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Abstract

The spliceosome is an extraordinarily dynamic molecular machine in which significant changes in
composition as well as protein and RNA conformation are required for carrying out pre-mRNA
splicing. Single-molecule fluorescence resonance energy transfer (SmFRET) can be used to
elucidate these dynamics both in well-characterized model systems and in entire spliceosomes.
These types of single-molecule data provide novel information about spliceosome components and
can be used to identify sub-populations of molecules with unique behaviors. When SmFRET is
combined with single-molecule fluorescence colocalization, conformational dynamics can be
further linked to the presence or absence of a given spliceosome component. Here, we provide a
description of experimental considerations, approaches, and workflows for sSmFRET with an
emphasis on applications for the splicing machinery.
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1. Introduction

1.1. Pre-mRNA splicing

In biology, RNAs can broadly be classified into two functional groups—those that code for
proteins (MRNAS) and those that do not (non-coding RNAs, ncRNAS). Eukaryotic mRNAs
are first produced as precursors (pre-mRNAS) that undergo lengthy, regulated maturation
processes between their transcription and translation [1]. ncRNAs can be used for a variety
of cellular functions including catalytic activities, structural scaffolds, and cellular signals
[2]. Both ncRNAs and pre-mRNAs come together in the spliceosome where five small
nuclear RNAs (snRNAs) and dozens of proteins recognize and excise non-coding regions
(introns) of a pre-mRNA and splice together the protein coding RNA (exons). Splicing is a
highly dynamic process as the spliceosome is assembled anew onto each substrate pre-
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MRNA. While the structures of multiple spliceosome complexes have recently been recently
determined [3-16], it is not yet clear how the spliceosome transitions between these
complexes or how RNA and protein dynamics participate in these steps.

SmMFRET can be used to study the conformation and dynamics of biological factors, even
when they are in low abundance or when the system is not kinetically synchronized [17]. In
splicing, SmFRET has been used to interrogate the dynamics and conformational landscape
of the pre-mRNA and the snRNAs that participate in the reaction [18-27]. In combination
with recently determined cryo-EM and crystal structures of the splicing machinery, these
dynamics can now be linked to molecular structures to provide new insights into the
spliceosome.

1.2. Single-molecule fluorescence microscopy

FRET is the transfer of energy from one fluorophore to another in a distance dependent
manner [28]. For fluorophores typically used in biochemical experiments, FRET is observed
when the fluorophores are within 2 to 10 nm [29]. Measuring FRET involves the excitation
of a donor fluorophore and observation of the increased fluorescence emission from the
acceptor fluorophore. Since the donor a n d acceptor fluorescence are anti-correlated with
one another, the donor emission decreases as the acceptor fluorescence increases. Changes
in FRET signal can be used to identify dynamic transitions as well as calculate relative
distances between the fluorophores based on the efficiency of the energy transfer [28, 30].
When choosing fluorophores for a FRET experiment, consideration should be given to the
photostability, extinction coefficient, quantum yield, size, and fluorescence excitation and
emission wavelengths of the molecules. A common descriptor of fluorescent molecules is
brightness which refers to the combined product of the extinction coefficient, number of
photons able to be absorbed, and the quantum yield, how efficiently those photons are
converted to fluorescence [31]. A host of small molecule dyes with unique properties are
available and the properties of many fluorophores have been recently reviewed by Grimm et
al. [32]. Commonly, cyanine (Cy) dyes are used for SmFRET experiments since these
fluorophores are bright and relatively photostable, which permits longer observation of
FRET signals before irreversible photobleaching occurs. Two molecules from this family,
Cy3 and Cy5, are a donor:acceptor pair widely used in biological FRET studies due to their
well-matched spectral overlap and the ease by which Cy3- and Cy5-fluorescence emissions
can be optically separated from one another (Fig. 1A,B); Cy3 has excitation maximum at
550 nm and emission maximum at 570 nm, while Cy5 has excitation and emission maxima
at 649 and 670 nm, respectively. Because Cy5 is spectrally distinct from Cy3, excitation of
Cy3 with a commonly-used 532 nm laser does not directly excite Cy5 to a significant degree
but is sufficient to achieve robust FRET (Fig. 1B). These fluorophores can be easily linked
to primary amino groups in nucleic acids or other biomolecules through amidation with N-
hydroxysuccinimide (NHS) derivatized fluorophores (Fig. 1A).

FRET efficiencies (EprgT) Values can be calculated through bulk and single-molecule FRET
experiments [33]. The relationship between Epgret and signal intensity is Epget = 1- (Ipa/
Ip), where Ip is the intensity of the donor in the absence of acceptor and Ipp is in the
presence of acceptor. The distance between two fluorophores can be determined since FRET
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values scale with the inverse of the distance between the fluorophores to the 6" power and is
normalized by the Forster distance, Rq (Fig 1C). The Forster distance is unique to each
donor:acceptor pair and describes where the energy transfer efficiency is 50% by
incorporating the quantum yield of the donor, the dipole-dipole orientation factor, and the
spectral overlap between the donor and acceptor. Because many experiments assume the
fluorophores exhibit free ranges of motion, the dipole-dipole orientation factor is frequently

2
estimated to be 3 giving the Cy3:Cy5 pair a Ry of ~6 nm [34].

Observing fluorescence from a single fluorophore is challenging, in part due to high
background from the excitation source. Fluorescence microscopes are designed to minimize
this background, often by making use of total internal reflection fluorescence (TIRF) [35]. In
TIRF, a laser light source used for fluorophore excitation is reflected from the interface
between the slide and aqueous sample. This creates an evanescent field of limited depth
(~100 nm) that is used to excite the donor fluorophore for FRET and greatly reduces sample
background fluorescence. TIRF microscopes can be constructed with either objective or
prism-based excitation schemes to achieve the high incident angle required to generate the
evanescent field. With either microscope design, the background fluorescence signal is
greatly minimized.

Carrying out a SmFRET experiment also requires producing fluorescently-labeled
molecules. In Section 2, we discuss how to add fluorophores to commercially synthesized
RNA oligonucleotides, a robust and frequently used approach. In Sections 3 and 4, we
describe the experimental workflow for carrying out a SMFRET experiment from sample
preparation through data acquisition and analysis. This method has been applied in a number
of ways to study the RNA dynamics of the spliceosome and several examples are discussed
in detail in Section 5.

2. Preparing labeled RNA for smFRET

2.1. Design

The RNA locations for attaching fluorophores can be readily chosen to fit the experimental
design since commercial oligonucleotide synthesis provides many options for dervitization.
RNAs are commonly fluorescently labeled at either the 5° or 3" ends or internally on the
non-Watson-Crick face of a nucleotide such as uracil (Fig. 1D). When selecting the location
to incorporate a fluorescent dye, it should be noted that cyanine fluorophores are planar
aromatic compounds and there is a possibility for them to r-stack on top of nucleic acid
duplexes [36]. Adjacent guanosines have been reported to quench the fluorescence of
labeled bases and may need to be avoided [37]. Linker length between the fluorophore and
RNA can also be varied, with 3 to 12 carbon linkers being common. Multiple fluorophores
are commercially available with the NHS moiety for simple attachment to primary amino
groups incorporated into the RNA such as those shown in Fig. 1A. We prefer to incorporate
our own fluorophores into the RNAs as this allows a single purchased RNA to be potentially
labeled with many different fluorophores for different applications. However, it is also
possible to order RNA oligonucleotides with fluorophores attached during synthesis. The
RNA length is not limiting for fluorophore labeling but sequences longer than ~90
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nucleotides are not routinely available commercially and are often made by splinted ligation
of two or more RNA fragments.

SmFRET data are frequently acquired from surface-immobilized molecules since this
enables many molecules to be observed simultaneously over long periods of time. In these
cases, the RNA also needs to incorporate a “handle” for surface attachment. Often a biotin
moiety is introduced into the sequence, and this permits immobilization on streptavidin-
coated surfaces. The biotin can be attached directly to the RNA itself or the RNA can be
annealed to a second, surface immobilized oligonucleotide and held in place by duplex
formation.

2.2. Labeling and splinted ligation

Labeling of RNAs with NHS-fluorophores is relatively straightforward and many protocols
are available from NHS-fluorophore manufacturers. We typically carry out these reactions
protected from light, at room temperature, overnight, at slightly alkaline pH (e.g., in sodium
bicarbonate or sodium tetraborate buffer), and under RNase-free conditions [38]. The
fluorescently labeled RNA can then be purified away from free, unreacted fluorophore as
well as unlabeled RNA via a desalting, spin column in combination with either denaturing
PAGE or by HPLC [38]. The purified, labeled RNA can be stored in solution at -20°C for
subsequent use.

As mentioned in Section 2.1, splinted ligation gives the advantage of preparing the desired,
full-length RNA from smaller building blocks [39]. The RNA oligonucleotide that donates
the phosphoryl group in the ligation reaction must first be 5 phosphorylated (Fig. 2A),
which can either be accomplished during synthesis or by using T4 Polynucleotide kinase
(PNK). Subsequently, the RNAs to be ligated are annealed to a complementary DNA splint
prior to enzymatic ligation, often with T4 RNA ligase 2. We typically use a ratio of 1:1.2:2
of the 5" RNA, DNA splint, and 3" phosphodonor RNA, respectively. Denaturing PAGE is
then performed to isolate the ligated, dual labeled RNA construct (Fig. 2B). The ligated
RNA can be stored at -20°C and thawed several times before degradation is observed as long
as RNase free conditions are maintained.

3. sSmFRET experimental workflow

A common method for localizing molecules to a slide surface for TIRF microscopy is to
passivate the slide with a coating of PEG and biotin-derivitized PEG [40]. The slide is then
incubated with streptavidin, which binds the biotin-PEG molecules. Biotinylated RNAs or
other molecules are attached to the surface by occupying the remaining biotin-binding sites
on the immobilized streptavidin. The slide is mounted on the TIRF microscope and the
fluorescence signals from the donor and acceptor fluorophore are recorded.

3.1. Slide and sample preparation

Carrying out SmFRET experiments on reusable quartz slides (1 x 3 in) avoids background
fluorescence from glass in the emission channel being used to image Cy5. A single slide can
accommodate multiple individual compartments, or lanes, in which independent
experiments can be run, and these lanes can be configured in many unique ways depending
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on the experiment. An example of a slide design with five lanes is shown in Fig. 3A and
described here. Small holes have been drilled into the slide to allow for sample loading and
buffer exchange into each lane. The spacing of the holes sets the dimensions for the lanes as
well as whether the lanes run across the short or long axis of the slide. Before the lanes are
created, the slide is first cleaned and silanized in preparation for passivation with PEG. The
silanization procedure itself amounts to a brief incubation with aminosilane, which also
provides the reactive amine groups necessary for PEG attachment.

After silanization, thin strips of double-sided tape are laid across the slide between the holes
to set the boundaries for each lane. Vacuum grease is then applied at the ends of each lane to
create a seal at the top and bottom. A cover slip is carefully placed on top, and a tight seal is
formed by the tape and grease to create each lane. We typically create lanes such that each
compartment will hold ~20 uL of liquid. Next, a mixture of amine-reactive PEG and biotin-
PEG (50:1, w/w) is loaded into each lane and allowed to react for 2-16h. This results in
passivation of the slide surface with PEG as well as attachment of biotin moieties that can be
used for streptavidin attachment. Quartz slides can be cleaned and re-passivated using this
procedure, typically 5-10 times before deterioration of the surface limits their usefulness for
SMFRET.

Immediately prior to the SMFRET experiment, the PEG solution is removed and the slide
lanes are thoroughly washed with buffer. The lane is then prepared by applying the
streptavidin layer, attaching the biotinylated RNA or other molecule, and carrying out any
other additions as per the specific experimental design. It is important to wash the lane
sufficiently between additions to completely remove the previously loaded solution. Filter
paper can be used to easily exchange solutions in each lane by wicking away the solution
from one hole as solutions are being applied at the other end of the lane (Fig. 3A).

It is important that the biotinylated molecules sparsely populate the slide surface to ensure
that single molecules are observed. As a result, very low concentrations of biotinylated
RNAs (10-100 pM) are needed to achieve adequate densities of immobilized molecules for
single-molecule experiments. Often the amount of usable SmMFRET data collected is limited
by photobleaching of the fluorophores. To limit this, an imaging buffer containing an oxygen
scavenging system (ée.g., glucose oxidase/catalase) and triplet state quenchers (e.g., trolox) is
often used [38, 41, 42]. The importance of these oxygen scavenging systems can become
apparent during data analysis when fluorophore blinking or photobleaching due to oxygen
may confound interpretation of the single molecule fluorescence signals. Defining
experimental conditions in which these effects are minimized is often an important first step
in a SmFRET experiment.

If upon data analysis fluorophore blinking or photobleaching become more pronounced
during the course of an experiment, it may be a sign that the oxygen scavenging system may
need to be refreshed since these components have a limited lifetime in solution.

3.2. Data collection

On a prism-based TIRF microscope, the slide is mounted between the prism and the
objective (typically 60-100x with a high numerical aperture (NA) to facilitate TIRF, Fig.
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3C). The coverslip faces the objective and its thickness must be matched to the objective
being used. It is important that the outside surfaces of the slide and cover slip are clean to
allow light to pass through unhindered. Excitation lasers enter the prism from above, while
fluorescence emission is collected through the bottom of the slide. Within the emission
optical path, the donor and acceptor emission are separated by a dichroic mirror such that
they are imaged on separate regions of the microscope's camera. The resulting images
contains fluorescent signal recorded for both the donor and acceptor fluorescence channels.
Additional information about prism-based TIRF can be found in Roy et al. [43].

Hundreds of single, fluorescent molecules can be imaged simultaneously using a
conventional TIRF microscope. We often employ an alternating laser excitation scheme in
which Cy5-labeled molecules are first directly excited with a 640 nm laser and imaged. This
allows the locations of the Cy5-labeled molecules to be determined and confirms that these
molecules contain a function Cy5 fluorophore. Next, FRET data are collected by turning off
the 640 nm laser and turning on a 532 nm laser. The laser powers required to achieve
sufficient signal-to-noise is often empirically determined and depends on fluorophore
brightness and the camera frame rate among other factors.

4. Data processing

smFRET data contain information about molecular conformation as well as information
about molecular heterogeneity in a population. A variety of approaches and software can be
used to process SMFRET data to extract the distribution of calculated FRET values, the
dwell times of molecules in given FRET states, and the probability of molecules
transitioning between different states [44]. A typical workflow diagram of smFRET data
processing is shown in Fig. 4.

4.1. Choosing molecules for analysis

In order to avoid bias towards molecules in low FRET states, we first pick molecules for
analysis based on direct excitation of Cy5. Areas of interest (AOIs) are created around each
fluorescent “spot” that define regions from which the fluorescent signal intensity will be
integrated. It is important move or delete AOIs around spots if there is an indication of
overlap of more than one molecule in that region. Once AOls have been selected in the Cy5
channel, those AQOIs need to be mapped onto the equivalent locations in the Cy3 channel.
Mapping parameters should be determined with a control sample that fluoresces brightly in
both the Cy3 and Cy5 channels such as streptavidin-coated, multi-wavelength fluorescent
beads. After the mapping parameters have been defined, the Cy5-selected AQOIs can then be
mapped to the Cy3 channel such that each molecule now has two AQIs associated with it in
the camera image: one in the Cy3 channel capturing donor fluorescence and one in the Cy5
channel capturing FRET acceptor fluorescence. The pixel intensities can then be integrated
over time for the duration of the movie to create a fluorescence time trajectory for each AOI.

4.2. Selecting traces for analysis

Once the AOIs have been defined and the integrated time trajectories calculated, each
trajectory is inspected to determine if the fluorescence from the associated single molecule is
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suitable for further analysis. For example, since we often choose AOls based on Cy5
fluorescence alone, some molecules will not contain a fluorescent Cy3 fluorophore and
should not be analyzed further. These molecules can be easily identified by comparing the
paired fluorescence trajectories generated from the Cy3 and Cy5 channels for each AOI. In
practice, it is also wise to remove molecules from further analysis that are in close proximity
to others since this may interfere with assignment of FRET states. If changes in FRET are
observed, the fluctuations in Cy3 and Cy5 fluorescence should be anti-correlated.
Sometimes other changes in fluorescence are observed, such as multi-step blinking or
photobleaching of the fluorescence spot. These molecules should not be analyzed since this
is potentially indicative of the presence of more than one fluorescent molecule within that
particular AOI.

Selected time trajectories should then be background corrected in each channel by
subtracting measured intensities observed when both fluorophores are dark due to blinking
or photobleaching. Depending on the type of analysis being used, it may also be necessary to
remove instances of fluorophore blinking from fluorescence time trajectories and/or to
“stitch” the trajectories into one file for subsequent analysis.

4.3. Calculating FRET efficiency

We typically calculate the apparent Erre for each time point for each molecule using the
integrated fluorescence intensities from both the donor and acceptor fluorophore according
to the equation apparent Epret=Ia /((Ia *+ Ipa)) , in which |4 is the acceptor fluorescence
intensity upon excitation of the FRET donor. All of the apparent Erret Values observed in a
given experiment are typically represented as a histogram that can be normalized by the total
number of observations. The observed distribution can be fit mathematically, often as a sum
of individual Gaussian distributions. For molecules with complex distributions of FRET
states, statistical algorithms are employed to distinguish between states as discussed in
Blanco et al., Rohlman et al. and briefly in Section 4.4 [44, 45]. EgreT Values can be
optimally distinguished from one another between 0.2 and 0.8 Erget [29]. At regions
outside this range, the signal-to-noise ratio is often poor for either the Cy3 or Cy5 emission,
and this may obfuscate accurate identification of FRET values or conformational transitions.

4.4. Identifying FRET transitions and kinetics

Much insight into an RNA's structure:function relationship can be obtained from analysis of
the time a molecule remains in a specific FRET state (dwell time) and the pathways by
which FRET states are populated (transitions). For these types of analyses, the number of
FRET states must first be determined in order to accurately assign each observed dwell time
to a specific FRET state. For simple FRET distributions where there is no overlap between
states, FRET efficiency thresholding can be used without biasing the analysis [44]. However,
many molecules exhibit more complex behavior and to accurately determine the number of
states present requires robust statistical analysis. The Hidden Markov Modeling (HMM)
algorithm can be used to iteratively improve a set of probability matrices to generate a model
for the number FRET states present that agrees with the SmFRET data [46]. This analysis
can be used to interpret complex histograms, by revealing hidden or overlapping states. An
excellent review of HMM and software available for smFRET data analysis is given in
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Blanco and Walter [44]. The Walter lab has more recently developed a cluster-based analysis
method, SIMCAn, with which they were able to quickly assign FRET states with improved
accuracy [45, 47].

Once the number of FRET states has been determined and dwell times properly assigned,
kinetic parameters for the molecule in each FRET state can be determined. The measured
dwell times can be fit directly by maximum likelihood methods or the data can be compiled
into a histogram and fit with exponential rate equations [48]. Transition density plots (TDPs)
are used to graphically display observed transitions by plotting the FRET efficiencies of all
transitioning molecules before and after each transition. TDPs indicate the number of and
preference for a particular transition [49]. Transition occupancy density plots (TODP)
weight observed transitions by the dwell time of the FRET state and can provide additional
insights, particularly into the behavior of low populated states [44].

5. Examples of smFRET analysis of spliceosome dynamics

Saccharomyces cerevisiae (yeast) has been a key model organism for understanding
spliceosome structure and mechanism. The sSmFRET experiments described in this section
have been used to elucidate RNA dynamics within the yeast splicing machinery. Notably,
these experiments have been carried out on a variety of RNA substrates and with a variety of
methods to illustrate three types of insights obtainable by sSmFRET: visualization of dynamic
transitions, Kinetic characterization of transitions, and correlation of transitions with the
presence or absence of particular factors. With these representative examples, we briefly
review both the methods employed, the single-molecule results, and discuss the new insights
into the spliceosome that were obtained.

5.1. Single snRNA dynamics visualized by smFRET

The U2 snRNA recognizes the branch site in pre-mRNA through direct basepairing to the
snRNA's GUAGUA motif [50]. Both upstream and downstream of this region are RNA
structural elements that impact U2's ability to recognize correct branchsite sequences. The
stem 11 region lies downstream of the GUAGUA motif and folds into two mutually exclusive
structures between which the SnRNA alternates during splicing (Fig. 5A) [51]. The stem lla
structure is essential for spliceosome assembly and participates in rearrangement of the
spliceosome in between 5" splice site cleavage and exon ligation [52-54]. U2 adopts the
stem Ilc conformation just before or during both catalytic steps [51, 52].

Rodgers et al. utilized sSmFRET to study stem Il conformation /n vitro in the presence of
Mg?2* and Cus2, a protein known to genetically interact with stem Il mutations in vivo [20,
55]. Since the stem Il region is ~100 nucleotides, a SmFRET reporter RNA was designed
from two smaller fragments that were labeled with fluorophores and joined via splinted
ligation as described in Section 2. The reporter was designed such that a lower FRET state
would correspond to stem lla folding, while a higher FRET state would correspond to stem
Ilc formation (Fig. 5A).

SmMFRET experiments revealed that the wild type stem 11 RNA to be highly dynamic /n vitro
as a wide variety of FRET values were observed. To facilitate interpretation, SmFRET
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experiments were repeated with variant stem Il sequences designed to favor formation of
either a lla or llc state. The stem lla stabilize d construct had a broad Egget distribution
centered around 0.54, while the stem llc stabilized construct possessed a high Egret 0f 0.96.
Together the data suggested that the wild type stem lla RNA transiently sampled a stem llc
conformation in addition to range of conformations similar to those that appear upon stem
Ila stabilization.

The authors probed how the Egget distribution was affected by Mg?*. With increasing
magnesium ion concentration, the population shifted from a predominantly llc, high FRET
state to a broader, lower FRET distribution more indicative of stem lla (Fig. 5B). HMM
analysis was performed on the complex FRET distributions to generate TODPS to describe
the transitions at each Mg2* concentration (Fig. 5C). The TODP analysis revealed how Mg2*
facilitates conformational sampling of stem 11, properties partly shared by the Cus2 protein.

5.2. Kinetic characterization of snRNA dynamics

The U6 snRNA recognizes the 5" splice site and is a key component of the catalytic active
site of the spliceosome [56]. In the cell, U6 sSnRNA can basepair with itself or with the U4 or
U2 snRNAs and intron [57-60]. U6 structure is heavily regulated throughout the splicing
cycle, and much effort has gone towards understanding how U6 transitions between its
different basepairing partners.

Rodgers et al. used SmFRET in combination with biochemical and genetic assays to study
U6 conformation when it is paired to U4 [21]. The authors designed a U6 SnRNA smFRET
construct that could report on potential intramolecular basepairing, leading towards telestem
formation (Fig. 6A). With this construct, sw itching was observed between two
conformational states of U6 only when U6 was annealed to U4. Importantly, they observed a
0.68 FRET state that corresponded to the formation of the telestem. When U6 was in a more
extended conformation, the lower 0.23 FRET state was observed (Fig. 6B). In addition to
FRET distributions, Rodgers et al. also analyzed the kinetics of the conformational
switching [21]. This was achieved by measuring the dwell times, <, for U6 in each FRET
state followed by fitting the observed distribution of dwell times to a kinetic model using
maximum likelihood methods (Fig. 6C-E). Together these data revealed that U6 is
structurally dynamic when basepaired with U4, and these single molecule results were
complemented by biochemical experiments showing that telestem formation leads to U4/U6
instability and unwinding.

5.3. Correlation of pre-mRNA dynamics with splicing factor binding

SmFRET can be combined with a number of other single-molecule techniques. As an
example, Crawford et a/. incorporated SmFRET with colocalization fluorescence microscopy
to correlate changes in pre-mRNA conformation with distinct stages in spliceosome
assembly [24]. The authors prepared a full-length pre-mRNA substrate for the spliceosome
that included a Cy3/Cy5 FRET pair located seven nucleotides upstream of the 5” splice site
and branchsite. They monitored FRET of the immobilized RNA during splicing in yeast
whole cell extract. The extract also contained fluorescent spliceosome components that had
been labeled with Atto488 fluorophores (max ex/em 500/520) using the SNAP tag. In the
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case of labeled U1 snRNP (Fig. 7A), a 0.5 FRET state was observed which transitioned to a
0.2 state upon U1 snRNP arrival (Fig 7B). Histogram transition analysis confirmed that
many molecules were indeed transitioning to a dominant state with FRET at 0.2 upon U1
binding (Fig. 7C). Surprisingly, this low FRET state persisted until after spliceosome
activation had begun and the Nineteen Complex (NTC) arrived (Fig. 7D). NTC arrival was
correlated with a subsequent shift to a FRET state of 0.3 (Fig. 7E-F). These results could be
explained by a process occurring after NTC addition that results in bringing the branch site
near the 5” splice site in the catalytic core of the spliceosome. The smFRET experiments
show NTC arrives ~ 2 min prior to activation (Fig. 7F). This result agrees well with data
reported by Blanco et al. as well as recent cryo-EM structures of activated yeast
spliceosomes that were determined subsequently [10, 11, 13, 47]. In these NTC-containing
structures, the branchsite and 5” splice site are separated from one another by ~50 A [10,
11, 13]. These sequences only become juxtaposed following catalytic activation of the
spliceosome by the Prp2 ATPase [47, 61-63].

6. Conclusion

In addition to the studies described above, many other experiments have used SMFRET to
interrogate the splicing machinery. These studies have encompassed a wide variety of
experimental questions from U2/U6 and U4/U6 di-snRNA structure and dynamics to
characterizing spliceosome remodeling by DEAH-Box ATPases [19, 22, 23, 27, 64]. While
we have not discussed each of these studies in detail, it is apparent that SmFRET has become
an increasingly important tool for studying spliceosome structure and mechanism.

SmFRET and other single-molecule methods can provide unique insights into complex
macromolecular machines such as the spliceosome that undergo intricate structural
rearrangements. These methods can uniquely identify short-lived or rare conformations and
reaction pathways that can be obscured in bulk e xperiments. Moreover, the small sample
requirements for single-molecule experiments are compatible with studies of many cellular
machines which are lowly abundant or difficult to isolate in large quantities. With the recent
high resolution structures of spliceosomes at different stages in the splicing reaction, it is
likely that future SmFRET analysis of splicing will take advantage of this additional
structural information to design new experiments further probing RNA conformation during
splicing. Many of the RNA and protein dynamics necessary for transitioning the
spliceosome between the different stages captured by cryo-EM are still waiting to be
observed.
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Highlights
Single-molecule FRET is useful for studying spliceosome RNA dynamics.

This review summarizes steps involved in a typical single-molecule FRET
experiment.

These methods have been used to study snRNA and pre-mRNA dynamics
during splicing.
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Figure 1.
Cy3 and Cy5 fluorophore characteristics and attachment to RNA for FRET studies. (A)

Chemical structures of Cy dyes frequently used for FRET with NHS leaving groups (grey)
for fluorophore attachment. R represents sulfonate groups typically added to Cy dyes to
increase solubility. (B) Excitation (Ex) and emission (Em) spectra for Cy3 and Cy5
fluorophores. The spectral overlap between Cy3 emission and Cy5 excitation is shown
(yellow). Spectra obtained from GE Healthcare Life Sciences. (C) Example plot of the
FRET between a Cy3:Cy5 pair. At 0.5 FRET efficiency, the fluorophore pair distance is
equal to the Forster distance, Rg, which is ~6 nm for Cy3:Cy5 [32]. (D) Examples of
commercially available options for fluorophore labeling RNAs either at the 5" or 3" ends or
internally. Chemical structures shown are those commercially available from Integrative
DNA Technologies.
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Generating RNA constructs for FRET through splinted ligation. (A) Schematic overview of
steps necessary for splinted ligation. The DNA splint (blue) basepairs to both the 5” and 3’
oligos, bringing them in close proximity for ligation. The 5" phosphoryl group and 3" biotin
are shown as circled “P” and “B”, respectively. (B) An example of the results from a splinted
RNA ligation to prepare a smFRET reporter RNA, as analyzed by denaturing PAGE. The
ligated product contains both the Cy3 and Cy5 RNAs and is resolved from excess, unligated

Cy5 RNA. The ligated product can be excised and extracted from the gel for sSmFRET

experiments.
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Figure 3.
Single-molecule FRET data collection. (A) Illustration of an assembled flow-cell for

SmFRET assembled from a quartz slide, glass coverslip, double-sided tape, and vacuum
grease. Holes drilled into the quartz slide provide inlets and outlets for sample application
and buffer exchange. (B) 2D representation of an RNA molecule immobilized to a quartz
slide for smFRET. Biotin-PEG molecules (B) are shown attached to a streptavidin tetramer
(). Energy transfer (yellow arrow) occurs with distance dependent efficiency between the
two fluorophores. (C) A prism-based TIRF microscope setup for smFRET data collection.
The slide is placed between the prism and the objective. A thin layer of oil creates even
contact between the slide and the prism while the objective immersion fluid is located
between the coverslip and the objective. The incoming laser excites the donor fluorophore
by entering the prism from above (green arrow).
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Figure 4.
Workflow of SmFRET data processing. In the first step, the camera images from the donor

(green) and acceptor (red) channels are used to select molecules present in both (yellow
boxes). Next, integrated fluorescence trajectories of the fluorescent signal from both the
donor (green) and acceptor (red) are plotted for each molecule to confirm anti-correlation
and correct for background. Finally, the EpreT is calculated and plotted for the molecule for
each time point (blue line).
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Figure 5.
U2 snRNA dynamics analyzed by SmFRET by Rodgers et a/. [20]. (A) Two mutually

exclusive RNA structures can be adopted U2 stem Il and are described by different FRET
states. The SmFRET reporter RNA was labeled with Cy3 (green) and Cy5 (red). (B)
Histograms plotting EggeT for the sSmFRET reporter RNA in response to Mg2* (C) TODPs
of Egger for stem Il molecular transitions. The structural transitions of the RNA increased
and changed in EpggTin the presence of Mg?* The figure shown was adapted from reference
[20] and used with permission.
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U4/U6 snRNA dynamics analyzed by smFRET by Rodgers et al. [21]. (A) 2D representation
of the proposed structural states of U6 while basepaired to U4 snRNA. U6 was labeled with
Cy3 (green) and Cy5 (red) fluorophores. (B) Histogram of Epggt Values observed for the
U4/U6 smFRET reporter shown in (A). Two states were observed, one centered at Epget =
0.23 and one at EggeT = 0.68. (C) EpgeT from a single U4/U6 molecule shows multiple and
frequent transitions between the two states indicated by blue and red bars. (D and E)
Measured dwell times t| g (blue) and tpjigh (red) were combined and plotted as probability
density histograms. Calculated lifetimes of the FRET states were obtained by fitting these
distributions to maximum likelihood functions with either one (D) or two (E) kinetic
parameters. The figure shown was adapted from reference [21] and used with permission.
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Figure 7.

Pre-mRNA dynamics analyzed by sSmFRET and colocalization fluorescence microscopy by
Crawford et al. [24]. (A) Experimental design used by Crawford et a/. The pre-mRNA was
labeled just upstream of the 5 splice site with Cy5 (red star) and the branchsite with Cy3
(green star). The U1 snRNP was doubly labeled with Atto488 (blue stars). (B)
Colocalization of U1 with the pre-mRNA (Atto488 spot) coincides with a decrease in Cy5
acceptor FRET and an increase in Cy3 donor FRET. (C) Heat map representation of Epget
transitions observed before and after U1 binding. (D) Experimental design as in panel (A)
except that the NTC was doubly labeled with Atto488 (blue stars) for monitoring later stages
in spliceosome assembly. (E) EgreT plotted as a function of reaction time for a single pre-
MRNA molecule shows a shift from low to mid Egggt occurring after NTC arrival (dotted
line). (F) Heat map representation for a population of 80 pre-mRNA molecules shows that
the EpreT transition shown in panel (E) is a common feature of spliceosome assembly.
Shaded circles in (A) and (D) represent the yeast whole cell extract in which the experiments
were performed. The figure shown was adapted from reference [24] and used with
permission.
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