a single-
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exponential association function (see text) in OriginLab 8.5 from which on- and
off-rates were calculated. Rate constants for the anti-SD probe as a function of
preQ; concentration were fit with a dose-response curve for an inhibitor with a
standard Hill slope of — 1. Linear regression of the data for the control probe in
OriginLab showed the slope to not be significantly different from zero; these data
were thus fit with regression lines of zero slope.

Ligand-jump SiM-KARTS. Fluorescently (TYE563) labelled preQ, riboswitches
were immobilized as detailed above and first imaged in SiM-KARTS buffer without
ligand. Initial co-localization of the TYE563 and Cy5 signals provided for unam-
biguous determination of the relative locations of single-mRNA molecules on the
slide, even after TYE563 photobleaching. In some cases, the TYE563 signal per-
sisted throughout both dark periods, further confirming that the same molecule
was tracked throughout the duration of the experiment. Binding of anti-SD-
labelled probes (Cy5) at these locations was continuously monitored to determine
the accessibility of the SD sequence. SD accessibility was monitored for 150, and
then a new solution of anti-SD probe in SiM-KARTS buffer was introduced in
conjunction with preQ, at saturating concentration (16 uM). The process was
repeated but with a final SIM-KARTS buffer solution without ligand. Because the
fluorescence measured is of the anti-SD probe, which is in great excess and only
excited briefly while near the surface because of the TIRFM illumination condi-
tions, we can observe binding events to the same mRNA molecule throughout the
change in ligand concentrations with limited risk of photobleaching the rapidly
dissociating anti-SD probe molecules.

Ribosome preparation. Salt-washed ribosomes and separated ribosomal subunits
were prepared using a previously described protocol with several modifications>*.
Briefly, E. coli MRE600 was grown in Luria-Bertani (LB) medium at 37 °C to an
ODggo of 0.6-0.8, cooled at 4 °C for 45 min and then pelleted. All subsequent steps
were performed on ice or at 4 °C. The cell pellet was resuspended in buffer A
(20 mM Tris-HCI (pH 7.05 at 25 °C), 100 mM NH,Cl, 10 mM MgCl,, 0.5 mM
EDTA and 6 mM B-mercaptoethanol), and the cells were lysed in a single pass
using a M-110L Microfluidizer processor (Microfluidics). The lysate was cleared by
centrifugation at 30,000g, and the clarified lysate was pelleted over a 35-ml sucrose
cushion (1.1 M sucrose, 20 mM Tris-HCI (pH 7.05 at 25 °C), 500 mM NH,CI,

10 mM MgCl, and 0.5mM EDTA) in a Beckman Ti-45 rotor for at least 16 h at
32,000 r.p.m. The pellet was washed with 1 ml of buffer B (20 mM Tris-HCI (pH
7.05 at 25 °C), 500 mM NH,CI, 10 mM MgCl, and 0.5 mM EDTA), resuspended in
10 ml of buffer B by gentle stirring and brought to a final volume of 35 ml in buffer
B. This material was then pelleted again over a 35-ml sucrose cushion. The
resulting pellet was washed with 1 ml of storage buffer (50 mM Tris-HCI (pH 7.5 at
25°C), 70mM NH,CI, 30 mM KCl, 7mM MgCl, and 6 mM B-mercaptoethanol),
resuspended in 2.5ml storage buffer by gentle stirring and the dialysed against
three changes of buffer C (50 mM Tris-HCl (pH 7.05 at 25°C), 150 mM NH,CI,
1mM MgCl, and 6 mM B-mercaptoethanol) to dissociate the subunits. A portion
of the dialysed sample was adjusted to a final Mg?* concentration of 7mM, flash-
frozen with liquid nitrogen in aliquots (salt-washed ribosomes) and stored at
—80°C. For the remaining dialysed sample, ~100 A,4, units of material was
loaded on each of six 10-40% sucrose gradients in buffer C and separated by zonal
centrifugation in a Beckman SW-28 Ti rotor for 18 h at 20,000 r.p.m. Gradient
fractions containing 30S or 50S ribosomal subunit peaks were pooled separately
and pelleted in a Beckman Ti-70 rotor for 12h at 61,500 r.p.m. Pelleted subunits
were resuspended in storage buffer and flash-frozen with liquid nitrogen in aliquots
(separated subunits) and stored at — 80 °C.

In vitro translation assays. Salt-washed ribosomes and separated subunits were
found to perform similarly (Supplementary Fig. 12), and therefore salt-washed
ribosomes were used for all in vitro translation assays unless otherwise noted. In
vitro transcribed mRNAs were translated using the PURExpress A Ribosome Kit
(New England Biolabs). For each reaction, 3 pil of a 4-uM mRNA solution (4 pM
CAT, 4uM Tte mRNA or a mixture of 0.8 uM CAT and 3.2 uM Tte mRNA) was
re-folded in the presence of 0, 16 or 100 pM preQ; by heating to 70 °C for 2 min,
followed by slow cooling to room temperature for 20 min, and then placed on ice.
The remaining components required for translation were master-mixed and ali-
quoted to each reaction (1.5-9 uCi L-[3SS]—Cysteine, 4 pul PURExpress Solution A,
1.2 pl Factor Mix and 6 pmol salt-washed ribosomes or separated 30S and 50S
subunits), along with additional preQ; required to maintain a final concentration
of 0, 16 and 100 uM preQ, in the final reaction volume of 12 pl. Reactions were
incubated at 37 °C for 2 h, frozen on dry ice and stored at — 20 °C. The following
day, reactions were thawed at room temperature and 2 ul of 1 M KOH was added
to quench the reaction and cleave any remaining peptide from their tRNA. Protein
products were precipitated by adding 5 volumes of cold acetone and pelleted by
centrifugation at 14,000g for 10 min. Pellets were resuspended in 20 pl of 1
loading buffer (45 mM Tris-HCI (pH 8.45 at 25°C), 10% (v/v) glycerol, 50 mM
DTT, 1% (w/v) SDS and 0.01% (w/v) bromophenol blue) and heated at 37 °C for
45 min. Protein products were resolved on 16% Tris-tricine SDS-PAGE gels*
electrophoresed at 150 V for 2.5h. Gels were then fixed for 45 min in 5% (v/v)
glycerol, 40% (v/v) methanol and 10% (v/v) acetic acid and dried on a 3-mm
Whatman paper using a Bio-Rad Model 583 Gel Dryer. Dried gels were imaged
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using a storage phosphorscreen and Typhoon 9410 Variable Mode Imager

(GE Healthcare Life Sciences). Gel images were quantified using ImageQuant v5.2
(Molecular Dynamics). Unless otherwise noted, after background correction the
intensities for CAT, TTE1564 and TTE1563 bands were divided by their respective
number of cysteine residues (5, 1 and 1, respectively). For each lane, the intensities
for TTE1564 and TTE1563 bands were summed and then divided by the intensity
of the respective CAT band. Values at each preQ, concentration were graphed in
Prism (GraphPad Software) and an unpaired, two-tailed ¢-test was used to assess
statistical significance.

Burst analysis. Burst analysis was carried out using the RS method described by
Gourévitch and co-workers>!. We utilized a modified Matlab implementation of
the RS method based on the Matlab script provided in the supplement to
Gourévitch et al.3! In the standard implementation, each molecule’s ISIs are ranked
independently. In our implementation, termed global burst analysis, we have
extended this so that each ISI detected in all our experimental conditions is ranked
simultaneously; therefore, a burst is defined as a global property of the molecules
and is not biased by the number of binding events of an individual molecule.
Briefly, ISIs were determined by calculating the time in between individual binding
events for each molecule. ISIs for all molecules were collected and used as an input
for global burst analysis, using the RS method to demarcate the start and end
points of bursts, that is, the first and last binding events, respectively, in a
sequential series of binding events occurring in quick succession (‘burst’). Each
start and end point was then reassigned to the corresponding molecule, preserving
the single-molecule burst profile. Global burst analysis was carried out separately
for equilibrium and ligand-jump data sets. The RS algorithm developed by
Gourévitch et al.3! requires two parameters, the maximal ISI between spikes to be
considered part of a burst and a RS cutoff (alpha). These were set to 40s and 3,
respectively. Although the maximal ISI in a burst was set to 40, the distribution
of ISIs we obtained after analysis is much lower than this, suggesting that we
have provided enough flexibility in the algorithm to find the true distribution

of ISIs in burst.

For the ligand-jump SiM-KARTS experiments, we further characterized the
time evolution of SD accessibility throughout changes in ligand concentration by
examining changes in the burst density for each molecule. We ranked the three
segments (Minus, Plus, Minus') for each molecule in the ligand-jump SiM-KARTS
experiment by their burst density. For a given molecule, the segment with the
highest density of bursts was ranked as High (H), the next highest as Mid (M) and
lowest as Low (L). We then quantified the overall distribution of burst density
rankings for the three segments. We plotted each individual molecule’s burst
behaviour as a rastergram and organized them such that their per-segment ranks
were the same within a group. MATLAB scripts for global burst analysis are
provided as part of the Supplementary Information.

Fano factor calculations. Matlab scripts were written to calculate and simulate the
Fano factor from our experimental data and from a simulated Poisson distribution,
respectively. The Fano factor is defined as the variance in spike counts divided by
the mean spike count for a given time interval, T. For every molecule analysed in a
particular condition, a time interval of length T was randomly selected from the
molecule’s fluorescence time trace. The Fano factor was calculated for T equal to 5,
10, 20 and 40s. Each time window T was sampled 100 times with a different
random seed for each molecule to generate an average Fano factor. The average
Fano factor and the s.d. for each time window are presented in Supplementary
Fig. 9. For the simulations, the Matlab Poisson random number generator was
utilized to generate spike counts with an average firing rate equal to the average ISI
in the burst from our experimental data and equal number of samplings. 95%
Confidence intervals were calculated in Matlab utilizing the function:

bounds = gaminv([.025,.975],(n — 1)/2,2/(n — 1)), where n = sample size34,

Measurement of the anti-SD probe diffusion coefficient. Fluorescence corre-
lation spectroscopy was used to determine the diffusion coefficient of the Cy5 anti-
SD probe. Glass coverslips were passivated before use as follows: a coverslip was
pre-wet with 50 ul of T50 buffer (Tris-HCI (pH 8.0 at 22 °C), 50 mM NaCl), dried
with a gentle stream of air and then incubated with 1.0 mgml~! of biotinylated
BSA for 10 min. The biotinylated BSA solution was then removed, the coverslip
was washed once with 50 pl T50 buffer, dried and then incubated with 0.2 mgml ~ !
of streptavidin for 5 min. The streptavidin solution was then removed, and the
coverslip was finally washed twice with SiM-KARTS buffer. The anti-SD probe was
diluted to 2.5 nM in SiM-KARTS buffer, a small aliquot was placed on the washed
and dried coverslip and measurements were performed at room temperature on an
Olympus IX81 inverted microscope with an ISS ALBA 5 confocal system
(Champaign, IL). Ten replicate traces of 30s each were acquired and sampled at
50 kHz. The data from each replicate were averaged and fit in PyCorrFit v0.9.1
(http://pycorrfit.craban.de/) with a correlation function equation (1) for three-
dimensional free diffusion with a Gaussian laser excitation profile (elliptical),
including a triplet component, where # is the effective number of particles in the
confocal volume, 74 is the characteristic residence time in the confocal volume, SP
is the structural parameter, T is the fraction of particles in the non-fluorescent

triple state and 7y, is the characteristic residence time in the triplet state®.

1 1 1 Te(iﬁ)
G(r) = (—) < ) 1+ (1)
n 1+ I;xf \/1+ ﬂ’;ﬁ 1-T

The average correlation curve is shown in Supplementary Fig. 14. A diffusion
coefficient, Dprobe Was calculated from the fit of the average according to the
relationship:

2
"o
4D, probe

)

Tdiff =

where wj is the dimension of the Gaussian detection volume transversal to the
optical axis. The uncertainty for the diffusion coefficient was estimated by re-fitting
7 randomly selected subsets of the data, where each subset contained 4 of the 10
replicates, and taking the s.d.

References

1. Breaker, R. R. Prospects for riboswitch discovery and analysis. Mol. Cell 43,
867-879 (2011).

2. Mandal, M. & Breaker, R. R. Gene regulation by riboswitches. Nat. Rev. Mol.
Cell Biol. 5, 451-463 (2004).

3. Nudler, E. & Mironov, A. S. The riboswitch control of bacterial metabolism.
Trends Biochem. Sci. 29, 11-17 (2004).

4. Winkler, W. C. & Breaker, R. R. Regulation of bacterial gene expression by
riboswitches. Annu. Rev. Microbiol. 59, 487-517 (2005).

5. Winkler, W. C,, Nahvi, A., Roth, A., Collins, J. A. & Breaker, R. R. Control
of gene expression by a natural metabolite-responsive ribozyme. Nature 428,
281-286 (2004).

6. Batey, R. T, Gilbert, S. D. & Montange, R. K. Structure of a natural guanine-
responsive riboswitch complexed with the metabolite hypoxanthine. Nature
432, 411-415 (2004).

7. Mandal, M. & Breaker, R. R. Adenine riboswitches and gene activation by
disruption of a transcription terminator. Nat. Struct. Mol. Biol. 11, 29-35
(2004).

8. Blount, K. F., Wang, J. X,, Lim, J,, Sudarsan, N. & Breaker, R. R. Antibacterial
lysine analogs that target lysine riboswitches. Nat. Chem. Biol. 3, 44-49 (2007).

9. Mandal, M. et al. A glycine-dependent riboswitch that uses cooperative binding
to control gene expression. Science 306, 275-279 (2004).

. Barrick, J. E. & Breaker, R. R. The distributions, mechanisms, and structures of
metabolite-binding riboswitches. Genome Biol. 8, R239 (2007).

. Sudarsan, N. et al. Tandem riboswitch architectures exhibit complex gene
control functions. Science 314, 300-304 (2006).

12. Dann, 3rd C. E. et al. Structure and mechanism of a metal-sensing regulatory

RNA. Cell 130, 878-892 (2007).

13. Regulski, E. E. et al. A widespread riboswitch candidate that controls bacterial
genes involved in molybdenum cofactor and tungsten cofactor metabolism.
Mol. Microbiol. 68, 918-932 (2008).

14. Shi, Y., Zhao, G. & Kong, W. Genetic analysis of riboswitch-mediated
transcriptional regulation responding to Mn?* in Salmonella. J. Biol. Chem.
289, 11353-11366 (2014).

15. Anthony, P. C,, Perez, C. F., Garcia-Garcia, C. & Block, S. M. Folding energy
landscape of the thiamine pyrophosphate riboswitch aptamer. Proc. Natl Acad.
Sci. USA 109, 1485-1489 (2012).

16. Haller, A., Altman, R. B, Souliere, M. F., Blanchard, S. C. & Micura, R. Folding
and ligand recognition of the TPP riboswitch aptamer at single-molecule
resolution. Proc. Natl Acad. Sci. USA 110, 4188-4193 (2013).

17. Haller, A., Rieder, U., Aigner, M., Blanchard, S. C. & Micura, R.
Conformational capture of the SAM-II riboswitch. Nat. Chem. Biol. 7, 393-400
(2011).

18. Jenkins, J. L., Krucinska, J., McCarty, R. M., Bandarian, V. & Wedekind, J. E.
Comparison of a preQ, riboswitch aptamer in metabolite-bound and free states
with implications for gene regulation. J. Biol. Chem. 286, 24626-24637 (2011).

19. Suddala, K. C. et al. Single transcriptional and translational preQ, riboswitches
adopt similar pre-folded ensembles that follow distinct folding pathways into
the same ligand-bound structure. Nucleic Acids Res. 41, 10462-10475 (2013).

20. Wilson, R. C. et al. Tuning riboswitch regulation through conformational
selection. J. Mol. Biol. 405, 926-938 (2011).

21. Henkin, T. M. Preface—riboswitches. Biochim. Biophys. Acta 1839, 899 (2014).

22. Eichhorn, C. D., Kang, M. J. & Feigon, J. Structure and function of preQ,
riboswitches. Biochim. Biophys. Acta 1839, 939-950 (2014).

23. Shine, J. & Dalgarno, L. The 3’-terminal sequence of Escherichia coli 16S
ribosomal RNA: complementarity to nonsense triplets and ribosome binding
sites. Proc. Natl Acad. Sci. USA 71, 1342-1346 (1974).

. Laursen, B. S., Serensen, H. P., Mortensen, K. K. & Sperling-Petersen, H. U.
Initiation of protein synthesis in bacteria. Microbiol. Mol. Biol. Rev. 69, 101-123
(2005).

1

(=]

1

—

2

=

| 7:8976 | DOI: 10.1038/ncomms9976 | www.nature.com/naturecommunications 9


http://pycorrfit.craban.de/
http://www.nature.com/naturecommunications

ARTICLE

25.

26.

27.

28.

2

Nel

30.

3

—

32.

33.

34.

35.

36.

37.

3

o

39.

4

f=}

41.

42.

43.

44,

45.

46.

47.

48.

49.

Greenfeld, M., Solomatin, S. V. & Herschlag, D. Removal of covalent
heterogeneity reveals simple folding behavior for P4-P6 RNA. J. Biol. Chem.
286, 19872-19879 (2011).

Hyeon, C,, Lee, J., Yoon, J., Hohng, S. & Thirumalai, D. Hidden complexity in
the isomerization dynamics of Holliday junctions. Nat. Chem. Biol. 4, 907-914
(2012).

Okumus, B., Wilson, T. J., Lilley, D. M. & Ha, T. Vesicle encapsulation studies
reveal that single molecule ribozyme heterogeneities are intrinsic. Biophys. J. 87,
2798-2806 (2004).

Tan, E. et al. A four-way junction accelerates hairpin ribozyme folding via a
discrete intermediate. Proc. Natl Acad. Sci. USA 100, 9308-9313 (2003).

. deSilva, C. & Walter, N. G. Leakage and slow allostery limit performance of

single drug-sensing aptazyme molecules based on the hammerhead ribozyme.
RNA 15, 76-84 (2009).

Johnson-Buck, A. et al. Kinetic fingerprinting to identify and count single
nucleic acids. Nat. Biotechnol. 33, 730-732 (2015).

. Gourévitch, B. & Eggermont, J. J. A nonparametric approach for detection of

bursts in spike trains. J. Neurosci. Method. 160, 349-358 (2007).

Cai, L., Friedman, N. & Xie, X. S. Stochastic protein expression in individual
cells at the single molecule level. Nature 440, 358-362 (2006).

Yu, ], Xiao, J., Ren, X. ], Lao, K. Q. & Xie, X. S. Probing gene expression in live
cells, one protein molecule at a time. Science 311, 1600-1603 (2006).

Eden, U. T. & Kramer, M. A. Drawing inferences from Fano factor calculations.
J. Neurosci. Methods 190, 149-152 (2010).

Lai, D., Proctor, J. R. & Meyer, I. M. On the importance of cotranscriptional
RNA structure formation. RNA 19, 1461-1473 (2013).

Poot, R. A,, Tsareva, N. V., Boni, I. V. & van Duin, J. RNA folding kinetics
regulates translation of phage MS2 maturation gene. Proc. Natl Acad. Sci. USA
94, 10110-10115 (1997).

Caron, M. P. et al. Dual-acting riboswitch control of translation initiation and
mRNA decay. Proc. Natl Acad. Sci. USA 109, E3444-E3453 (2012).

. Laalami, S., Zig, L. & Putzer, H. Initiation of mRNA decay in bacteria. Cell. Mol.

Life Sci. 71, 1799-1828 (2014).
Picard, F. et al. Bacterial translational regulations: high diversity between all
mRNAs and major role in gene expression. BMC Genomics 13, 528 (2012).

. Golding, I., Paulsson, J., Zawilski, S. M. & Cox, E. C. Real-time kinetics of gene

activity in individual bacteria. Cell 123, 1025-1036 (2005).

So, L. H. et al. General properties of transcriptional time series in Escherichia
coli. Nat. Genet. 43, 554-560 (2011).

Balazsi, G., van Oudenaarden, A. & Collins, J. J. Cellular decision making and
biological noise: from microbes to mammals. Cell 144, 910-925 (2011).
Beaumont, H. J., Gallie, J., Kost, C., Ferguson, G. C. & Rainey, P. B.
Experimental evolution of bet hedging. Nature 462, 90-93 (2009).
Hebenstreit, D., Deonarine, A., Babu, M. M. & Teichmann, S. A. Duel of the
fates: the role of transcriptional circuits and noise in CD4 + cells. Curr. Opin.
Cell Biol. 24, 350-358 (2012).

Tuller, T. & Zur, H. Multiple roles of the coding sequence 5’ end in gene
expression regulation. Nucleic Acids Res. 43, 13-28 (2015).

Akimoto, H., Imamiya, E., Hitaka, T., Nomura, H. & Nishimura, S. Synthesis of
queuine, the base of naturally occurring hypermodified nucleoside (queuosine),
and its analogues. J. Chem. Soc. 1, 1637-1644 (1988).

Roth, A. et al. A riboswitch selective for the queuosine precursor preQ;
contains an unusually small aptamer domain. Nat. Struct. Mol. Biol. 14,
308-317 (2007).

Todd, G. C. & Walter, N. G. Secondary structure of bacteriophage T4 gene 60
mRNA: implications for translational bypassing. RNA 19, 685-700 (2013).
Roy, R, Hohng, S. & Ha, T. A practical guide to single-molecule FRET. Nat.
Method 5, 507516 (2008).

50. Rueda, D. et al. Single-molecule enzymology of RNA: essential functional
groups impact catalysis from a distance. Proc. Natl Acad. Sci. USA 101,
10066-10071 (2004).

. Rasnik, I, McKinney, S. A. & Ha, T. Nonblinking and long-lasting single-
molecule fluorescence imaging. Nat. Method 3, 891-893 (2006).

52. Blanco, M. & Walter, N. G. Analysis of complex single-molecule FRET time

trajectories. Methods Enzymol. 472, 153-178 (2010).

53. Abelson, J. et al. Conformational dynamics of single pre-mRNA molecules
during in vitro splicing. Nat. Struct. Mol. Biol. 17, 504-512 (2010).

54. Shaw, J. J. & Green, R. Two distinct components of release factor function
uncovered by nucleophile partitioning analysis. Mol. Cell 28, 458-467
(2007).

55. Schagger, H. & Vonjagow, G. Tricine-sodium dodecyl sulfate-polyacrylamide
gel electrophoresis for the separation of proteins in the range from 1 to
100-KDa. Anal. Biochem. 166, 368-379 (1987).

56. Miiller, P., Schwille, P. & Weidemann, T. PyCorrFit-generic data evaluation
for fluorescence correlation spectroscopy. Bioinformatics 30, 2532-2533
(2014).

. Leontis, N. B. & Westhof, E. Geometric nomenclature and classification of RNA
base pairs. RNA 7, 499-512 (2001).

5

—

5

~

Acknowledgements

We thank J. Widom and K. Suddala for careful reading of the manuscript, and G. Garcia
for the generous gift of preQ;. We thank the Single Molecule Analysis in Real-Time
(SMART) Center of the University of Michigan, seeded by NSF MRI-R2-ID award DBI-
0959823 to N.G.W., as well as J.D. Hoff for performing the Fluorescence correlation
spectroscopy measurements. This research was funded by NIH grants GM062357,
GM098023 and a sub-contract on GM063162 (PI: J. E. Wedekind) to N.G.W.

Author contributions

AJR. and N.G.W. conceived of the project. A.J.R. designed, conducted and analysed the
SiM-KARTS experiments. M.R.B. wrote and implemented the scripts for burst analysis.
P.E.L. designed, conducted and analysed the in vitro translation experiments and SiM-
KARTS experiments performed in the presence of blocking strand. M.R.B. and P.E.L.
wrote and implemented scripts for burst analysis. All authors were involved in inter-
preting and discussing the results, and participated in writing the paper.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Rinaldi, A. J. et al. The Shine-Dalgarno sequence of riboswitch-
regulated single mRNAs shows ligand-dependent accessibility bursts. Nat. Commun.
7:8976 doi: 10.1038/ncomms9976 (2016).

This work is licensed under a Creative Commons Attribution 4.0

L7 International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 7:8976 | DOI: 10.1038/ncomms9976 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	preQ1 regulates translation of the Tte mRNA in™vitro

	Figure™1In vitro translation of Tte mRNA.(a) Structural map of the Tte preQ1 translational riboswitch displayed with Leontis-Westhof notations57. The SD sequence (purple) partially overlaps the P2 stem nucleotides (green). Formation of the P2 stem interfe
	SiM-KARTS detects changes in the structure of single mRNAs

	Figure™2SiM-KARTS measurements of preQ1-dependent anti-SD-binding kinetics.(a) The Tte mRNA complex used in SiM-KARTS experiments. Full-length Tte mRNA molecules are immobilized to the slide surface via a biotinylated-capture strand that is hybridized to 
	Periods of high SD sequence accessibility occur in bursts
	preQ1 decreases the number of bursts and the burst duration
	mRNA only partly adapts to changes in preQ1 concentration

	Figure™3Detection of burst behaviour through spike train analysis.(a) Representative trajectories as in Fig.™2b for two single Tte mRNA molecules in the absence of preQ1, annotated with bursts (green bars) and non-burst periods (red bars) detected through
	Figure™4Ligand-dependent changes in bursting behaviour of single riboswitches.(a) Single-molecule trajectories as in Fig.™3a but in the absence and presence of saturating preQ1 (top and bottom, respectively). (b) Cumulative distribution plots indicating t
	Figure™5Single mRNA molecules can undergo conformational switching depending on their environment.(a) Exemplary single-molecule trajectories from ligand-jump SiM-KARTS experiments composed of three time segments. Anti-SD probe binding to the same set of i
	Discussion
	Figure™6A stochastic burst model for preQ1-dependent expression of the Tte mRNA.In the absence of ligand (top), a transcription event (grey arrow) gives rise to an individual riboswitch-containing mRNA molecule that persists in the cell until it is degrad
	Methods
	Ligand and oligonucleotides
	RNA preparation
	Equilibrium SiM-KARTS
	Ligand-jump SiM-KARTS
	Ribosome preparation
	In vitro translation assays
	Burst analysis
	Fano factor calculations
	Measurement of the anti-SD probe diffusion coefficient

	BreakerR. R.Prospects for riboswitch discovery and analysisMol. Cell438678792011MandalM.BreakerR. R.Gene regulation by riboswitchesNat. Rev. Mol. Cell Biol.54514632004NudlerE.MironovA. S.The riboswitch control of bacterial metabolismTrends Biochem. Sci.29
	We thank J. Widom and K. Suddala for careful reading of the manuscript, and G. Garcia for the generous gift of preQ1. We thank the Single Molecule Analysis in Real-Time (SMART) Center of the University of Michigan, seeded by NSF MRI-R2-ID award DBI-095982
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




