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Abstract
Over the past decade, single-molecule fluorescence studies have elucidated the structure-function
relationship of RNA molecules. The real-time observation of individual RNAs by single-molecule
fluorescence has unveiled the dynamic behavior of complex RNA systems in unprecedented detail,
revealing the presence of transient intermediate states and their kinetic pathways. This review
provides an overview of how single-molecule fluorescence has been used to explore the dynamics
of RNA folding and catalysis.
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1. Introduction
RNA molecules are important biopolymers that show high functional versatility in living cells.
In addition to their well-known function as an information carriers, they can play essential roles
in catalysis and gene regulation [1]. Although RNA molecules make use of only four
nucleobases, their ability to fold into a seemingly infinite number of dynamic structures is key
for their functional diversity. The discovery of different functional aspects of RNA molecules
has increased their potential in various applications in modern medicine and biotechnology
[2-5].

Over two decades ago, it was first shown that RNA molecules have the capability to catalyze
chemical reactions in the absence of proteins [6,7]. Subsequently, it was further recognized
that RNA is a main player in two vital biological processes: splicing and translation. Pre-mRNA
splicing is catalyzed by the spliceosome, a multi-megadalton ribonuclearprotein complex
consisting of five RNAs and over 150 proteins [8,9]. In all living organisms, mRNA translation
is catalyzed by the RNA components of the ribosome, another essential multi-megadalton
ribonuclearprotein complex [10-12]. The ribosome is the largest and most abundant known
ribozyme in nature.

In addition to its roles in catalysis, RNA molecules can also perform efficient regulatory roles
in living organisms. Regulatory RNAs, such as micro-RNAs and small-interfering RNAs, can
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regulate gene expression by either direct translational suppression or by degradation of mRNA
[13-15]. Riboswitches are regulatory RNAs that can regulate gene expression at both the
transcriptional and the translational level, providing more evidence for the variety of RNA
functions in living cells [16].

The folding of RNA into precise three-dimensional structures is essential for proper functioning
of these molecules in nature. How a simple linear biopolymer like RNA adopts a functionally
active tertiary structure is the crux of the RNA folding problem. Because of the rugged nature
of their folding potential energy surfaces, RNAs can follow complex kinetic pathways and
adopt multiple intermediate conformations before reaching the active state [17-29].
Interactions with metal ions and protein co-factors can influence the stability of these
intermediates and cause changes in the RNA folding landscapes. UV melting, Isothermal
Titration Calorimetry (ITC), Circular Dichroism (CD) and chemical footprinting are some
important techniques that have been used traditionally to characterize RNA folding reactions
[17-19,30-32]. However, all of these techniques deal with ensemble-averaged populations of
a large number of molecules, which restricts the information that can be obtained if multiple
conformations are present in solution. The emergence of single-molecule techniques has
represented a tremendous advance in studies of RNA folding and catalysis, because it enables
the direct observation of transient intermediates in isolated molecules, thereby resolving static
and dynamic molecular heterogeneity and eliminating the requirement to synchronize all of
the observed molecules to derive quantitative kinetic information. Thus, single-molecule
spectroscopy provides insight into the functioning of complex biological systems by revealing
the kinetic steps otherwise hidden in ensemble-averaged bulk experiments [25,33,34].

Since the first single-molecule RNA folding study a decade ago [35], single-molecule
fluorescence has become a widely used technique to study the mechanisms of folding and
catalysis in several RNA-based systems. The following sections review applications of single-
molecule fluorescence that have significantly improved our understanding of RNA folding and
catalysis. Since this review cannot include all the remarkable advances in the study of RNA
folding and catalysis with single-molecule methods, we refer to these other reviews for further
examples [26-29,36-44].

2. Experimental Approaches
Several single-molecule approaches have proven useful in adressing the structure-function
relationships of RNA. For example, single-molecule force spectroscopy with optical tweezers
has been used to study folding of the Tetrahymena ribozyme and the Adenosine riboswitch
[45,46]. Here, we focus our attention to just one of the most widely used techniques for studying
the structure and dynamics of RNA molecules: single-molecule fluorescence resonance energy
transfer (smFRET).

2.1. Single molecule FRET
FRET is a powerful molecular ruler, which can be used to measure distances in the 2-10
nanometer range [47,48]. The combination of single-molecule detection with FRET has
increased its potential in numerous applications in biological systems [49,50]. FRET is a
distance-dependent, non-radiative energy transfer process that takes place between a donor and
acceptor fluorophore linked to a biomolecule. Upon excitation of the donor fluorophore, the
energy is transferred to the acceptor and increases its emission intensity while decreasing the
emission intensity of the donor fluorophore. Energy transfer arises from dipole-dipole
interactions between these fluorophores, and the efficiency of this process (E) is given by E =
1/(1+(R/R0)6), where R is the distance between the two dipoles and R0 is the Förster distance,
at which 50% energy transfer efficiency is observed. R0 is typically 3-8 nm for most
fluorophore-pairs. The FRET efficiency also depends on the orientation of the donor and
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acceptor fluorophores as well as the spectral overlap between the emission spectrum of the
donor and the excitation spectrum of the acceptor molecule.

The power of single-molecule detection combined with the sensitivity of FRET has made
single-molecule FRET (smFRET) one most widely-used real-time detection techniques to
monitor structural dynamics, kinetics and thermodynamics of biopolymers. In order to achieve
single-molecule sensitivity, it is critical to reduce all sources of background fluorescence
[51,52]. To this aim, two techniques are primarily used: confocal and total internal reflection
fluorescence (TIRF) microscopy. Both these techniques reduce background fluorescence by
limiting the detection volume.

In confocal microscopy, the out-of-focus light transmitted to the detector is reduced by a small
aperture in the image plane of the microscope, and detection is effectively limited to a small
(femtoliter-size) volume, thus increasing the signal-to-noise ratio by suppressing the
background signal. Confocal microscopy helps to detect freely diffusing molecules in solution
[53]. However, the short dwell time of these molecules in the detection volume is the main
limitation of this technique. In order to overcome this limitation, two main strategies have been
developed during the past years: Immobilization of the sample in agarose or polyacrylamide
gels [54] and the surface immobilization of molecules by specific interactions, such as a biotin-
streptavidin bridge [35].

In contrast to confocal microscopy, TIRF microscopy aids in the detection of molecules by
exciting with an evanescent wave generated by total internal reflection of a laser beam. The
reduction of the excitation volume to a thin sheet at the interface between the slide and the
solution decreases the background signal and the excessive photobleaching of molecules
outside the detection volume. This technique facilitates the simultaneous detection of a large
number of molecules simultaneously in a wide observation field with the use of a charge-
coupled device (CCD) camera. These features increase the applicability of this technique by
alleviating some of the disadvantages of confocal microscopy. However, the time resolution
that can be obtained by current CCD cameras is still lower than that of the avalanche
photodiodes (APD) and photomultipliers that are used in confocal fluorescence microscopy.

3. Single-molecule studies of RNA
The proper understanding of RNA folding dynamics is critical to the determination of its
structure-function relationship. The presence of multiple kinetic pathways and intermediate
RNA structures make this task challenging using ensemble-averaged experiments. However,
single-molecule FRET has shown its ability to overcome many of these challenges by revealing
transient intermediates on the folding pathway of various RNA molecules. As a result, smFRET
has been widely used to elucidate the folding dynamics of various catalytic RNAs ranging from
the small hairpin and VS ribozymes to large catalytic RNAs such as RNase P RNA and group
II introns [25,33,34,55-60]. The following section summarizes some of the folding studies of
biologically important small and large catalytic RNAs, as well as protein-mediated RNA
folding in the assembly of the ribonucleoprotein (RNP) complexes.

3.1. Folding studies of small RNAs
Small ribozymes are critical model systems, which provide basic information about the folding
dynamics of RNA. The hairpin ribozyme is one of the best-characterized small RNA enzymes
[26,36,39,42,52,61,62]. This small ribozyme is derived from the self-cleaving negative strand
of the satellite RNA in the tobacco ringspot virus [63]. In the rolling-circle replication of some
viral RNAs, the hairpin ribozyme catalyzes the autocatalytic reaction to process multimeric
products into unit-length satellite RNA genomes. The structure of the hairpin ribozyme consists
of a four-way helical junction with two internal loops on adjacent arms that can dock on each
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other [25]. In the minimal version of this ribozyme, two of the helices can be removed to yield
a two-way junction with docking internal loops A and B (Fig. 1a). The hairpin ribozyme can
form an inactive extended conformation (undocked state) or an active bent conformation
(docked state) containing tertiary interactions between loops A and B [64].

To understand the correlation between structural dynamics and function of the hairpin
ribozyme, Steven Chu, Nils Walter and coworkers performed the first smFRET experiments
on the minimal hairpin ribozyme with the two-way junction [33]. The hairpin ribozyme was
fluorophore labeled by attaching Cy3 and Cy5 dyes (FRET donor and acceptor, respectively)
to the 3′ and 5′ ends of the RzA strand (Fig. 1a). A biotin was attached to the 5′ end of the RzB
strand for surface immobilization via a biotin-streptavidin interaction. The fluorescence
intensity from individual donor and acceptor fluorophores (Id and Ia) was detected using TIRF
excitation and the apparent FRET efficiency calculated as FRET = Ia/(Ia + Id). Single-molecule
FRET time trajectories reveal the structural dynamics of each molecule (Fig. 1b and c). The
smFRET data show that the two ribozyme conformations (docked, FRET ∼ 0.9, and undocked,
FRET ∼ 0.2) are in dynamic equilibrium. From the FRET trajectories, the kinetic rates of
docking and undocking can be directly measured by determining the dwell time distributions
in each state. The data showed a single rate of docking (0.008 s−1), and four different undocking
rates were obtained, revealing the presence of four docked sub-populations, each with distinct
undocking kinetic rates (Fig. 1d). Interestingly, a molecule in a given sub-population tends to
remain in the same state (Fig. 1c) without switching between different docked states, revealing
the presence of a strong memory effect in the folding pathway of the hairpin ribozyme. This
behavior was also present in the natural form of the hairpin ribozyme in both docking and
undocking [25]. The heterogeneous kinetics of the hairpin ribozyme were further explored by
characterizing the effect of site-specific mutations and metal ion titrations on the transition
state of the two-state folding reaction [55]. The metal ion titrations suggested the presence of
a compact transition state, which can be stabilized by electrostatic interactions to a similar
extent as the docked state, while the mutation analysis showed that the native tertiary contacts
are, at most, only partially formed. The characterization of the transition state of the hairpin
ribozyme extended the existing knowledge of RNA folding and suggested that the formation
of a compact transition state without well-formed tertiary contacts may be a general
phenomenon in elementary RNA folding reactions.

Further, smFRET combined with functional assays and kinetic simulations was used to study
the impact of the essential functional groups located far from the cleavage site on both docking
and undocking rate constants [56]. Similar to the wild type, all observed variants showed
heterogeneous undocking kinetics with distinct undocking rate constants. However,
heterogeneous docking kinetics were observed only in the variant with a modification at the
domain junction. The persistence of molecular heterogeneity with memory effect for all
variants under different buffer conditions confirms the previously identified unique nature of
the hairpin ribozyme. Surprisingly, most modifications not only affect docking and undocking,
but also significantly impact the internal chemistry rate constants over a substantial distance
from the site of catalysis, revealing the presence of a network of coupled molecular motions
that connects distant parts of the RNA with its reaction site.

Despite the simplicity of the hairpin ribozyme structure, smFRET revealed complex structural
dynamics, providing useful information for in-depth understanding of the structure-function
relationship. By enabling the discovery of previously unidentified complex behavior of the
small ribozymes, these findings highlight the potential of smFRET over traditional ensemble-
averaged experiments. Because of the modular nature of RNA molecules, studying small
domains in isolation can be helpful to deepen our understanding of the folding dynamics of
more complex large ribozymes [65-68].
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3.2. Folding studies of large RNAs
The capability of smFRET to monitor the complex folding dynamics of large RNA enzymes
was proven by numerous interesting applications. In the following sections, we highlight three
examples: The Tetrahymena ribozyme, the catalytic domain of RNase P and the group II intron
ribozyme.

The Tetrahymena ribozyme is a large, multi-domain RNA enzyme that has been extensively
characterized [6,69]. It was derived from a self-splicing group I intron and comprises a highly
conserved catalytic core (P4 - P8) with additional conserved peripheral structural elements
(Fig. 2a). The P4 - P6 domains have the ability to fold independently into the native tertiary
structure in a magnesium-dependent manner [20,70-72]. As such, the complex structure of the
Tetrahymena ribozyme, together with its P4 - P6 domain, provides a valuable model system
to study the folding of large RNAs. Early smFRET studies showed that the P1 duplex reversibly
docks into the preformed active core of the ribozyme to form the active structure [22]. A
fluorophore-labeled ribozyme was used to monitor P1 docking and the overall folding of the
Tetrahymena ribozyme in order to dissect the complex RNA folding pathway (Fig. 2a and 2c).
Single-molecule FRET trajectories directly revealed a dynamic equilibrium between the
docked (high FRET) and the undocked (low FRET) states (Fig. 2b). The analysis of folding
transitions of the Tetrahymena ribozyme indicates the presence of multiple folding pathways
(Fig. 2b, compare top and bottom traces). The folding transition state of the Tetrahymena
ribozyme was probed by comparing the effects of mutations and denaturants on the docking
rate (kdock) and equilibrium constant (Kdock) using smFRET [73]. Modification of eight groups
in the P1 duplex that form tertiary interactions with the active core decreased the docking
equilibrium (500-fold) to a greater extent than the docking rate constant (2-fold). The lower
sensitivity of kdock to these modifications suggests that these tertiary interactions are not present
in the transition state, suggesting an early transition state without tertiary contacts between P1
and the ribozyme core, as in the case of the hairpin ribozyme [55].

Other studies have used single-molecule force spectroscopy to study the unfolding from the
native state to a fully extended single stranded RNA [45]. This technique uses focused laser
beams to manipulate biological molecules immobilized between two separated beads in
solution [74,75]. The resulting mechanical unfolding trajectories showed the presence of eight
intermediates with discrete kinetic barriers, demonstrating the complex folding behavior of
this catalytic RNA.

The catalytic domain of the RNase P RNA is a well-characterized large RNA enzyme. It
catalyzes the maturation reaction of tRNA in bacteria and eukaryotes by cleaving the 5′ leader
sequence of precursor tRNA [7,76]. The ensemble analysis of this large catalytic RNA
describes the two-step folding pathway consisting of three main conformational states: the
unfolded state (U), the intermediate state (I), and the folded native state (N) [77]. Magnesium-
dependent, smFRET-mediated folding analysis of RNase P RNA revealed the existence of at
least two previously unidentified folding intermediates [57]. Further, FRET time trajectories
of individual RNA enzymes indicated the presence of five subpopulations based on three FRET
states as well as dynamics between different states. Collectively, the observed heterogeneity
and slow conformational transitions indicate the early folding of this catalytic RNA through a
series of intermediates.

More recently, the folding of the Bacillus stearothermophlilus RNase P catalytic domain was
studied by a specially designed single-molecule, non-equilibrium periodic [Mg2+]-jump
method [58]. This approach allows probing of the regions of the free energy landscape to
understand the early folding pathways of a large RNA. According to the observed FRET
trajectories, [Mg2+] jumps from 0.01 mM to 0.1 mM show two-state behavior and jumps from
0.01 mM to 0.4 mM show complex multistate folding behavior. Before the jump, RNA
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molecules in low and high FRET states show dynamics in two distinct regions of the energy
landscape that are separated by a high-energy barrier. Structural changes involved in crossing
this barrier that did not change FRET values but changed their dynamics were identified. The
observed slow dynamics between different conformations helped reveal the presence of a long
memory effect of folding in this catalytic RNA. This specially-designed smFRET approach in
addition to previous smFRET data collectively elucidate complex folding dynamics of the
RNase P RNA by characterizing undisclosed folding intermediates and the free energy
landscape of this RNA enzyme.

Group II intron ribozymes rank among the largest protein-free, multidomain ribozymes
found in nature. Their catalytic mechanism resembles that of nuclear splicing in eukaryotes
[78]. The ribozyme's secondary structure consists of six domains (D1-D6) that radiate from a
central core, but only nucleotides involved in tertiary interactions are highly conserved [79].
The minimal active form is the D135 ribozyme, derived from the group II intron Sc.ai5γ of
Saccharomyces cerevisiae, which consists of the necessary components for catalysis and
provides a model system to study group II introns. The unique folding pathway of the group
II intron ribozyme consists of an initial slow compaction step of domain I (D1), followed by
rapid folding of the remaining domains onto the D1 scaffold to form the native state (N) [80].
Previous studies have described the two-step folding pathway for this D135 ribozyme that
contains one obligatory intermediate (U ↔ I ↔ N) at high salt conditions [81]. The fast folding
step has been recently characterized by smFRET experiments [34]. Because of its large size,
the D135 ribozyme was fluorophore-labeled and biotinylated by hybridizing fluorophore-
labeled and biotinylated DNA strands with the ribozyme (Fig. 3c). Then, the whole complex
was immobilized on a microscope slide through a biotin-streptavidin interaction and detected
using TIRF-based smFRET (Fig. 3a).

The single-molecule data revealed three distinct structural conformations with a previously
unidentified on-pathway folding intermediate (Fig. 3b and d). Further, the observed fast folding
rates between different states indicated that these conformations are connected by small
activation barriers. FRET time trajectories showed that the native conformation occurs only
transiently at 20 mM or higher Mg2+ concentrations. However, the binding of the substrate
with the ribozyme stabilizes the high FRET conformation, suggesting this structure acts as a
catalytically active conformation in vitro. Interestingly, it was found that increasing [Mg2+]
lead to an increase in structural dynamics. The fraction of dynamic molecules versus [Mg2+]
yields a dissociation constant that coincides with the values for bulk folding and cleavage. This
result links the structural dynamics of D135 to its function, posing the interesting possibility
that domain motion contributes to successful reactivity.

3.3. Protein-mediated RNA folding
RNA is a structurally and functionally flexible biomolecule, which often requires specific
protein assistance to form functionally active conformations in vivo. Protein factors can
promote RNA folding into the native conformation by either enhancing the structural stability
or by chaperoning the folding process [82,83]. RNA-protein complexes (RNPs) require
numerous protein factors to coordinate the assembly of these large structures for specific
biological function. The capability of single-molecule fluorescence to dissect the reaction
pathways by direct observation of the folding processes paved the way for its use in
characterizing the assembly of large RNA-protein complexes.

In order to explore the assembly of the telomerase RNP complex through stepwise protein-
mediated RNA folding, Zhuang and coworkers performed single-molecule fluorescence
experiments using telomerase from Tetrahymena thermophila as a model system [84]. The
telomerase RNP complex solves the end replication problem by adding telomeric DNA to the
termini of the linear chromosomes. The complete telomerase complex contains three main
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components: telomerase RNA, telomerase reverse transcriptase (TERT) and protein cofactors.
Telomerase RNA and TERT are key components for telomerase activity. However, in vivo
telomerase biogenesis requires RNA-binding proteins to promote the specific assembly
pathway [85]. Therefore, the real-time observation of the Tetrahymena telomerase RNP
assembly was detected using the telomerase RNA, TERT and the La-motif protein p65 (Fig.
4a) [84]. In the experimental set-up, the fluorophore-labeled telomerase RNA was immobilized
on a surface via a biotin-streptavidin interaction, and RNA folding was monitored in the
presence or the absence of the TERT and the holoenzyme p65 using smFRET (Fig. 4a).

Telomerase RNA showed a single FRET distribution centered at 0.29 in the absence of proteins.
Addition of the holoenzyme p65 shifted the observed FRET value toward the higher value of
0.46, indicating a p65-induced conformational change of RNA that brings the ends of stem I
and stem IV into closer proximity. However, further characterization of the p65-induced
intermediates by mutational studies revealed that the p65-induced structural changes occur
mainly around the conserved GA bulge in stem IV. Upon addition of purified TERT into the
p65-RNA complex, the FRET value shifted further to a high value of 0.65 (Fig. 4b and c). This
indicates the formation of the p65-RNA-TERT ternary complex with a close association of the
helix IV and stem I.

To further understand the RNA folding process, a mixture of proteins containing both p65 and
TERT was introduced to the immobilized RNAs. The majority (74%) of the resulting FRET
trajectories showed a two-step pathway with an intermediate FRET state at 0.46, revealing the
hierarchical telomerase assembly pathway directed by stepwise protein-mediated RNA
folding. In the absence of p65, FRET traces of the TERT-RNA complex did not exhibit the
previously observed high FRET state (∼0.65), but the addition of p65 into the TERT-RNA
complex was able to rescue the high FRET state. This provided strong evidence for the p65-
induced RNA conformation as an essential intermediate during the assembly pathway. Using
smFRET, the authors were able to observe and characterize the hierarchical assembly pathway
of the Tetrahymena telomerase RNP complex (Fig. 4d).

3.4. RNA catalysis
Numerous studies have explored the catalytic nature of RNA using ensemble-averaged
techniques [86]. Compared to these methods, smFRET offers the potential to dissect the
reaction pathway by revealing transient intermediates and minor subpopulations making a
significant contribution to characterize catalytic RNAs. During the last decade, single-
molecule techniques have become widely used to explore the numerous catalytic RNAs ranging
from small ribozymes such as the hairpin ribozyme to large catalytic RNAs such as the
Tetrahymena ribozyme [22,33,56,87]. Here, we summarize some of the fruitful applications
of smFRET to illustrate its contribution to a greater understanding of RNA catalysis.

The hairpin ribozyme reversibly cleaves its substrate into two products through a cleavage
pathway consisting of substrate binding, interdomain docking or folding of the ribozyme-
substrate complex into a catalytically active docked state, cleavage of the substrate,
interdomain undocking or unfolding of the ribozyme-product complex, and release of the
products from the ribozyme. In order to dissect this multi-step cleavage reaction, single-
molecule fluorescence was applied to both the minimal and natural forms of the hairpin
ribozyme [33,87]. The first smFRET study performed with the minimal form of the hairpin
ribozyme containing a two-way junction exhibited three distinct FRET states corresponding
to the docked, undocked and substrate-free or unbound states during the cleavage reaction
[33]. An increase of the substrate-free state population over time indicates the cleavage and
rapid dissociation of the cleaved products from the undocked state. In addition to confirming
the previously proposed cleavage reaction pathway by ensemble experiments, this study was
able to reveal kinetic rate constants of this reaction for the individual conformational changes.
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Based on these observed rate constants, the conformational transitions between docked and
undocked states and the equilibrium constants of the reversible cleavage step are recognized
as the rate-limiting points of the overall cleavage reaction of the two-way junction ribozyme.
Furthermore, the apparent heterogeneity in the undocking rate constants demonstrates the
heterogeneous cleavage kinetics of these catalytic RNAs.

The internal cleavage and ligation reactions were directly observed for the first time by the
single-molecule fluorescence studies conducted with the natural form of the hairpin ribozyme
containing a four-way junction [87]. According to the resulting FRET trajectories, molecules
can remain stably in the docked state or display rapid docking and undocking transitions
representing the ligated and cleaved forms of the ribozyme, respectively. These distinct
structural dynamics between the cleaved and ligated forms enable the recognition of multiple
cycles of internal cleavage and ligation of a single ribozyme. Further, the analysis of chemical
rate constants indicates a stronger equilibrium bias toward the ligated state. Compared to the
minimal hairpin ribozyme, the natural form of this ribozyme shows a different rate-limiting
mechanism. The cleavage step accelerates the undocking of the four-way junction ribozyme
and exhibits a faster undocking rate than the ligation rate. As a result, the overall cleavage
reaction rate of the four-way junction ribozyme is primarily limited at the internal cleavage
step. In addition to previously observed heterogeneity of undocking, the natural form of the
hairpin ribozyme showed heterogeneity in rate constants of both the folding and the unfolding
steps of the ribozyme. The observed kinetic heterogeneity in smFRET studies elucidates the
fast and the slow phases of the cleavage pathway of the hairpin ribozyme.

The Tetrahymena ribozyme, derived from a self-splicing group I intron, catalyzes the cleavage
of the substrate by guanosine. The catalytic reaction of this self-splicing RNA enzyme was
observed by single-molecule fluorescence with addition of guanosine to the surface-
immobilized ribozyme-substrate complex [22]. After rapid binding of guanosine, the cleavage
of the substrate was detected by the disappearance of fluorescence signal due to release of the
Cy3-labeled cleavage product. The identical cleavage rate constants obtained from both the
single-molecule and ensemble measurements indicate the validity of the single-molecule
technique to study RNA catalysis.

3.5. The ribosome and single-molecule fluorescence
The ribosome is a complex molecular machine that catalyzes protein synthesis in all living
cells. In bacteria, this large ribonucleoprotein complex is composed of two subunits, the small
30S subunit and the large 50S subunit, that assemble around an mRNA template to form a
complete 70S ribosome. During translation, tRNAs recognize the information encoded in the
mRNA template and convert it into a specific protein with the help of the ribosome. There are
three tRNA binding sites at the subunit interface of the ribosome: the aminoacyl site (A site),
the peptidyl site (P site), and the exit site (E site) [88].

Protein synthesis consists of three main steps: translation initiation, elongation and termination.
Translation elongation is an extensively studied process that contains several important steps
[89,90]. First, the ternary complex, containing aminoacyl tRNA (aa-tRNA), GTP and
elongation factor Tu (Ef-Tu), binds with the A site and forms base pairs at two regions; The
anticodon loop of the aa-tRNA base pairs with the mRNA codon at the A site within the 30S
subunit, and the 3′CCA terminal residues base pair with the conserved ribosomal RNA (rRNA)
within the 50S subunit. Correct codon-anticodon recognition triggers GTP hydrolysis by EF-
Tu. After hydrolysis, the 3′ end of the A site aa-tRNA dissociates from EF-Tu(GDP) and resides
in the peptidyltransferase center to promote peptide bond formation. Then the peptide attached
to the P site tRNA is transferred to the A site tRNA, and the mRNA-tRNA complex translocates
to reset the ribosome for the next round of protein synthesis.
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Cryo-electron microscopy and chemical footprinting studies have identified two tRNA
conformations on the ribosome: the classical state and the hybrid state [91]. In the classical
state, each tRNA is bound to the A and P sites on both the 30S and 50S subunits (A/A-P/P).
In the hybrid state, tRNAs remain bound to the A and P sites at the 30S subunit, while the 3′
CCA ends of the P- and A-site tRNA are bound to the E and P sites of the 50S subunit,
respectively (A/P-P/E). This suggests, high spatial and time resolution smFRET studies
identified a new tRNA configuration in which only deacylated-tRNA adopts a hybrid state (A/
A-P/E). Therefore, tRNAs exhibit dynamic exchange between three metastable configurations
during translocation process [92].

In order to gain more information about the translation process and to determine the dynamics
of the tRNAs on the ribosome, Steven Chu, Joseph Puglisi and coworkers performed TIRF-
based smFRET experiments using surface-immobilized ribosomes [89,90]. In the experimental
set-up, a single ribosome initiated with Cy3-labeled aa-tRNA (fMet-tRNAfMet) in the P site
was first bound to biotinylated mRNA, and the whole complex was then immobilized on a
microscope slide by a biotin-streptavidin bridge. Cy5-labeled EF-Tu-GTP-aa-tRNA ternary
complexes were then delivered to the immobilized ribosomes, and the FRET change was
observed over time. smFRET time trajectories showed the rapid change from low to high FRET
(∼0.75), followed by dynamic fluctuations to an intermediate FRET value (Fig. 5a). Stable
occupancy of the high FRET state indicates the complete accommodation of aa-tRNA into the
A site and peptide bond formation. Consistent with previous data, the complete accommodation
of aa-tRNA requires ∼93 ms [89].

To further characterize this process, known inhibitors that block specific steps of the reaction
pathway were linked with single-molecule fluorescence experiments [89]. In the presence of
tetracycline, which inhibits A site tRNA delivery, the resulting FRET traces showed frequent
excursions to the low FRET state (∼0.35) with only rare excursions to the high FRET state.
This indicates that the tetracycline does not completely inhibit initial binding, but rather
prevents later steps of the tRNA selection (Fig. 5b). The non-hydrolysable GTP analog,
GDPNP, was able to efficiently stall aa-tRNA selection before GTP hydrolysis, and a stable
FRET value of 0.5 was exhibited after rapid transition through the 0.35 FRET state (Fig. 5c).
Kirromycin, which inhibits the structural transition of EF-Tu to the GDP-bound conformation,
showed similar FRET traces to the GDPNP-stalled ribosomes, indicating its ability to stall the
aa-tRNA selection step after GTP hydrolysis (Fig. 5d).

To investigate the fidelity of aa-tRNA selection and proofreading, mRNA at the A site was
programmed with a near cognate (CUU) or a non-cognate (AAA) codon, instead of a cognate
codon (UUU) [89]. FRET traces with the near cognate codon exhibited transient occupancy
of the 0.35 FRET state with rare transitions to high FRET states (Fig. 5e). However, the non-
cognate codon effectively eliminated the occurrence of the codon recognition state (0.35 FRET
state) on the observation time scale. Comparison of smFRET data indicates a ∼6-fold
preference of cognate aa-tRNAs over near cognate aa-tRNA in the initial selection step and a
∼24-fold preference in the proofreading step. Based on smFRET data, the overall error
frequency of aa-tRNA selection of ∼7.1×10−3 was obtained indicating the high fidelity of this
process. Overall, these studies provide more details about the translation process by direct
observation of the step-wise movement of aa-tRNAs and their dynamics on the ribosome (Fig.
5f).

Single-molecule fluorescence enables direct observation of the ribosomal intersubunit
dynamics in real time [93]. The dynamics of the ribosome constructed with fluorescently
labeled subunits (30S subunit labeled with acceptor-Cy5 on S6 or S11 protein and 50S subunit
labeled with donor-Cy3 on L9 protein) were detected using TIRF-based smFRET experiments.
According to the smFRET traces, the pre-translocation ribosome fluctuates between the rotated
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(FRET ∼0.4) and non-rotated (FRET ∼0.56) conformations, which correspond to the hybrid
and classical states, respectively. In contrast, the post-translocation ribosome remains mainly
fixed in the non-rotated classical state.

Translation-elongation was also characterized using a different labeling strategy. The main
goal of this study was to determine the real-time dynamic coupling between the ribosome and
tRNAs using smFRET [94]. The L1 stalk of the ribosome is a universally conserved and highly
dynamic part of the 50S subunit, which interacts with the central fold domain of the deacylated
tRNA. To monitor the direct correlation of the ribosome and tRNA dynamics, the ribosomal
protein L1 was labeled with Cy5, and Cy3 was incorporated into the tRNAPhe. The post-
translocation-elongation complex (POST-1) was assembled with OH-tRNAfMet in the E site,
fMet-Phe-(Cy3)tRNAPhe in the P site and an empty A site. To characterize pre-translocation,
POST1 reacted with EF-Tu(GTP)Lys-tRNALys to generate the pre-translocation complex
(PRE-1), leaving the newly deacylated OH-(Cy3)tRNAPhe in the P site and newly formed fMet-
Phe-Lys-tRNALys in the A site. smFRET time trajectories exhibited two FRET states, the low
FRET state ∼0.21 and the high FRET state ∼0.84. This indicates that the pre-translocation
complex fluctuates between a non-ratcheted state (tRNAs in the classical configuration without
the L1 stalk-tRNA interaction) and a ratcheted state (tRNAs in an intermediate hybrid
configuration with the L1 stalk-tRNA interaction). However, the binding of EF-G forms
POST-2 containing deacylated OH-(Cy3)tRNAPhe in the E site, fMet-Phe-Lys-tRNALys in the
P site and an empty A site and shifts the equilibrium towards the high FRET state, indicating
the formation of the ratcheted state. Collectively, these smFRET data describe the association
of the L1 stalk with tRNA throughout the translocation process, suggesting the ability of L1
stalks to direct tRNA movements during translocation [94].

More recently, the dynamics of the L1 stalk of the ribosome were further studied by attaching
fluorescent labels directly to the ribosome, at protein L1 and protein L33 of the 50S subunit
[95]. smFRET data revealed the movement of the L1 stalk relative to the body of the 50S
subunit between at least three distinct conformational states: an open conformation (FRET
∼0.25) in which L1 stalk is positioned away from the body of the 50S subunit, a half-closed
conformation (FRET ∼0.4) in which L1 stalk moves inwards to interact with deacylated tRNA
bound in the E/E classical state, and a closed conformation (FRET ∼0.55) that results in the
inward excursion of the L1 stalk by interacting with the deacylated tRNA in the P/E hybrid
state. Therefore, the movement of the L1 stalk promotes the remodeling of the ribosomal E
site based on the positions and acylation states of tRNA bound to the ribosome during
translocation.

4. Concluding remarks and future challenges
The structural dynamics of a small RNA three-way junction were measured for the first time
by single-molecule fluorescence only a decade ago [35]. Since that initial ground breaking
study, a wide variety of RNA systems have been investigated using single-molecule
fluorescence, and it is now possible to observe even the ratcheting motion of single
ribonucleoprotein complexes as large as the ribosome. These studies have exposed the rich
dynamic properties of RNA molecules, and from the hairpin ribozyme to the ribosome, almost
every RNA enzyme studied thus far exhibits a close link between folding dynamics and
efficient catalysis. It is possible that this innate ability of RNAs to be dynamic may serve to
compensate for their lack of chemical variety compared to that of proteins.

While the progress up to now has been extraordinary, there are still many challenges and
limitations yet to overcome during the next decade. We expect future technical improvements
will help advance single-molecule RNA science. For example, more sensitive CCD cameras
to enable the monitoring of RNA folding events with sub-millisecond time resolution. New
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fluorescent probes with improved photophysical properties (quantum yield, blinking and
photobleaching) will enhance future single molecule florescence studies and will offer the
possibility of monitoring local conformational dynamics in parallel with the global dynamics
already possible with FRET.

Single-molecule RNA studies will soon expand their repertoire to include other large
ribonucleoprotein complexes, such as the spliceosome. Despite a large number of biochemical
and genetic studies, this highly dynamic, multi-megadalton complex still remains one of the
least understood molecular machines in the cell. The dynamic nature of the spliceosome makes
it a particularly challenging system to characterize with ensemble-averaged methods, and
single-molecule fluorescence is an ideal approach to provide new insights. Further
improvements in fluorophore labeling strategies of large RNAs and novel surface
modifications to prevent non-specific binding are currently being developed to generate a
complete understanding of spliceosome dynamics [96].

Another interesting area that is likely to develop steadily over the next decade is the study of
RNA folding and catalysis in live cells. The environmental differences between the test tube
and the cell may impose unforeseeable constraints to the folding potential energy surfaces and
to catalysis. Only in vivo studies will serve to fully elucidate the function of RNA molecules
in their natural environment. An issue of particular significance is that RNA molecules are
edited and fold co-transcriptionally: the 5′ end of a long RNA may fold long before the 3′ end
is even transcribed. How the processes of transcription and RNA editing are coupled with RNA
folding remains poorly understood. Some progress in this direction has been demonstrated by
a recent study from the Block lab in which co-transcriptional folding in vitro is monitored using
single-molecule force spectroscopy [46].
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Fig. 1.
Single molecule FRET studies of the hairpin ribozyme. (a) The fluorophore-labeled two-way
junction hairpin ribozyme binds with the substrate (orange). Terminal Cy3 and Cy5
fluorophores serve as the fluorescent donor-acceptor pair and biotin is used for surface
immobilization through a biotin-streptavidin bridge. (b) A typical sm-FRET time trajectory of
a single hairpin ribozyme. The FRET states at 0.8 and 0.2 represent the docked and the
undocked states, respectively. (c) The FRET time traces of two different ribozyme molecules
exhibit heterogeneous undocking kinetics and reveal the memory effect of the hairpin
ribozyme. (d) The multistep reaction pathway of the hairpin ribozyme with the observed rate
constants. From reference [33], X. Zhuang et. al., Science 296, 1473 (2002). Reprinted with
permission from AAAS.
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Fig. 2.
Single molecule FRET studies of the Tetrahymena ribozyme. (a) The fluorophore-labeled
structure of the Tetrahymena ribozyme. The Cy3 and Cy5 fluorophores serve as the fluorescent
donor and acceptor, respectively. The biotin is used for surface immobilization of the ribozyme
complex through a biotin-streptavidin bridge. (b) FRET time trajectories of the Tetrahymena
ribozyme showing P1 docking and undocking. The FRET states at ∼0.9 and ∼0.3 correspond
to the docked and undocked states, respectively. (c) A model showing the docking and
undocking of the P1 duplex of the Tetrahymena ribozyme. The p1 duplex between the 3′ end
of the ribozyme (gray) and S (blue) reversibly docks into the rest of the ribozyme (light gray).
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From reference [22], X. Zhuang et. al., Science 288, 2048 (2000). Reprinted with permission
from AAAS.
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Fig. 3.
Single molecule FRET studies of group II intron ribozymes. (a) Experimental setup of the total
internal reflection fluorescence spectroscopy (TIRF) based single molecule FRET.
Fluorophore-labeled ribozyme construct is immobilized on a quartz slide through a biotin-
streptavidin linkage. (b) Single molecule time trajectories and histograms at different Mg2+

concentrations showing the presence of three different FRET states (∼0.25, 0.4 and 0.6). (c)
A schematic structure of the Cy3 and Cy5 fluorophore-labeled D135-L14 ribozyme containing
five domains (D1, D2, D3, D4 and D5). (d) Folding pathway of the D135-L14 ribozyme
consisting of four different states: the unfolded state (U), the extended-intermediate state (I),
the folded-state (F), and the native state (N). Reprinted with permission from reference [34],
M Steiner et. al., PNAS 105, 13853 (2008). Copyright (2008) National Academy of Sciences,
U.S.A.
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Fig. 4.
Protein-mediated RNA folding in assembly of the telomerase RNP complexes. (a) The Cy3
(donor) and Cy5 (acceptor) fluorophore-labeled full length telomerase RNA molecule
immobilized on a surface via a biotin-streptavidin linkage. (b) smFRET time trajectory
showing the assembly of the RNP complex after the addition of p65 and TERT (black arrow).
The assembly pathway consists of two steps: P65-induced FRET transition (red arrow) and
complete assembly of the p65-RNA-TERT ternary complex (green arrow). (c) FRET histogram
showing the distribution of the FRET states in the absence of protein (grey), the presence of
10 nM p65 (red) and the presence of both 10 nM p65 and 32 nM TERT1-516 (green). (d) A
schematic representation of RNA folding observed in real-time assembly of the telomerase
RNP complex. Reprinted by permission from Macmillan Publishers Ltd: [Nature] [84],
copyright (2007).
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Fig. 5.
Detection of tRNA selection and dynamics in translation by single molecule FRET. Top panel
shows FRET time traces obtained after stopped-flow delivery of EF-Tu-GTP-Phe-tRNAPhe

(Cy5) to surface-immobilized ribosome complex containing fMet-tRNAfMet (Cy3) in the P
site at different conditions. (a) Cognate aa-tRNA delivery. (b) Cognate aa-tRNA delivery in
the presence of tetracycline. (c) Cognate aa-tRNA delivery in the presence of nonhydrolyzable
GTP analog (GDPNP). (d) Cognate aa-tRNA delivery in the presence of kirromycin. (e) Near-
cognate aa-tRNA delivery. (f) A model of tRNA selection at the A site of the ribosome. A, P
and E sites of the ribosome are shown in yellow rectangles, and tRNAs are shown in blue.
Reprinted by permission from Macmillan Publishers Ltd: [Nat Struct Mol Biol],[89] copyright
(2004).
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