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RNA structures and their dynamic fluctuations lie at the heart of understanding key biological process such as
transcription, splicing, translation and RNA decay. While conventional bulk assays have proven to identify and
characterize key pathway intermediates, the generally dynamic nature of RNA structures renders the informa-
tion obtained from time and ensemble averaging techniques necessarily lacking in critical details. Here we detail
Single-Molecule Kinetic Analysis of RNA Transient Structure (SiM-KARTS), a method that readily monitors

structural fluctuations of single RNA molecules through the repetitive interaction of fluorescent probes with an
unlabeled, surface-immobilized RNA target of virtually any length and in any biological context. In addition, we
demonstrate the broad applicability of SiM-KARTS by kinetically fingerprinting the binding of cognate tRNA
ligand to single immobilized T-box riboswitch molecules. SiM-KARTS represents a valuable tool for probing
biologically relevant structure and interaction features of potentially many diverse RNA metabolic pathways.

1. Introduction
1.1. RNAs are structurally polymorphic in service of their function

In all living organisms, a plethora of recently discovered non-coding
RNAs plays a major role in modulating the expression of protein-coding
messenger (m)RNAs by regulating the processes involved in RNA me-
tabolism from transcription to processing, translation and degradation
[1]. As versatile information molecules that can both recognize specific
sequences by complementary binding and fold into complex structures
with advanced functions such as catalysis, RNAs often adopt distinct,
yet dynamic conformations and three-dimensional architectures in
service of their diverse functions [2,3]. The relationships between
particular RNA structures and their functions are rapidly being un-
raveled for increasing numbers of RNA molecules, including those im-
plicated in disease, such as transfer RNAs (tRNAs), long non-coding
RNAs (IncRNAs) and RNAs involved in translational control [4,5].

The critical nature and practical relevance of this structural poly-
morphy of RNA is exemplified by riboswitches, structural elements
embedded near the 5’ends of bacterial mRNAs that regulate the mRNA’s
transcription and/or protein synthesis upon binding of a specific me-
tabolite or ion ligand. Riboswitches typically undergo a structural re-
arrangement in response to ligand binding that modulates either the
relative likelihood of forming a terminator stem that helps dislodge
RNA polymerase (RNAP) during transcription or the accessibility of the
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Shine-Dalgarno (SD) sequence that helps recruit the ribosome for
mRNA translation. Thus, riboswitches are intriguing model systems for
establishing the link between RNA structure, dynamics and function.

To regulate gene expression tightly, riboswitches often rely on ki-
netic partitioning, where the local binding of a small ligand shifts the
interdependent conformational dynamics in a way that affects a global
conformational change, following a dynamic, cascading structural
linchpin mechanism [6]. Thus, quantitative tools for probing the time
dependence of both local and global RNA structure become essential for
establishing how RNAs exert their profound functions in gene expres-
sion.

1.2. Advantages of RNA analysis at the single molecule level

For dynamic structural motifs such as riboswitches, single-molecule
(SM) techniques are often essential for a quantitative analysis of key
structures involved in the modulation of gene expression. For example,
the kinetic and structural differences of riboswitch folding in the ab-
sence and presence of ligand relative to the kinetics and architectural
features of the cellular gene expression machinery are key determinants
of whether the downstream gene(s) are expressed. Consequently, their
ability to uniquely detect and quantify rare molecular events, tran-
siently visited states and diverse kinetic behaviors have led to a rapid
adoption of SM methods for probing riboswitch mechanisms.

As one example, single molecule fluorescence (or Forster) resonance
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energy transfer (smFRET) allows for kinetic and conformational ana-
lyses of RNA structures by employing a pair of fluorophores strategi-
cally placed into the RNA target sequence to monitor specific intra- or
intermolecular distances over time [7,8]. In other types of experiments
such as those utilizing optical tweezers, the RNA of interest is subjected
to a particular force vector that induces unfolding and reveals aspects of
its folding free energy landscape [9].

Alternatively, RNA conformations can be monitored by probing the
RNA molecule with short complementary DNA oligonucleotides. Past
examples of this strategy include measurements of the transition ki-
netics between alternate conformations of an RNA by monitoring ab-
sorption [10] or fluorescence changes [11] upon stopped-flow mixing,
or through vulnerability of the resulting RNA:DNA hybrid to RNase H
degradation [12]. Additionally, stable hybridization to DNA oligonu-
cleotide microarrays has been used to probe larger RNA structures [13].
In these methods, non-equilibrium measurements can be used to assess
the sum of RNA folding and unfolding rate constants. More recently,
RNase H sensitivity after binding of DNA oligonucleotides has been
employed to probe the conformational changes of riboswitches in re-
sponse to their cognate ligands [14-16]. As ensemble-averaging bulk
approaches, these assays cannot provide detailed kinetic information on
the dynamic changes in local RNA structure, which obscures the con-
formational rearrangements at the heart of riboswitch function. In ad-
dition, the readout by RNase H cleavage destroys the RNA target and
thus does not lend itself to studying the long-term equilibrium dy-
namics between alternate conformations.

Here, we describe a quantitative method for probing the structural
dynamics at the SM level of virtually any RNA without the need for any
direct labeling, which can be applied under practically any buffer and
biological matrix conditions, and over any timescale. This method,
termed SiM-KARTS (for Single Molecule Kinetic Analysis of RNA
Transient Structure), interrogates local RNA structure formation based
on its accessibility toward the site-specific transient binding of fluor-
escent probes (FPs) [17], which is read out by total internal reflection
fluorescence (TIRF) microscopy observation of the immobilized target
(Fig. 1). The FPs bear the fluorescent readout tag and are easily de-
signed to have a melting temperature close to the interrogation tem-
perature and thus permit the repeated binding to and dissociation from
their target RNA. Unlike using an RNase H-based readout, reversible
transitions between distinct RNA conformations can be monitored at
the SM level over long periods of time using the near-inexhaustible FP
reservoir in solution. Since this vast pool of fluorophore labeled probe
molecules resides outside of the field of illumination, photobleaching
does not alter notably the effective FP concentration, allowing experi-
ments to be run for hours if desired for observing slow conformational
changes. In addition, the responses of each single RNA molecule to
multiple buffer exchanges can be recorded. The kinetic pattern, or
temporal fingerprint, of the binding events obtained by SiM-KARTS
allows one to decipher multiple states adopted by an RNA over time,
and reveal heterogeneous (“non-ergodic”) behaviors between mole-
cules. A concrete example of SiM-KARTS for surveying ligand-depen-
dent riboswitch dynamics is given (Fig. 1), but the technology can be
applied to almost any type of RNA from bacteria to eukaryotes and be
adapted to study other biological processes, including those involving
protein and/or RNA binding, for which an example is also given.

2. Material and methods
2.1. RNA target synthesis

SiM-KARTS monitors the binding and dissociation of oligonucleo-
tides to and from RNA molecules that are, in one typical modality of the
experiment, attached to a quartz microscope slide. In contrast to
smFRET experiments, which require the site-specific, proximal, (near-)
covalent incorporation of two fluorophores into the target RNA, the
target to be studied by SiM-KARTS can be easily generated at low cost
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using, for example, in vitro transcription by T7 RNAP, thus enabling the
analysis of very long RNA sequences that would be difficult to chemi-
cally synthesize for fluorophore incorporation due to low yield and high
cost. Two modifications of the RNA under investigation may still be
necessary. First, immobilization of the target RNA on the quartz slide is
achieved by hybridization to a thermodynamically stably associated
capture probe (CP) that itself is (near-)covalently coupled to the slide
surface, typically by an incorporated biotin moiety that binds the
streptavidin coated microscope slide. In a long RNA, a position distal to
the RNA sequence to be probed by the FP can be chosen easily within
the native sequence, or a relatively unstructured anti-capture sequence
can be appended; or one of the RNA termini can be chemically or en-
zymatically coupled to a biotin moiety [18]. In addition, while not
strictly required it is often desirable to mark the exact position of each
target RNA on the slide by further specifying or appending a unique
unstructured RNA sequence that can stably bind a fluorescent DNA
localization probe (LP, typically labeled with a distinguishable color).

2.2. Probe design

2.2.1. Capture probe (CP) and localization probe (LP)

For specific immobilization of the RNA target onto the streptavidin-
coated microscope slide, we typically use a CP that is terminally labeled
with a biotin moiety. This approach avoids the need to directly attach
the biotin to the RNA molecule, while retaining binding efficiency to
the slide. The CP is specifically designed to hybridize to the target RNA
and allow the capture of the complex onto the microscope slide via the
biotin moiety. Usually, we employ a DNA-based CP, but in principle it
can include any type of nucleic acid modification such as RNA, peptide
or locked nucleic acids (LNA), depending on the system under study
and its specific requirements. A second probe, the LP labeled with a Cy3
(green) fluorophore instead of biotin to mark the target RNA position, is
designed in parallel using similar criteria. In the present method, we
describe the use of two separate probes to attach to and localize the
RNA molecule for enhanced specificity, however, it is possible to design
a doubly-modified DNA oligonucleotide with both biotin and Cy3 that
would ensure both criteria.

For a thermodynamically stable interaction between the CP/LP and
the RNA target, a high predicted melting temperature (Tm) is prefer-
able. The design is made semi-empirically using basic online Tm and
self-structure prediction tools such as Oligoanalyzer from Integrated
DNA Technologies Inc. (IDT). The main goal is to obtain a CP/LP design
with a predicted Tm (under default conditions) of > 60 °C and a very
low self-structure score (below the temperature in which the experi-
ment will be performed). Ideally, the CP and LP will bind to opposite
ends of the target RNA to only produce surface-immobilized Cy3 labels
from fully intact RNA targets. The CP and LP are then conveniently
ordered from a commercial supplier such as IDT with terminal biotin
and Cy3 labels, respectively, and HPLC purification.

When studying RNA structures it is important to aim to not alter the
RNA’s architecture. In fact, hybridizing a DNA segment to the RNA
sequence for labeling could affect its natural folding and function. To
avoid this challenge, it may be advisable to append arbitrary hy-
bridization sequences to the 5’ and/or 3’ends of the target RNA for
attachment of the CP and LP, chosen by computational folding pre-
dictions to not interfere with folding of the native RNA. These hy-
bridization sequences should be specifically optimized to minimize self-
structures that would prevent CP/LP binding as well as complementa-
rities with the target RNA. Such design optimization can be easily
performed using online folding prediction tools such as Mfold [19] or
RNAStructure [20] and the efficiency of binding be confirmed using
non-denaturing gel electrophoresis.

2.2.2. Fluorescent probe (FP)
To enable the observation of dynamic RNA structures, readily re-
versible binding and dissociation of the FP on the same RNA molecule is
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Fig. 1. Overview of the SiM-KARTS method. (A) Prism-type TIRF microscope. (B) Schematic illustrating the experimental principles of SiM-KARTS with the example
of the accessibility of the Shine-Dalgarno (SD) sequence of the preQ; riboswitch described in detail in Rinaldi et al. 2016 [17]. The mRNA harboring the riboswitch is
labeled through hybridization with a Cy3 DNA oligonucleotide towards the 3’ end, and SD sequence accessibility is surveyed with a Cy5-labeled anti-SD RNA probe.

(C) General experimental design pipeline used for SiM-KARTS.

desired to occur for many cycle throughout the observation window.
Typically, this means that the Tm between the target and the FP has to
be close to the temperature at which the experiment will be performed
(usually at room temperature, or 20-25 °C). In addition, the lifetime of
the bound state has to be at least 2-3 times longer than the camera
exposure time (100 ms in our case), yet not too long so as to limited the
number of binding/dissociation cycles per RNA molecule over a prac-
tical window of observation (typically tens of minutes). For this con-
sideration, the length of the FP is a major optimization parameter.
Given that the dissociation rate constant of a DNA oligonucleotide
under standard temperature and ionic strength (especially for shorter
oligonucleotides) is exponentially dependent on its length, the optimal
length of the FP probe with a 50% GC content, for example, will be
around 7-8 nucleotides complementary to the target. To assess RNA
conformational changes at the timescale at which they occur, the
binding/unbinding of the FP should be faster than the RNA con-
formational change dynamic. To this end, a fast association/dissocia-
tion rate constant of the FP might be necessary and can be controlled by
shortening the length of the FP or introducing non-complementary
mutations to prevent too stable binding of the probe. Additionally, to
further modulate the binding and dissociation times of the FP to and
from its target, the buffer salt concentration can be modulated. For
example, we often use a high monovalent salt concentration (e.g.,
600 mM KCl in the present method) to promote binding, but other ion

concentrations such as magnesium can equally be adjusted as needed to
study the RNA conformational dynamics of interest. Alternatively, the
design of the FP could take into account the lower salt concentration
found in vivo (around 300 mM in E. coli) to be able to survey RNA
conformational dynamics under near-physiological conditions. As for
the CP and LP, the FP is ordered HPLC-purified from a commercial
supplier, but instead with a typically terminal Cy5 (red) fluorophore
attached.

In the case of a large and/or highly structured RNA being probed, it
can be useful to first test and optimize the binding of the FP and LP to a
shorter construct, containing just the segment to which the probes are
meant to bind. Such a construct can be designed similarly to the full-
length sequence, but just containing the binding regions for the bioti-
nylated CP and Cy3-labeled LP flanking the sequence being targeted by
the Cy5-labeled FP. The ionic conditions, particularly the magnesium
concentration, can then easily be varied for optimal association and
dissociation of the FP probe to the simplified target construct, thus
providing an approximate calibration for the expected efficiency of FP
binding to its full-length RNA target. The optimal salt concentration,
including particularly Mg®*, should first be evaluated theoretically for
its effect on the T,,,, using calculators provided by vendors such as IDT,
since an increase in Mg>* concentration by 10 mM typically raises the
T of FPs by around 10 °C. Given that the dissociation rate constant
does not correlate with the T, [34] since oligonucleotides will have



A. Chauvier, et al.

kinetics dependent on other variables, such as pH and toehold inter-
actions that easily “zip up to form” a longer double helix, any prediction
may not be accurate, and the final optimization has to occur experi-
mentally. A screening of Mg®* and K* in concentrations ranging from 1
to 50 and 50-600 mM, respectively, may be informative to test whether
a specific FP’s dynamics are adequate.

If an increase or decrease in the dissociation rate constant is desired,
and changing the ionic strength does not provide the desired effect or is
not an option for other reasons, instead the oligonucleotide length can
be changed, as both the ON and OFF rate constants are known to in-
crease with a shortening of oligonucleotide length [34]. For example,
the optimization of oligonucleotides designed to bind an immobilized
miR-141 RNA with target sequence GGUAAAGAUCG showed that two
10 residue FPs with sequence /5Cy5/CATCTTTACC and /5Cy5/CCAT
CTTTAC exhibited fewer than 10 binding/dissociation events over
10 min. Decreasing the FP size to the 9 residues /5Cy5/CCATCTTTA,
yielded an average of 42 such events, with bound and unbound life
times in the order of 7.5 and 12s, respectively, which was a desirable
solution for that system [34]. To generally assess specificity of binding
of the designed FP, control experiments are advisable wherein the FP
targetsite is blocked by hybridizing a long antisense DNA oligonucleo-
tide across the site that is expected to significantly reduce the FP
binding frequency [17].

2.3. Slide preparation

Single molecules are imaged under the TIRF microscope by at-
taching them to quartz microscope slides. The slides are prepared ac-
cording to established techniques [21,22]. Briefly, quartz slides are
coated with polyethylene glycol (PEG) to prevent non-specific binding,
mixed with biotin-PEG, where biotin is used as a tight ligand for tet-
rameric streptavidin, which in turn can bind additional biotin labeled
molecules, in our case the CP, thus affixing it to the slide. Quartz mi-
croscope slides can be reused but need to be thoroughly cleaned by
scrubbing with detergent, followed by sonication, rubbing with me-
thanol and sonication in 1M potassium hydroxide (KOH), flaming
under a propane torch, and finally incubation in a solution of 14.3% v/v
ammonium hydroxide (NH4OH, 28-30 wt. %) and 14.3% v/v hydrogen
peroxide (H,0,, 30-35 wt. %), activated as a dilute alkaline piranha (or
“RCA standard clean 1” [23]) solution by heating to 60-70 °C. In order
to bind the PEG and biotin-PEG to the slide, derivatives containing N-
hydroxysuccinimide (NHS) ester, namely methoxy-PEG-succinimidyl
valerate and biotin-PEG-succinimidyl valerate (m-PEG and biotin-PEG,
respectively, from Laysan Bio, Inc.) are attached to amino groups
placed on the slide. These amino groups are installed on the slide by
incubation in the presence of 2% (v/v) 3-aminopropyl triethoxysilane
(APTES) in acetone for 20 min at room temperature. Once the PEG
reaction is complete (2h to overnight incubation in 0.1 M sodium bi-
carbonate), any remaining free silane-amines are scavenged with dis-
ulfo-succinimidyl tartrate (DST) (43 mM in 1 M sodium bicarbonate) for
30 min. The slides then are prepared as described previously [21,22],
making a channel with a coverslip through which solutions can be
flowed in. The prepared slides can be stored at room temperature in a
dark and dry environment for two weeks.

2.4. Sample preparation and imaging

All data shown in the following were collected using a prism-type
TIRF microscope based on an Olympus IX-71 frame equipped with a
60 x water-immersion objective (Olympus Uplanapo, 1.2NA) with an
intensified CCD camera (I-Pentamax, Princeton Instruments) or a more
recent Hamamatsu C13440-20CU scientific CMOS camera. Cy5 excita-
tion was provided by a 640-nm red laser (Coherent CUBE 640-100C,
100mW) and Cy3 excitation by a 532-nm green laser (CrystaLaser
CL532-150mW-L) (Fig. 1A). Typical laser powers used were 25 mW for
532nm and 40 mW for 640 nM.
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First, slides were flowed with the SiM-KARTS buffer of choice to
check for the integrity of the sealing. Next, for streptavidin-coated
slides we flow a solution containing 0.2 mg/mL of streptavidin in SiM-
KARTS buffer onto the slide, then wait for 5min to allow the strepta-
vidin to bind to the biotinylated surface. Excess streptavidin is then
washed away by flowing again the same buffer without streptavidin.

When using a CP, incubation of a 1:1 ratio of CP and target RNA is
performed prior to flowing the complex onto the slide. To this end, CP
and RNA can be heat-annealed at 70 °C in SiM-KARTS buffer and al-
lowed to cool to room temperature over 20 min, although lower tem-
perature annealing protocol can also be employed if denaturation of the
target RNA is to be avoided. Finally the CP-RNA mixture is diluted to
the desired concentration (between 50 and 100pM) in SiM-KARTS
buffer containing an additional 10-12-fold excess of CP to ensure that
the complex would stay intact during dilution. The complex is then
flowed onto the slide and incubated for 5 min to allow the capture in-
teraction between biotin and streptavidin to occur. Alternatively, the
target RNA can be directly captured onto a slide coated with biotiny-
lated CP.

To reduce photobleaching and increase the longevity of the fluor-
escence signal, the FP is prepared at the desired concentration (typi-
cally 20-100 nM) in SiM-KARTS buffer containing 5 mM protocatechuic
acid (PCA), 50 nM protocatechuate-3,4-dioxygenase (PCD), and 2 mM
Trolox (oxygen scavenger system, OSS) and flowed onto the slide with
RNA molecules already bound on it. Alternatively, an OSS composed of
44mM glucose, 165U/mL glucose oxidase from Aspergillus niger,
2170 U/mL catalase from Corynebacterium glutamicum, and 5mM
Trolox can be used [24]. Of note, commercial enzyme preparations may
be contaminated with RNases and should be tested for the same by
incubating with RNA and subsequent gel electrophoretic analysis of
RNA integrity. If evidence for RNase activity is found, switching en-
zyme sources typically solves the problem [25]. Usually around 5 min is
necessary to allow the OSS to sufficiently deplete oxygen on the slide.
The imaging buffer further should contain the desired ion concentra-
tions (monovalent and magnesium ions) to perform the SiM-KARTS
experiment. Data acquisition is performed with both lasers running (to
excite both Cy3 and Cy5) (Fig. 1A, B) in a darkened room at an en-
vironmentally controlled temperature of 20 = 3°C.

The intensity of the laser detecting the FP in particular has to be
optimized to achieve a signal-to-noise ratio sufficient to facilitate the
analysis process (see Section 2.5). As the FP is present at relatively high
concentration in the microfluidic channel, significant background
signal is expected due to the free diffusion of excess FP into the eva-
nescent illumination field generated by TIRF (~100 nm deep into the
solution). To not overwhelm the signal, both FP concentration and laser
power need to be optimized in parallel to clearly distinguish FP binding
events from free FP background fluorescence. Under our conditions, the
upper limit of the FP concentration to be flowed onto the slide is around
50 nM; however, depending of the imaging system used and camera
sensitivity, this upper limit can be changed and needs to be determined
empirically to find the optimal signal-to-noise ratio that permits an easy
analysis process (see Section 2.5).

In cases where a ligand other than a designed oligonucleotide FP is
used and the ligand bound times are on the order of tens of seconds, it is
advisable to determine the photobleaching rate of the labeling fluor-
ophore under the imaging conditions used by immobilizing it directly
onto the slide. Once this rate constant is known, it can be used to
correct the observed dissociation rate constant as described [26].
Complementarily, if photobleaching is limiting the measurements of
slow dissociation rate constants, the TIRF illumination intensity can be
decreased to decrease photobleaching, for example, using polarizable or
neutral-density filters. The resulting lower fluorescence intensity can be
compensated by extending the camera integration time, thus increasing
signal intensity at the expense of the time resolution achieved. For very
long ligand residence times (minutes or even hours), illumination can
be performed in on/off cycles, e.g., 200ms on, 19.8s off, either
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synchronizing the camera with the duty cycle or discarding the dark
periods after acquisition.

2.5. Data analysis

2.5.1. Trace selection

Each movie consists of the field of view separated into the two
emission colors that are detected side-by-side onto two separate regions
(halves) of the camera chip (Fig. 1A). To find the corresponding spots
for a same location on the slide, a correlation map for the microscope
setup is calibrated using a fluorescent beads containing slide that is
visible in both channels. This slide contains ~70 pl of a 1:2500 dilution
of FluoSpheres (Invitrogen 0.2 um, yellow-green fluorescent (505/515))
sealed under a coverslip, which is excited with a green laser at less than
1 mW power for acquisition of a 10 s movie at 10 frames per second.
Matlab scripts are used to map the corresponding positions of the beads,
separately viewed at the two emission colors of the experiment. This
map is subsequently applied to the data containing movies to identify
spots exhibiting Cy3 intensity during the first 10 frames recorded, fol-
lowed by extraction of signal from the same slide location in the Cy5
channel. Typically we set our script to search for intensities above an
empirically defined threshold in both channels, within a 9-by-9 pixel
window with a center on the Cy3 peak intensity. The total intensities
within those windows for each channel are plotted together versus time
to generate individual molecule traces from each movie.

After this initial trace generation, the molecules are selected based
on several required criteria (Fig. 2):

1) The presence of a single Cy3 dye as verified by the observation of a
single photobleaching step of the fluorophore corresponding to the
detection of a single labeled RNA molecule.

2) At least two Cy5 co-localization signals per trajectory corresponding
to FP binding events with a signal-to-noise ratio of at least 3:1.

Based on these parameters, traces are selected for further kinetic
analysis using the Hidden Markov modeling (HMM) described in the
next section. The number of traces obtained from the initial analysis
will depend on the sensitivity threshold defined for the trace selection.
This threshold can be used as an initial screening to discard traces that
have a low signal-to-noise ratio. After this initial filter, the user should
further screen the traces that displayed both Cy3 and Cy5 fluorescence.
Depending on the threshold set, the user may find that many traces do
not meet the above criteria. Those traces are not further analyzed as
they may originate, for instance, from uneven illumination of the slide,
more than one RNA target molecule in the same area, or non-specific
binding of FP to the slide. For the traces selected, the fluorescence in-
tensities of the RNA target and FP are extracted, and the FP intensities
are analyzed as follows.

2.5.2. Hidden Markov modeling and rate determination

HMM is a statistical algorithm that has been used for various ap-
plications such as sequence alignment [27] and smFRET analysis [7]. A
HMM has three main parameter sets—the probability matrices of
transition, emission, and initiation—that are optimized through an
iterative process to find those parameters that best describe the data.

Prior to idealization using a two-state HMM, SiM-KARTS time traces
are preprocessed using a custom Matlab script to provide a rough
normalization of the Cy5 fluorescence intensity across all molecules in
the dataset. This is necessary because an overly large range of in-
tensities that represent the bound state for different molecules will
make it difficult to assign characteristic intensity values for the bound
and unbound states in HMM analysis of the whole dataset.

Next, all selected traces from a single experimental condition are
stitched together using a custom Matlab script allowing to separate the
Cy3 and Cy5 signals in two files formatted for QuB [28]. The QuB input
format is a *.txt file with data columns for time and fluorescent signal.
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To perform HMM analysis, it is necessary that the traces are formatted
in a manner amenable for manipulation with the desired analysis pro-
gram. It should be noted that we are presenting only an analysis method
based on QuB, but other programs are freely available such as HaMMy
[29] and vb-FRET [30].

After importing the data into QuB, we create an initial HMM in the
modeling window with the two possible states (unbound and bound to
the FP probe) and arbitrarily defined rates between them (ideally on the
order of the experimentally observed rates). The amplitudes and stan-
dard deviation of the two states are then estimated by using the ‘Amps'
function. This will initiate the model, and then the ‘Idealize' function is
used to build the idealization trace. After this procedure, it is necessary
to check for the accuracy of the idealization of each trace and - as
needed — manually refine the idealization result toward accurate fitting
of the actual data.

While SiM-KARTS data have the advantage of yielding simple two-
state (on/off) signals that often can be readily idealized, depending on
the illumination conditions sometimes the signal-to-noise ratio may be
less than ideal. In the QuB software, it is then possible to set different
parameters that allow denoising to better distinguish between noise and
signal. In particular, a low band-pass filter or, alternatively, Gaussian
smoothing can be applied to suppress high frequency (one frame
duration or shorter) intensity spikes that may be noise (or are below the
time resolution of the experiment). For example, in experiments where
the exposure time is 10 frames per second, during preprocessing we
sometimes apply a 1 Hz QuB deconvolution “Filter” to suppress very
short spikes.

The idealized time traces are analyzed as follows to obtain the
binding and dissociation rate constants. For the bimolecular associa-
tion, the bound dwell times are inversely related to the dissociation rate
constant, while the unbound dwell times are inversely related to the
association rate constants. Given that each bound (or unbound) state is
expected — at least in first approximation — to have the same probability
to end over time, collectively their dwells should follow an exponential
decay frequency distribution, with short dwells more frequent than long
dwells. This distribution is fit with an exponential decay function to
obtain the corresponding rate constant. Specifically, once time traces of
individual molecules have been extracted from a recorded movie, the
dwells for the bound and unbound conditions are extracted for each
trace of interest through idealization of those states in the software QuB
or other such trace idealization packages (Fig. 2). The bound and un-
bound dwells for all traces are separated into corresponding lists. In a
data analysis and graphing software such as Origin Pro, these dwell
times are sorted by increasing length, clustered in bins of a constant
size, and plotted as a histogram by bin frequency so that a curve re-
sembling an exponential decay is obtained. This curve is fit with an
exponential decay equation. Alternatively, the dwell times can be
plotted as a cumulative frequency distribution, which gives a smoother
curve resembling an exponential increase function, and fit with the
following equation to obtain the average lifetime (t): y = yO + Al*
(1 — e7¥™) where the reciprocal of t is the corresponding rate con-
stant, which in the case of the association rate constant is simply di-
vided by the concentration of the probe to obtain the bimolecular rate
constant. If a poor fit with a single-exponential function is observed,
two different kinetic processes could be the cause, and instead a double-
exponential equation of the form (y =y0 + Al*(1 — ™%
Dy 4 A2%(1 — e 7)) is used, wherein t1 and t2 are the two life-
times. A1l and A2 are the amplitudes for each rate constant, and an
average rate constant r,, is obtained by calculating: ru. =1/
(al*tl + a2*t2), where al = A1/(Al + A2) and a2 = A2/(Al + A2)).

2.5.3. Distinguishing accessible and non-accessible conformations

One unique advantage of SM studies is their ability to discern
among conformational states that individual molecules adopt, provided
that the target conformations have lifetimes longer than those of an FP
binding and dissociation cycle. To provide this condition, optimization
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Fig. 2. Trace selection criteria. (A-D) Examples of traces that are selected based on the criteria described in the text. HMM of the binding events is depicted above
each trace and dwell time distributions are shown with Tpoung (blue) and tynpound (orange) indicated. (E-H) Examples of traces that are rejected from further analysis
based on the presence multiple Cy5 intensity levels (E,F), low signal-to-noise ratio (G), or a double photo-bleaching step of Cy3 (H). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

of the FP to yield sufficiently fast association/dissociation rate con-
stants may be needed, and obtained by shortening its length or by in-
troducing non-complementary mutations to accelerate particularly
dissociation from the target. The exploration of more than one probe
binding site may help in empirically finding a probe with the desired
residence times suited for detecting the conformational transitions of
interest.

Ideally, a target molecule will switch between FP binding and non-

binding conformations, as would be the case for transitions between an
“open” and a “closed” state, respectively. In this situation, there will be
two (or more) pairs of association and dissociation rate constants of an
FP to the same RNA target molecule. Such behavior is observed directly
through the SiM-KARTS experiment as periods of high FP accessibility
(i.e., “bursts” of binding events) showing high association rates of the
target, and conversely few binding events (“non-bursts”) when the
target is inaccessible [17]. These non-random temporal fluctuations can
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be identified through the use of the Fano factor, which for each SM
trace is defined as the ratio of the variance of the number of spikes over
the mean number of spikes within a time frame [31]. The average Fano
factor and deviation can then be calculated for all molecules in a single
experimental condition. If the spike distribution is random and results
from a Poisson distribution of binding events due to a single pair of
association and dissociation rates, this ratio should be equal to 1 and
will be independent of the time window used. Instead, a Fano factor
increasing with the time window presents evidence that the spike dis-
tribution is non-random and ought to be investigated further with a
detailed spike train analysis as described by Rinaldi et al. [17]. In the
latter work, SiM-KARTS using an RNA FP containing the anti-SD se-
quence of the corresponding 16S ribosomal RNA was deployed to reveal
ligand-dependent accessibility changes of the SD sequence of a bacterial
mRNA hosting a 7-aminomethyl-7-deazaguanine (preQ;) sensing ri-
boswitch (Fig. 1B). The observation of alternating periods of bursts and
non-bursts underscored that single RNA molecules fluctuate between a
more open and a more closed SD sequence, respectively, an equilibrium
that is shifted towards closing (and thus less ribosomal translation in-
itiation) upon binding of the preQ; ligand [17]. SiM-KARTS was also
used for non-equilibrium ligand-jump experiments [17] and thus gen-
erally shown to complement prior smFRET studies of ligand-dependent
two-state folding of this translational preQ; riboswitch [32], while
providing unique insights into the parameters affecting downstream
gene regulation.

3. Expanding applications

In addition to oligonucleotide binding for secondary structure
probing at the single molecule level, the same conceptual approach can
be applied to any molecule that reversibly binds to a target, as long as
both can be fluorescently labeled. In the following example, we adapted
SiM-KARTS to study the binding kinetics of tRNA®Y to a T-box ri-
boswitch, serving as the probe and target, respectively (Fig. 3-B) [33].
The T-box is found in the 5’ untranslated region of Gram-positive
bacteria where it controls the expression of genes responsible for
maintaining aminoacylated tRNA pools, for example, the GlyQS operon
that codes for glycyl-tRNA synthetase in Bacillus subtilis. The riboswitch
consists of a Stem-I, which binds the tRNA’s anticodon and elbow re-
gions, and a downstream antiterminator, which is stabilized by base
pairing with the 3’ terminal residues of the non-aminoacylated (or
uncharged) tRNA (Fig. 3A). Once the tRNA becomes charged, the an-
titerminator can no longer be stabilized and a mutually exclusive ter-
minator structure forms instead, thus stopping transcription when
aminoacylated tRNAs dominate. Using SiM-KARTS, we studied the
binding of the tRNA to T-box intermediates of transcription, including
one that can form the antiterminator, in order to determine the kinetic
parameters of the binding event that triggers anti-termination before
the full terminator sequence even appears from the RNA exit tunnel of
bacterial RNAP [33].

3.1. General experimental strategy

To observe transient tRNA:T-box interactions, the tRNA ligand is
labeled with Cy5, while the riboswitch is attached to the slide as a
“bait” through a biotin molecule incorporated into its 5’ end during T7
polymerase transcription with a 5-biotin-GMP initiator and fluores-
cently labeled with a Cy3 labeled DNA oligonucleotide hybridizing to
its 3’ end [33] (Fig. 3B). Upon analysis, single riboswitch molecules are
localized in a field of view by their Cy3 fluorescence and the corre-
sponding Cy5 signal intensity is monitored (Fig. 3C). The time-depen-
dent Cy5-tRNA intensity changes at individual T-box locations are
plotted over time and visually inspected. The presence of Cy3 signal
undergoing single-step photobleaching identifies traces corresponding
to single T-box molecules. Those with sharp Cy5 intensity changes are
analyzed as containing binding events: High Cy5 intensity corresponds
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to tRNA bound to the riboswitch, whereas low Cy5 intensity reflects the
absence of tRNA (Fig. 3C). The durations of the intensity changes are fit
with a simple two-state HMM and the resulting bound and unbound
dwells time for all traces plotted cumulatively and fit with a single- or
double-exponential increase function to obtain the dissociation and
association rate constants, respectively, of the tRNA ligand to the T-box
riboswitch (Fig. 3C).

3.2. Concrete example for sample preparation and data collection

The T-box bait is a 211-residue RNA spanning a section containing
Stem I and the antiterminator of the glycine T-box riboswitch from
Bacillus subtilis, with a biotin moiety covalently attached to its 5" end
and on its 3’ end the added sequence 5-GAGCACCACGAACAA-3’ to
bind stably a 14-nucleotide LP 5-TGTTCGTGGTGCTC/Cy3/-3" synthe-
sized by IDT. Neither the LP nor its target are predicted by the RNA
structure software [20] to form intramolecular secondary structures or
interfere with riboswitch folding. The T, of this oligonucleotide is
predicted as 58.8 °C, thus at room temperature it remains stably bound
to the RNA target.

The tRNA ligand is used as the SiM-KARTS probe and synthesized in
vitro by enzymatically ligating two chemically synthesized 35- and 40-
nucleotide long RNA fragments to be able to install an internal Cy5
label on U46 [33]. An RNA mix containing 100 nM of the T-box ri-
boswitch RNA and 2 uM of the Cy3-labeled DNA are heat-annealed at
70 °C in SiM-KARTS buffer (10 mM MES, pH 6.1, 50 mM KCl, 10 mM
MgCl,) then allowed to cool to room temperature over 20 min. A 60 pM
dilution of the complex is prepared in 200 ul of 10 mM MES, pH 6.1,
50mM KCl and 10 mM MgCl,, flowed onto the streptavidin-coated
slide, and incubated for 5 min at room temperature. Next, 12.5 nM Cy5-
labeled tRNASY in the same buffer supplemented with the PCA/PCD/
Trolox oxygen scavenger is injected. After incubating for 5 to 15 min to
allow the oxygen to be scavenged, 15-min movies are collected at a rate
of 10 frames per second with both green (532nm) and red (637 nm)
lasers illuminating the sample on the prism-type TIRF microscope.
Optionally, 2-by-2 pixel binning can be used on the Hamamatsu sci-
entific CMOS camera to increase the signal-to-noise ratio while redu-
cing the spatial resolution to 216 nm. Time traces are extracted and
inspected visually to select those fulfilling the criteria of signal-to-noise
threshold, single-step photobleaching of Cy3, and observation of at
least two Cy5 binding events. For selected traces, the Cy5 intensities are
recorded in QuB format and fit with a two-state HMM that is initialized
with first-pass guesses for the ON and OFF rates of 0.1 and 0.01s™?,
respectively. After applying an automatic amplitude estimation and a
1 Hz filter in QuB, the HMM idealization is visually inspected to discard
traces that show a poor signal-to-noise ratio and consequent idealiza-
tion artifacts (Fig. 2). The idealized traces are saved in QuB dwt format,
which serially stores the dwell times of state 1 (unbound) and state 2
(bound). Using Matlab scripts created in-house, the data are processed
to separate the bound and unbound dwell times, which then are sorted
by magnitude and fitted with either single- or double-exponential
functions (depending on residuals and goodness of fit) in Origin Pro
software (Fig. 3D). For the data presented in Fig. 3D, the reciprocal of
the unbound lifetime over the tRNA concentration yields a binding rate
constant of 1.01 pM ~ ' s ™!, while the reciprocal of the two tRNA-bound
lifetimes yields dissociation rate constants of 0.25s”! and 0.08571,
corresponding to a dissociation equilibrium constant (Kp) of ~168 nM.
These values are consistent with those from previous studies [33,34]
and support a model wherein the tRNA binding and dissociation rates
are fine-tuned to help coordinate ligand binding with the rate of tran-
scription and transcriptional pausing for an efficient readout of the
tRNA aminoacylation state. Specifically, tRNA®Y is captured quickly by
the initially transcribed 5’ Stem I segment of the riboswitch, remains
bound for an average time of only ~4s based on its relatively fast
dissociation rate constant (0.25s~ '), and so gets the chance to quickly
interact with the antiterminator to, only if uncharged, form an
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Fig. 3. Kinetic analysis of tRNA binding to the T-box riboswitch. (A) Overview of gene regulation induced by tRNA binding to the T-Box riboswitch. When the tRNA is
aminoacylated, weak interaction with the riboswitch induces the formation of a terminator stem-loop, followed by a poly-uridine stretch that together dislodge the
RNA polymerase (RNAP) and thus terminate transcription. When the tRNA is uncharged, additional interactions promote the formation of an anti-terminator stem-
loop that allows the transcription to progress downstream (B) Schematic illustrating the principle of SIM-KARTS assays using a fluorescently labeled tRNA. (C) The
same field of view on a microscope slide is recorded with both green and red fluorophore emitting at the same time (upper panel). The fluorescence signal intensities
in both channels are recorded over time and shown overlaid (middle panel), with green indicating Cy3 emission (labeled T-box riboswitch), red representing Cy5
emission (labeled t-RNA), and yellow indicating co-localized molecules as tRNA binds to immobilized T-box. The two resulting single molecule traces, labeled I and
11, are shown in the lower panel. (D) Tynbouna (left panel) and tpoung (right panel) were fitted with single- and double-exponential increase functions, respectively, to
extract the kinetic parameters of tRNA binding. Amplitudes for each of the double exponential terms are shown in parenthesis (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

ultrastable “snap-locked” complex characterized by much slower dis-
sociation [33]. This extremely slow dissociation rate constant of the
tRNA is observed only if the antiterminator sequence is present and the
tRNA is not aminoacylated, decreasing the dissociation dynamics of the
complex greatly while locking in place the antiterminator and pre-
venting the formation of the competing terminator stem.

10

4. Conclusions and prospects

Here we have described a set of methodologies that uses dual-color
illumination of two differentially fluorophore labeled species to study
their interaction and either probe the site-specific secondary structure
or broader binding partner association of RNA molecules at the single
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molecule level. The approach can be easily adopted to include smFRET
to confirm the proximity of the two coinciding labels. It is also con-
ceptually similar to single-molecule recognition through equilibrium
Poisson sampling (SIMREPS), used to detect nucleic acids with ultra-
high sequence specificity [35-37], but emphasizes structure and in-
teraction kinetics over sequence identity.

SiM-KARTS allows for specific probing of local RNA structure and
can be applied to very long RNAs that cannot be easily probed by other
methods. As a structure probing technique, in principle it can be con-
verted to a high-throughput format with FPs tiled across the entire
target RNA sequence. Not only secondary, but also tertiary structure
changes can likely be detected in real-time with a time resolution pri-
marily limited by the camera frame rate needed to obtain a sufficient
signal-to-noise ratio. Using two probes hybridizing to different locations
of the same target, distinct regions of the same RNA can be interrogated
for (potentially mutually exclusive) RNA conformational changes.
Given its versatility, SIM-KARTS can be adapted easily to other types of
biological questions concerning RNA or protein recruitment in trans.
The latter would be conceptually similar to the co-localization single-
molecule microscopy (COSMOS) described by Gelles and coworkers
[38-40]. More generally, any dynamic and equilibrium or non-equili-
brium process can be monitored for which specific FPs can be designed,
for example, the co-transcriptional folding of an RNA emerging from
the exit tunnel of RNAP. The future appears bright for SiM-KARTS and
related single molecule fluorescence microscopy tools designed to
probe the dynamic nature of molecular biology.
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