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Abstract

The folding dynamics of riboswitches are central to their ability to modulate gene expression in
response to environmental cues. In most cases, a structural competition between the formation of a
ligand-binding aptamer and an expression platform (or some other competing off-state) determines
the regulatory outcome. Here, we review single-molecule studies of riboswitch folding and
function, predominantly carried out using single-molecule FRET or optical trapping approaches.
Recent results have supplied new insights into riboswitch folding energy landscapes, the
mechanisms of ligand binding, the roles played by divalent ions, the applicability of hierarchical
folding models, and kinetic vs. thermodynamic control schemes. We anticipate that future work,
based on improved data sets and potentially combining multiple experimental techniques, will
enable the development of more complete models for complex RNA folding processes.
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1. Introduction

A foundational principle of molecular biology is that the explanations of living processes are
bound up in the relationship between structure and function in biomolecules. A grand
challenge of biology has been to build predictive models of organisms by leveraging our
understanding of the structure-function relationship. One milestone in this pursuit would be
the ability to predict the three-dimensional structures of proteins and nucleic acids directly
from their genetic sequences [1-6]. But static structural information alone is insufficient:
biomolecules are also highly dynamic. The interplay between structural dynamics and
function is therefore a key to understanding the mechanisms underlying biological activity at
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the molecular level. Because RNA molecules can form comparatively simple structures that
are capable of gene regulation and catalysis, in addition to storing and conveying genetic
information, they have become model systems for studying the relationship between
molecular structure and function in cellular processes. The riboswitch, a regulatory element
that acts in cis on one or more genes encoded by its MRNA [7, 8], is an exquisite example.
The dynamics of riboswitch folding determine the regulatory fate of the gene(s) under its
control. Any quantitative model of riboswitch function must therefore, of necessity, involve
a detailed description of its folding dynamics. Folding behavior may be modeled as a
diffusive process over a multi-dimensional energy landscape (section 2). The physical
mechanisms underpinning riboswitch function can then be understood in terms of this
folding landscape and its response to a target ligand in the context of the regulatory
mechanism employed by the switch (for example, the regulation of transcription, translation,
or alternative splicing).

Accurately reconstructing folding energy landscapes requires the compilation of molecular
trajectories in sufficient numbers, and with sufficient observation time, to ensure that all
relevant subpopulations have been sampled and identified. Single-molecule approaches
afford a means to observe directly individual folding trajectories in a manner free of issues
that arise from population averaging and lack of synchronization, which otherwise hamper
the interpretations of ensemble-based measurements. In particular, single-molecule Forster
resonance energy transfer (SmFRET) [9] or fluorescence quenching [10] can measure
conformational changes subtending distances of 2-10 nm on as many as hundreds of
molecules simultaneously, with a typical time resolution ranging from ~1 to 100 ms (section
3.2). Optical trapping (OT) [11], atomic force microscopy (AFM) [12], and magnetic
tweezers (MT) [13, 14] facilitate observations of folding trajectories via the measurement of
end-to-end changes in molecular extension. These techniques have achieved spatial
resolution down to ~0.3 nm [15] and temporal resolution below 100 ps [16] and allow for
applied forces ranging from ~0.1 to ~100 pN (section 3.3). The various available single-
molecule methods are versatile and, in many respects, complementary.

2. Riboswitch Folding: Models and Mechanisms

Folding studies of riboswitches are organized around one or more key concepts: these
include free energy landscapes, the effects of ligand binding, aptamer-expression platform
competition, kinetic versus thermodynamic control, the role of counterions, the nature of
intermediates and misfolded states, and the interplay between secondary and tertiary
structures. Riboswitches generally employ a modular architecture consisting of an aptamer
domain and expression platform. To date, most folding investigations have been confined to
studies of the isolated riboswitch aptamer. The ligand-bound form of the aptamer will either
interfere with, or promote, the formation of the expression platform and thereby, depending
upon the context, up- or down-regulate gene expression. Folding experiments typically
measure the lifetimes of various conformational states and the responses of those lifetimes to
ligands, cations, forces, or chemical denaturants, in order to ascertain the physical
mechanisms responsible for riboswitch behavior.
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Folding free energy landscapes [17, 18] provide a unifying framework for interpreting
results from different experimental techniques and disparate riboswitches. A ribonucleotide
polymer chain has a great many conformational degrees of freedom, and the folding energy
associated with any given molecular configuration can therefore be represented on a hyper-
dimensional “surface,” or folding energy landscape. For simplicity, this hyper-surface is
generally flattened (projected) onto just a one- or two-dimensional surface, where the
multiple conformational degrees of freedom become represented by one or two well-chosen
reaction coordinates [19] (Figure 1). As RNA folds, it samples, in principle, from a vast
conformational space—the ensemble of all possible structures—to settle into its functional,
native state (or, in some cases, one of several native states [20-22]), which is often the
minimum free-energy state. The fact that biological polymers manage to fold into native
conformations on biological timescales, despite the vastness of the conformational space,
has been dubbed the “Levinthal Paradox” [23]. The development of a “folding funnel”
picture of the folding free energy landscape offered one resolution to the paradox. In this
picture, the conformational search takes place on a funnel-like energy landscape leading to
the native state(s), thereby biasing the entire folding process and constraining the space that
gets explored [24]. There are often a series of locally accessible, non-native intermediate
states found on the funnel landscape between the unfolded ensemble and the native state
(Figure 1; section 5.1). Prior work has suggested that RNA folding landscapes tend to be
fairly rugged, with substantial activation energy barriers separating multiple intermediate
[25, 26] and native [20-22] states. Occasionally, the intermediate states compete with
longer-lived, misfolded states [27], which—in the case of riboswitches—can act to delay or
prevent aptamer formation (section 4.2).

Generally speaking, RNA folding tends to be hierarchical, with secondary structures (which
tend to have lower energy than tertiary structures) typically folding first, followed by tertiary
contact formation [28-31]. A hierarchical folding model has been invoked to describe the
folding of many RNAs fairly well (section 4.4). However, numerous counterexamples have
been identified that violate a strict hierarchy (for example, ribonucleoprotein assembly [32]),
demonstrating a more complex interplay between secondary and tertiary structure formation
(sections 4.1 and 4.2). In recognition of the limitations and approximations implicit in the
hierarchical model, an alternative “quasi- hierarchical” view of RNA folding has been
proposed [33]. The hierarchical framework may nevertheless serve as a starting point for
RNA structure prediction, without necessarily capturing the detailed RNA folding Kinetics
[29].

RNA is a polyanion at physiological pH, and the formation of compact structures requires
cations to screen its negatively-charged phosphate backbone [30, 34-38]. Divalent
magnesium ions, in particular, facilitate tertiary interactions through both non-specific
“screening” and specific “binding” interactions, and are sometimes necessary for riboswitch
ligand binding (sections 4.4 and 4.5). The significant role played by counterions in
structured RNAs compels most folding studies to explore the effect of monovalent and
divalent salts, even when no specific interactions are anticipated.

Single-molecule experiments can probe both the effects of ligand binding on folding
dynamics and the mechanisms that dictate how such effects propagate through the
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riboswitch to produce genetic regulation. Riboswitch aptamers are able to bind their cognate
ligands with high specificity and affinity, and studies of mutant aptamer folding dynamics
can reveal the origin of these characteristics (sections 4.2, 4.5, and 4.8). Ligand binding
perturbs the free energy landscape—at a minimum, decreasing the energy of the fully folded
state—and can potentially influence folding rates, as well. The effect of ligand binding on
RNA folding has been conceptualized in terms of two models: (1) induced fit and (2)
conformational selection (also called conformational capture).

To define these models in the context of riboswitch folding, we consider the case of an
aptamer folding from an unfolded state (U) via a series of intermediates to its fully folded
RNA state (F, or FeL with ligand bound), with a notional landscape shown in Figure 1A.
We then focus on the transition from the final intermediate, 15, to the fully folded aptamer,
F, where F is the “ON” switch state promoted by ligand. [In principle, an induced-fit
mechanism could affect multiple transitions along the folding trajectory, but here we
consider I,—F for simplicity.] In an induced fit model, the shape of the activation energy
barrier from I, to F or FeL must change in the presence of the ligand, because the metabolite
changes the dominant pathway itself to the folded conformation: this is the meaning of
‘induced’. In particular, the ligand can catalyze riboswitch aptamer folding by lowering the
barrier height and changing its position. Changes in the shape of the folding energy barrier
are the hallmark of induced fit. [The folded state is also lower in energy in presence of
ligand due to the binding energy, but this is not a specific characteristic of induced fit.] In
the kinetic scheme shown in Figure 1B, i and ii represent induced-fit folding pathways,
where FeL is reached via the interaction of ligand with I, either through a bound
intermediate (path i) or via a ligand-induced transition state (path ii). Paths i and ii are often
hard to distinguish experimentally. Alternatively, in the conformational selection model for
ligand-promoted folding, the energy landscapes in the presence or absence of ligand differ
predominantly in the depth of the folded-state energy well (Figure 1A), and not so much in
the barrier shape. This is because in the conformational selection model, the ligand does not
interact with the riboswitch in an appreciable way until the riboswitch spontaneously
fluctuates into its folded state (F), whereupon the ligand “captures’ this conformation,
stabilizing it through binding energy (FeL). In the kinetic scheme of Figure 1B, pathway iii
represents conformational selection. We depict both induced-fit and conformational-
selection pathways in the same diagram (Figure 1B) to emphasize that these schemes are not
mutually exclusive, and may, in principle, coexist for a single riboswitch. Indeed, kinetic
models incorporating both mechanisms have been proposed previously [39]. When both
pathways are present, the dominant pathway may depend upon environmental conditions.

The modular architecture of many riboswitches comes with a twist: the ligand-binding
aptamer and regulatory expression platform correspond to mutually exclusive secondary
structures that involve shared RNA sequences. The folding competition between these
structures shifts upon ligand binding, and this coupling forms the physical basis for gene
regulation [40, 41]. If an associated gene’s regulatory fate is sensitive to the exact timing of
folding events, for example, through co-transcriptional folding or via transcription-
translation coupling [42, 43], then the riboswitch is kinetically controlled (section 4.1). If
regulation depends upon the increased structural stability of the ligand-bound aptamer, and
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the aptamer is given sufficient time to out-compete the expression platform (that is, the
system has time to reach thermal equilibrium), the riboswitch is thermodynamically
controlled (section 4.2). Depending upon the expression platform, the regulatory context,
and the environmental conditions, the same riboswitch can exhibit either kinetic or
thermodynamic control [44].

3. Single-Molecule Methods

3.1 Introduction

Most biological macromolecules fold independently of their neighbors. Moreover, even
identically prepared molecules will tend to fold along different trajectories on the landscape.
The population averaging that takes place in bulk biochemical measurements obscures such
aspects of folding and makes any determination of the true folding pathway nearly
impossible. Various synchronization techniques (e.g. stopped-flow [45], T-jump [46]) have
been developed to reduce ensemble heterogeneity by preparing every molecule in the same
initial state. However, because each molecule evolves structure independently, any initial
synchronization is quickly lost after the first few transitions in any dynamic process.

Direct observations of the time-resolved trajectories of individual molecules can avoid such
synchronization and heterogeneity issues altogether. A single-molecule record reports on
individual molecular characteristics, but data acquired from multiple records can also permit
the ensemble reconstruction of the parent distributions for kinetic processes (for example,
building up the exponential distribution of lifetimes from a Poisson process). FRET
(SmFRET) and optical trapping (OT) have emerged as the favored techniques for single-
molecule folding studies, along with AFM, MT, and other fluorescence approaches. The
following sections delve into how energy landscape parameters may be extracted from data
acquired by smFRET or OT, although many of the analytical approaches described carry
over to other single-molecule techniques. In all cases, a key challenge is to assign features in
the collected dataset to specific conformational states.

3.2 Single-molecule FRET

In FRET, energy is transferred nonradiatively from an excited donor fluorophore to an
acceptor fluorophore through the coupling of donor and acceptor transition dipoles. The
excited acceptor fluorophore can subsequently relax via radiative emission. The FRET
efficiency is computed from the relative emission strengths of the donor and the acceptor
fluorophores. This efficiency is highly sensitive to donor-acceptor separation, depending on
the inverse sixth power of the distance. The efficiency also depends on the fluorescence
quantum yield of the isolated donor, the relative orientations of the donor and acceptor
transition dipoles, and the spectral overlap between donor emission and acceptor excitation.
Donor quantum yield, relative orientation, and spectral overlap can be combined into the
Forster length parameter, Ry, which specifies the characteristic distance for signaling
between a given donor and acceptor dye, typically assuming free relative rotation of these
fluorophores (this corresponds to setting the orientational parameter, k2, to be 2/3) [47-49].

FRET can be used to monitor the relative distances between (and, occasionally, the relative
orientations of) two domains of a given macromolecule via the attachment of donor and
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acceptor fluorophores to specific sites. In particular, measurements of FRET efficiency on a
labeled RNA can be used to discriminate among different folding states. Typical
fluorophores used in biomolecular assays exhibit Ry~4-5 nm, leading to a useful range of
~2-10 nm between labeled sites [50]. Given the considerations above (section 3.1) single-
molecule FRET is the preferred approach when one wishes to follow folding dynamics at
high resolution. To reduce background fluorescence signals, SMFRET experiments are
commonly performed using total internal reflection fluorescence (TIRF) microscopy [9].
Typically, a riboswitch aptamer domain is site-specifically labeled with both donor and
acceptor fluorophores for FRET, then attached to a glass (or quartz) surface via linker
chemistry (Figure 2) [51]. To date, lysine [52], SAM class | [53], SAM class 11 [54], guanine
[55], adenine [56-58], TPP [59], c-di-GMP class I [60], and preQ class | & Il riboswitches
[61, 62] have been explored using sSmFRET methodologies (section 4).

Fluorophore labeling sites must be very carefully chosen to be sensitive to relevant folding
transitions, which may coincide with ligand binding. However, it is equally essential that
such labeling does not (significantly) perturb either the folding kinetics or the energetics of
the riboswitch. In practice, it can be difficult to assess the extent to which the labeling
affects such characteristics. Label-independent methods, such as isothermal titration
calorimetry (ITC), can be used to compare some properties of labeled and unlabeled
constructs, and crystallographic and chemical reactivity data, as well as sequence gazing,
can inform the rational selection of labeling sites (see for instance [61]). The choice of dyes
is critical here because donor and acceptor dye photophysics are a central constraint in
SmFRET experiments. Emission brightness, which is influenced by both donor and acceptor
quantum yield, must be sufficient to supply a robust smFRET signal [49]. Dye photostability
is another critical parameter, because blinking, long-lived on/off switching, and bleaching
photochemistry can all limit the useful single-molecule observation time (section 5.2) [47,
49]. Improved photostability can be achieved by removing oxygen from solution through the
use of scavenger systems (using enzymes such as protocatechuate 2,3-dioxygenase and
glucose oxidase) and/or by introducing protective agents that work through a variety of
chemical mechanisms, e.g., Trolox, ascorbic acid, cyclooctatetraene (COT), and 4-
nitrobenzyl alcohol (NBA) [63]. The conjugation of certain of these protective agents (e.g.,
Trolox and COT) directly to carbocyanine dyes has also resulted in improved photostability,
but without the need to introduce additional agents, thereby avoiding potential issues of
biocompatibility or toxicity [64].

In principle, intramolecular distances can be extracted quantitatively from SmFRET records.
Whenever FRET is used as a “molecular ruler,” the chemical nature of the linkers used for
dye attachment to RNA can become a limiting factor. Direct covalent fluorophore
attachment, or use of excessively short linker moieties, can impede the rotational freedom of
dyes, making it necessary to consider the dye orientation (which may be unknown)
explicitly in any FRET-distance calculations. Conversely, the use of longer, flexible linkers
can support free dye rotation (and thereby improve the validity of the 1% = 2/3
approximation for random dipole orientation), but the increased lengths of such linkers also
lead to greater uncertainties in determinations of intermolecular distances in structured
RNAs. Dye chemistry can also affect quantitative measurements of distance. For example,
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Cy3 and Cy5 dyes are known to stack with some nucleic acid bases, thereby reducing their
orientational freedom. [49]

Perhaps owing to these complications, most SmFRET studies of riboswitches have not
tended to focus on quantitative measurements of distance, but have instead used FRET data
for largely qualitative inferences about transitions among conformational states. Such
determinations can nevertheless supply quantitative information about the dwell times and
equilibrium occupancies of these states. The extraction of FRET states, and estimates of
their kinetic and energetic parameters, may be performed using a number of analytical tools.
In the simplest instance, the histograms of FRET efficiency for a given donor-acceptor pair
will typically exhibit one or more peaks that correspond to different stable or metastable
inter-fluorophore distances (and/or orientations), and by implication, to different
conformational states. Fitting the histogram peaks to sums of Gaussians allows estimation of
the relative occupancies of the states. Once assigned, the histograms of dwell times in
particular FRET states can be used to extract kinetic parameters, for example, the
exponential docking and undocking rate constants for the add adenine riboswitch aptamer
(section 4.2). More complex kinetic analysis is also possible: entire kinetic schemes with
multiple transitions among states with characteristic FRET efficiencies and dwell times can
be reconstructed from single-molecule trajectories using Hidden Markov Models (HMMs)
and advancements thereof [65, 66]. Notably, HMM approaches can allow for discrimination
among states with degenerate FRET efficiencies but different kinetic properties (section
5.2).

3.3 Optical Trapping

Significant optical forces can be generated when a small dielectric object interacts with the
light of an intense, diffraction-limited focus produced by a high-intensity laser [67, 68], and
such forces can be exploited to trap the object. In a single-beam optical trap, the steep
gradient in intensity in the immediate vicinity of such a focus produces a restoring force that
tends to pull the particle towards the region of brighter light. Lasers in the near infrared
region are typically used to minimize any absorption of light by biomolecules that might
lead to unwanted heating. The spring-like physical properties of an optical trap can be
accurately characterized in all three dimensions, allowing the trap to be used to apply
controlled forces on much smaller, individual biomolecules by means of an attached
particle. Generally, a transparent glass or polystyrene microsphere (bead) is used for this
purpose. In a typical experimental geometry, micron-scale polystyrene beads are chemically
functionalized with linkers that bind to a specific partner conjugated to a long DNA
molecule (typically, ~1 kb), which in turn serves as a convenient ‘handle’ on the bead. An
RNA molecule of interest can then be hybridized to a short, single-stranded overhang at the
distal end of the DNA handle. In a dual optical trap arrangement, two beads, each carrying
different handle overhang sequences, can be used to capture the opposite ends of a single
RNA molecule. This geometry allows the system to exert pN-scale forces and measure nm-
scale motions as the RNA folds or unfolds. Two arrangements for optically trapping
riboswitches are illustrated in Figure 3.

Biochim Biophys Acta. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Savinov et al.

Page 8

Single-Molecule Force Spectroscopy (SMFS) uses force to characterize molecular folding
landscapes, and has been used successfully to study DNA [69], RNA [11], and proteins [70].
In effect, the application of an external force tilts the folding energy landscape for a given
biomolecule (Fig 1A), biasing it towards a more unfolded conformation. This perturbation
can be used to supply information about molecular energetics, kinetics, and folded
conformations. In an unbranched polymer such as RNA, the measured end-to-end molecular
extension supplies a natural reaction coordinate for tracking the folding trajectory [19]. By
systematically exploring the molecular extension in response to a range of applied forces,
one can directly observe metastable folding intermediates and measure their corresponding
lifetimes. Transitions between intermediates that produce changes in extension must then be
assigned to the folding, or unfolding, of known structural elements. Folding intermediates
often exhibit different extensions, which facilitates the assignment of a given extension
signal to a particular conformational state. In some cases, however, two (or more)
conformations may coexist at the same extension. This degeneracy can sometimes be
disambiguated through the differential sensitivity of these two conformations to the applied
force, or through differences in their lifetimes. For example, the ligand-bound form of an
aptamer may exhibit a greater resistance to opening force than the apo-form (Figure 1A,
states FeL and F), yet have very similar structure. Similarly, certain tertiary conformational
transitions may not result in an extension change, in which case their presence must be
inferred in this manner (section 4.4).

Broadly speaking, SMFS employs two different classes of experiment to extract landscape
features from data records: (1) non-equilibrium measurements (e.g. force ramps and force
jumps), and (2) near-equilibrium measurements (e.g. force and extension clamps and
constant-position measurements.) In force ramp experiments, the force is increased (or
decreased) monotonically over time as the corresponding extension is recorded. The
resulting force-extension curve (FEC) displays both molecular stretching and structural
transitions. At various forces, structural elements become destabilized, and abrupt
discontinuities (“rips”) appear in the FEC that correspond to unfolding events, where
structural elements give way to the next (quasi-stable) intermediate. The smooth segments of
the FEC situated on either side of such rips may be fit to a worm-like chain (WLC) or
similar polymer model of RNA elasticity, and thereby used to extract the opening distance
associated with the rip itself, which can be converted into an equivalent number of base
pairs that open up [71-73]. In many cases, knowledge of this base-opening value is
sufficient to make a structural assignment. The activation energy and the position of the
energy barrier for a specific transition can be extracted from its rip-force distribution,
compiled from hundreds, or even thousands, of FECs [74]. In addition, the free energy for
folding can be calculated from the distribution of the mechanical work required to unfold
and fold the molecule using non-equilibrium analysis methods [75].

Constant-force folding experiments use a force clamp, which may be passive [76] or
active [77], to maintain a given force on RNA irrespective of its molecular extension: this
has the effect of tilting the folding-energy landscape with respect to this reaction coordinate
(Figure 1A). With sufficient bias, two (or more) given conformational states may be made
approximately isoenergetic. Under such conditions, thermal fluctuations are sufficient to
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drive repeated transitions between these states, with typical lifetimes ranging from
milliseconds to minutes, depending upon the energy barrier height. The relative free
energies and activation energy barriers can then be estimated from the relative occupancies
and apparent lifetimes for the observed states, using Boltzmann and Arrhenius relationships,
respectively (for example, [69]). To map the entire landscape, the clamping force may be
stepped down in discrete increments from some maximum value (typically, =20 pN) while
observing conformational transitions for minutes at a time (depending upon the observed
state lifetimes), until all observable intermediates have been scored. In some instances, using
the latest generation of ultra-stable instruments, it has proved possible to extract more
information about the folding energy landscape than just the locations and relative energies
of the wells and barriers. High-resolution data from SMFS can be transformed into a
complete, fine-grained landscape by using deconvolution methods. In such cases, actual
landscape shapes have been reconstructed for DNA hairpins [69] and RNA aptamers [78]
(section 4.2).

4.1 The pbuE adenine riboswitch

The pbuE riboswitch of B. subtilis modulates the transcription of a gene encoding an
adenine efflux pump. The pbuE aptamer domain consists of a three-helix central junction
(Figure 4A) that specifically binds adenine through Watson-Crick pairing to a uridine
residue. In the adenine-bound aptamer, the P2 and P3 stems are observed to dock with one
another via a kissing-loop interaction between L2 and L3 [79]. A portion of the sequence on
the 3’ side of aptamer stem P1 can alternatively participate in the formation of a terminator
hairpin. In the absence of adenine, which stabilizes the aptamer domain, terminator
formation outcompetes aptamer folding, ending transcription with high probability.

Greenleaf and colleagues performed force ramp and constant-force measurements on an in
situ transcribed pbuE aptamer (Figure 3B) to reconstruct a five-state energy landscape for
aptamer folding [80]. They demonstrated that the P2 and P3 stems (but not P1) fold prior to
binding pocket formation, and that an intermediate folding state competent to bind the
ligand (A-comp), involving tertiary contacts, forms just prior to full aptamer folding (state
F). The existence of A-comp confirmed earlier suggestions about a likely pre-organization
of the ligand binding pocket [57, 79]. Perhaps surprisingly, the tertiary contacts associated
with this intermediate contributed 2.7 £+ 0.3 kcal/mol of energetic stabilization, an amount
comparable to the folding energy of stem P1. The formation of a tertiary structure (as
observed in A-comp) prior to a secondary structure (the folding of P1 in F) provides a clear
counterexample to the strict hierarchical folding model for RNA (section 5.4). Despite a
significant stabilization by adenine of 4 + 1 kcal/mol in FeL, the weak P1 switch helix
remained “brittle:” once the lone GC pair in P1 gets disrupted, the entire three-helix junction
falls apart, prompting the proposal that this GC may function more broadly as a “structural
keystone” in all purine riboswitches, where it is a common element [80] (section 4.2). The
reconstructed landscape also showed that the presence of adenine shifted the location (as
well as changed the height) of the final energy barrier to folding, although the observed shift
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may lack statistical significance. If borne out by further work, such a shift would imply that
an adenine-induced fit occurs in the aptamer after binding-pocket formation.

In general, the full-length pbuE riboswitch will not bind ligand because terminator hairpin
formation easily outcompetes aptamer folding at equilibrium: it is favored energetically by a
Boltzmann factor of ~1010. This led to the assumption that any regulation must therefore
occur co-transcriptionally, out of equilibrium [57]. Frieda and coworkers [81] demonstrated
directly how regulation arises through a kinetic competition between the aptamer and
expression platform by observing co-transcriptional behavior of the full-length riboswitch in
real time (section 2). A constant force was applied during in situ transcription of the nascent
mMRNA, as transcription and folding were followed simultaneously. At lower forces, P2 and
P3 folded sequentially, regardless of the adenine concentration (in agreement with [80]), but
the further folding of the aptamer was adenine-dependent. When the aptamer had
successfully folded and bound ligand, the probability of termination dropped from 85% to
5%. The adenine-bound aptamer delayed terminator formation only transiently—typically,
for just a few seconds—but sufficiently long for the associated RNA polymerase to get past
the critical U-tract of the terminator element [82]. Similar reductions in termination
efficiency could be achieved by increasing the applied force to 10.4 pN, which mechanically
delayed formation of the terminator. In these experiments, the adenine-bound aptamer
lifetime dropped to ~2 s from ~10 s in aptamer-only studies, suggesting that some
mechanism, e.g. branch migration [83, 84], may facilitate terminator hairpin invasion of
stem P1 [81]. This effect highlights the importance of understanding the behavior of the
aptamer in the context of the full-length riboswitch. Together, these experiments [80, 81]
demonstrate how adenine promotes and stabilizes pbukE aptamer folding, forming a kinetic
trap that prevents the terminator from folding in sufficient time to abort transcription.

4.2 The add adenine riboswitch

Like the pbuE aptamer from B. subtilis, the add riboswitch aptamer from V. vulnificus
consists of an adenine-binding three-helix junction with P2 and P3 stems that dock via L2-
L3 interactions (Figure 4B). In V. vulnificus, ligand binding promotes translation initiation
by preventing the sequestration of the Shine-Delgarno (SD) sequence and start codon [85].
When the P1 helix is unfolded, the expression platform locks the SD sequence and start
codon into a stable “sequesterer” hairpin (SH). When stabilized by adenine, the aptamer
(including P1) is fully folded, SH formation is precluded, and the start codon becomes
available to the ribosome.

Neupane and colleagues performed OT experiments on both the add aptamer and the full-
length add riboswitch [86]. Constant-force and force-ramp experiments revealed a 5-state
folding free energy landscape for the add aptamer, with a transient intermediate, P1_U,
located between the P2P3 state (P2 and P3 folded) and the fully folded state, F. Similarly to
the pbuE state A-comp (section 4.1), this intermediate was interpreted as a conformation
with the central junction pre-organized and P1 unfolded [86]. Tertiary contacts contributed
~1.5 kcal/mol of additional free energy to P1_U, consistent with the docking of P2 and P3 in
this state. Contrary to the hierarchical folding model, comparatively weak tertiary
interactions seem to nucleate the long-range conformational changes required to fold the P1
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stem in this riboswitch (section 5.4). The transition state position for P1_U — F suggested
that the “structural keystone” of the add riboswitch may be a UA-U triplex, rather than the
GC pair inferred in prior work on pbuE (section 4.1). In the absence of adenine, P1 stem
unfolding was measured to be four orders of magnitude slower (kyff ~ 107° s71) than its
counterpart in pbuk (section 4.1). The addition of saturating adenine produced 8 kcal/mol
stabilization of F, compared to 4 kcal/mol in pbuE [80], and also increased the lifetime of F
dramatically.

Lemay and coworkers performed SmFRET experiments on a P1-stabilized add aptamer
variant with FRET labels on the L2 and L3 loops (Figure 4B). Their measurements revealed
a novel docking intermediate, 1, evident at low Mg2* concentration ([Mg2*] < 0.05 mM)
[57]. Raising [Mg2*] increased the population of the I state at the expense of the undocked
state, U, and further increasing the [Mg?*] stabilized a long-lived docked conformation, D,
consistent with the coordinated Mg2* ions observed in the adenine-bound crystal structure
[79]. To test if I could bind ligand, adenine was introduced under extremely low Mg?*
concentrations (2 nM). Under such conditions, the D state was unstable (without Mg2* to
facilitate any loop-loop interaction), but the persistence of a significant | population was
interpreted to indicate an adenine-dependent stabilization. Such behavior is consistent with
an induced-fit kinetic model, where 1 is an adenine-bound undocked, or partially docked,
state “UsL” (Figure 1B, pathway i).

But what relationship exists, if any, between state 1, as observed by smFRET [57], and state
P1_U, as observed by SMFS [86]? Because the occupancies of 1 and D are both sensitive to
[Mg2*], OT experiments performed at various magnesium concentrations may help to
decipher how the docking states are related to P1_U. Absent any additional information,
direct comparisons are difficult because stem P1 is open in P1_U, but presumably closed in
the U, I, and D states, and the end-to-end extension is therefore insensitive to any further
transitions that occur once P1 folds. In principle, simultaneous observation of stem P1
folding and P2-P3 docking using multi-color FRET [87, 88] or the combined force-FRET
technique [89, 90] (section 6) could be used to reconstruct a two-dimensional folding energy
landscape and thereby resolve this question [91].

In a follow-up sSmFRET study, Dalgarno et al. further explored the add aptamer L2-L.3
docking interaction by using urea to selectively disrupt tertiary contacts [58]. Urea is known
to destabilize secondary, as well as tertiary, structures in RNA by mechanisms that remain
unclear [92], but the authors used sufficiently low urea concentrations that the overall
secondary structure content appeared to remain intact, based on circular dichroism
measurements. Two subpopulations with distinct dynamics were observed in the presence of
various amounts of urea, Mg2*, and adenine. In one subpopulation, RNA molecules rapidly
fluctuated between closed (“docked™) and open (“undocked”) arm states, D| g and U, while
another subpopulation exhibited a long-lived docked state, D|_g, with only occasional visits
to the undocked state, U. The occupancy of each subpopulation was strongly influenced by
the concentration of adenine present: D, g was interpreted as ligand-bound, and D\ g as
ligand-free [32]. With 4 mM Mg?* and 5 M urea present, adenine stabilized Dy g by ~50-
fold relative to D|_g. These findings indicate that an additional stabilization energy AAG ~
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2.3 kcal/mol is conferred upon ligand binding, which is the of the same order as the ~8
kcal/mol measured in OT experiments [86]. However, the presence of urea in these
experiments confounds more direct comparisons: specifically, the urea dependence of the
rates Kgock(LF), Kdock(LB), and kyndock in the presence of adenine was not determined,
preventing any extrapolation of these results to no-urea conditions.

In the add riboswitch, transcription-translation coupling is not necessary for regulation, and
the full riboswitch can bind and release the ligand on a timescale of seconds [85]. Both
properties suggest thermodynamic control (section 2). Refolding time experiments, in which
the full-length add riboswitch was subjected to unfolding force-ramps repeated at various
intervals, during which it had an opportunity to refold [86], demonstrated how ligand
binding modulates a competition between aptamer and SH expression platform folding
through a thermodynamic control scheme. Thermodynamic control requires the minimum
free energy conformation of the switch to change in response to bound ligand. In support of
this, the SH-folded state was found to be 1.4 kcal/mol more stable than the folded aptamer
state in the absence of adenine, whereas the ligand-bound aptamer is more stable than the
SH by 6.6 kcal/mol [86]. Interestingly, an AFM experiment by Heus and colleagues
indicated that the “OFF” state (with SH folded) is further stabilized by a previously
unidentified pseudoknot [12], although the comparatively large measurement uncertainties
in this study could be improved upon in future work, for example using laser-based
cantilever stabilization [93]. For thermodynamic control, the full riboswitch must have
sufficient time to achieve equilibrium before the regulatory decision is made. Based on
refolding-time experiments [86], the probability of SH formation was fit to an exponential
model, yielding an equilibration time © ~ 0.2 s. During refolding, the aptamer folded first (t
~ 0.033 s), but after ~3, the riboswitch reached folding equilibrium. Given a transcription
rate of 40-50 nt/s in vivo, the riboswitch has sufficient time (1.5t) to achieve a near-
equilibrium state before the earliest possible start of translation [86].

High-resolution OT techniques are now capable of discerning fairly intricate details of
energy landscapes. Constant-force experiments by Neupane et al. revealed a rare misfolded
state, M, that formed from the unfolded state, U, in just 0.3% of records [86]. The properties
of M were consistent with it being a 32-nt hairpin that transiently assumes additional
misfolded states (M2 and M3) [86]. However, the low probabilities of formation and short
lifetimes of these misfolded states make it unlikely that they exert any substantial effect on
riboswitch function.

As discussed, folding can be considered as a diffusive process over a conformational energy
landscape (section 2). In another study by Neupane and coworkers, the authors determined
the effective diffusion constant and the transition path time over the net folding barrier for
the add riboswitch aptamer [16]. Gupta et al. demonstrated the practicability of non-
equilibrium OT experiments in reconstructing finegrained folding-energy landscapes for
complex RNAs, using the add aptamer as a working example [78]. An effective two-state
folding landscape was recovered, although certain previously-observed aptamer
configurations were not well-resolved using this approach [86]. With further improvements,
such finegrained landscape determinations may offer a promising direction for riboswitch
studies.
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Data from several experiments support an induced fit mechanism for aptamer ligand
binding, as proposed by Dalgarno et al. [57, 58, 86]. Their model features two alternative
folding pathways, with different degrees of conformational rearrangement associated with
the induced fit. In one pathway, U proceeds to D| g via D g, whereas in the other, the
transition to Dy g proceeds directly from U [58]. Presumably, the docking intermediate(s)
detected in earlier work [57, 86] also fall(s) along one or both of these pathways. Data from
both Lemay et al. and Dalgarno et al. indicate that the folding rate, ksq|g, increases roughly
2-fold in the presence of saturating adenine and magnesium (versus magnesium alone) [57,
58]. Hence, from these data, the activation energy barrier for folding is reduced in the
presence of ligand (AAG* ~ 0.4 kcal/mol), matching our criteria for an induced-fit
mechanism (Figure 1). However, the reduction in the activation barrier height is only
moderate. Results from Neupane and colleagues, on the other hand, point to a more
substantial barrier reduction (AAG* ~ 3.7 kcal/mol for the final transition of P1_U to F vs.
FeL) [86]. In addition, the FRET results indicated only minor stabilization of the folded state
by adenine (AAG ~ -0.65 kcal/mol [57]), compared to a value of -8 kcal/mol estimated
from OT experiments [86].

This large discrepancy remains to be resolved, but there are several candidate explanations.
The OT experiments were performed in the presence of physiological levels of magnesium
(4 mM) [86], whereas the FRET measurements were carried out in 0.5 mM [57] or 0.1 mM
[58] magnesium. Also, the “undocked” state for the FRET calculations included both U and
| states, due to rapid interconversion between these states at the magnesium concentration
used [57]. Finally, the ligand-free and ligand-bound folded states could not be distinguished
in the FRET experiments. When urea was used to differentiate D| g and D g (at 4 mM
[Mg?2*]), improved agreement with the OT results was obtained, with AAG* ~ AAG ~ -2.3
kcal/mol [58]. However, based on the available data, the use of urea apparently changed the
mechanism from induced fit to conformational selection (Figure 1; with urea present, kqock
was roughly independent of [adenine]).

4.3 The xpt guanine riboswitch

Single-molecule investigations of purine riboswitch folding have not been limited to adenine
riboswitches. Brenner et al. studied the xpt guanine riboswitch aptamer from B. subtilis,
using both bulk FRET and TIRF-smFRET approaches [55]. Just as in the case of the adenine
riboswitches (sections 4.1, 4.2), the xpt riboswitch contains a P1-P2-P3 three-way junction
aptamer, with P2-P3 docking in the ligand-bound aptamer state (Figure 4C) [94]. The
guanine ligand is bound specifically via Watson-Crick base-pairing to a cytosine residue in
this junction. The xpt riboswitch regulates the expression of downstream genes in the xpt-
pbuX operon, coding for proteins involved in purine metabolism and transport. The
expression platform consists of an anti-terminator hairpin that shares nucleotides with the
alternatively-formed P1 hairpin of the aptamer [95]. Guanine binding promotes folding of
the aptamer domain over the anti-terminator a leading to transcription termination via an
intrinsic terminator hairpin.

Labeling each of the three possible pairs of the P1, P2, and P3 elements in separate FRET
experiments [55] allowed a more comprehensive exploration of aptamer folding dynamics

Biochim Biophys Acta. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Savinov et al.

Page 14

than could be obtained by labeling the P2 and P3 arms alone, as in other work. SmFRET
with the (P1, P2) element pair revealed three interconverting FRET states, with an
intermediate-efficiency FRET state that was promoted by both magnesium and guanine.
These states were interpreted as corresponding to unfolded (undocked), intermediate, and
folded (docked) configurations. Similarly, the (P2, P3) element pair revealed two dominant
FRET states at low [Mg2*], which were subsumed into a single state with a slightly different
FRET efficiency at higher [Mg?*]. Together, the (P1, P2) and (P2, P3) data suggest a
folding intermediate, I, where the P2 and P3 elements interact in a docked-like state. FRET
data at higher magnesium levels revealed compaction beyond that in the docked state, with
the base of P1 moving closer to P2 and P3. The combined data from the three FRET pairs
clarified the relative motions of all three elements, allowing the authors to propose a folding
model in which the P1 and P3 elements form a static platform, to which the dynamic P2
stem-loop is anchored. Their folding model consists of three states: (1) an ensemble
“unfolded” state, U, with P2 remaining dynamic between two preferred orientations,
corresponding to the undocked and docking intermediate (1) states; (2). A folded native
state, Fs, with stabilized L2-L3 contacts, yielding P2-P3 docking (promoted by magnesium
and guanine); and (3) a further compactified state, F¢, induced by high magnesium (>5
mM), and perhaps less likely to be biologically relevant [55].

The study by Brenner and colleagues provides some support for a conformational selection
mechanism for folding of the xpt riboswitch. When (P2, P3) smFRET experiments were
performed in the presence of 0.1 mM or greater [Mg2*], the undocking rate constant Kynfolq
decreased roughly 2-fold in the presence of guanine ligand vs. the guanine-free case,
whereas the docking rate constant, ko g, did not change appreciably (changes were within
the errors of the measurement). Hence, the unfolding energy barrier is raised only slightly
(by ~0.4 kcal/mol), and the folding energy barrier is not significantly affected by presence of
the metabolite. As a result, the docked state with guanine is in a lower-energy well, but the
undocked-to-docked energy barrier is unchanged by guanine. This situation is consistent
with a conformational selection mechanism (Figure 1). Hence, despite the high degree of
structural similarity between the xpt and add aptamers [79], the xpt riboswitch seems to bind
its cognate ligand somewhat differently from the add riboswitch (section 4.2). This contrast
underscores the importance of performing functional biophysical studies in addition to
structural investigations.

4.4 The thiC TPP riboswitch

Versions of the thiamine pyrophosphate (TPP), or “thi-box,” riboswitch have been found in
all three domains of life (prokayotes, archaea, and eukaryotes) [96], leading to speculation
about its ancient origin in the RNA world [97]. Depending upon the organism and context,
this element can regulate genes by modulating transcription, translation, or even (in
eukaryotes) alternative RNA splicing [96, 98]. Its aptamer domain includes two “sensor”
helices, P2/P3 and P4/P5 (Figures 4D, 4E), each containing unpaired internal loop regions
that form highly specific binding pockets for the pyrimidine and pyrophosphate groups of
the ligand, respectively [99, 100]. These helices are connected through a central junction to
P1. The P1 element can act as a “switch helix” in transcriptional or translational contexts,
where P1 nucleotides can alternatively participate in expression platform structures (section
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4.5). The eukaryotic TPP riboswitches regulate gene expression by promoting alternative
splicing outcomes that modulate the mRNA lifetime or efficacy in the cell [96, 101, 102].
Crystal structures of the ligand-bound aptamer [99, 100] reveal a tertiary interaction between
L5 and P3, suggesting that tertiary dynamics may play an important role in ligand binding.

The thiC riboswitch (Figure 4D) regulates alternative splicing of the thiamine biosynthesis
gene thiC in A. thaliana in response to TPP levels. Anthony and colleagues used OT to
reconstruct a 7-state folding landscape of the thiC aptamer, from the fully unfolded ssRNA
to the stable native conformation [103]. In this instance, all the observed structural
transitions could be explained by secondary structure formation; any formation of tertiary
contacts presumably occurred during, or after, the final P1 folding event, and therefore did
not produce any significant change in the end-to-end extension. Ligand binding was
observed indirectly, when P1 folded irreversibly at low force in the presence of saturating
levels of TPP.

A central junction point mutation can confer bacterial resistance to the antimicrobial
compound pyrithiamine pyrophosphate (PTPP), a TPP analog that targets TPP riboswitches
[104], suggesting that the junction sequence is functionally important. In OT experiments,
the PTPP-resistant central junction mutant A105G displayed reduced tertiary stabilization of
the folded state, due to the P1 region pairing “out of register” (i.e., mismatched by slippage),
preventing both the formation of native contacts in the junction and the proper alignment of
the helix arms. The central junction thus seems to serve as a structural scaffold for the
correct orientation of the sensor helices and their binding domains. Taken together, the wild
type and A105G mutant results suggest that all secondary structures and the central junction
may need to fold before the aptamer can bind ligand.

Force-ramp experiments performed on the TPP-bound aptamer revealed two populations
with distinct rupture-force distributions [103]. The “strong-binding” state at high rupture
force was 30% more stable than the “weak-binding” state. The weak-binding state was the
only bound state that formed in the presence of thiamine or thiamine monophosphate (the
absence of the pyrophosphate moiety is expected to reduce the affinity of the aptamer for
these substrates). Upon mutation of a base implicated in stem-loop docking of P3/L5
(A90G), the strong-binding state was abolished, leaving only weak binding for all ligands,
showing that the P3/L5 interaction is necessary for strong TPP binding. Because the weak-
to-strong binding transition was the only one to depend upon ligand identity, the authors
proposed that P4/P5 (and not P1, by contrast with prokaryotic TPP riboswitches and purine
riboswitches) may operate as the “switching” element that regulates splicing in thiC,
corroborating conclusions from previous biochemical and in vivo studies [102]. In addition,
the Kinetic model that emerges from this study, which incorporates two-step ligand binding,
is consistent with an induced fit mechanism (pathway i in Figure 1B), where the P1-P2-P3
folded state corresponds to I, the weak-binding state to I-L, and the strongly bound state
(which is never observed in the absence of ligand) to FeL.

4.5 The thiM TPP riboswitch

Haller et al. investigated the thiM TPP riboswitch aptamer domain from E. coli (shown in
Figure 4E) using TIRF-smFRET [59]. In this riboswitch, the short P1 element functions as a
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switch helix: the 3’ end of the P1 stem contains a nucleotide sequence that can alternatively
basepair with an anti-Shine-Delgarno sequence, thereby releasing the SD sequence from a
translational repressor stem. Hence, TPP represses thiM gene expression by binding to, and
stabilizing, the folded aptamer domain.

The thiM aptamer was investigated via multiple FRET pairs, which reported on the relative
conformations of the P3 and P5 “forearms” (which dock through a P3-L5 interaction), the
P2 and P4 “upper arms”, and the two strands of the P1 switch helix (Figure 4E). The authors
observed a folding intermediate in the opening/closing dynamics of the P3 and P5 forearms
[59]. This was interpreted as a state where the P2/P1/P4 junction is pre-organized, but the P3
and P5 forearms remain open in a “Y-shaped” configuration. Multiple, distinct dynamical
behaviors were observed for P3-L5 docking in the presence of magnesium and TPP. The
dominant behaviors were: (1) a relatively stable docked state, interchanging with an
undocked state, and (2) a dominant undocked state that fluctuated transiently to a docked
state. In the absence of magnesium and TPP, docked states were not observed, but the
addition of 2 mM Mg?2* permitted a transient docked state to form. TPP-dependent
stabilization of the docked conformation (with 2 mM Mg?* present) was demonstrated,
although these (presumably ligand-bound) states were still surprisingly labile: in thiM, the
lifetimes were <1 s in the “stable” docked state, and docked state occupancy was at most
30%. These values are to be compared with the corresponding values of >60 s and ~90%
observed for thiC [103]).

As with the pbuE and add riboswitches (sections 4.1, 4.2), the P1 switch helix of the thiM
riboswitch did not fold in accordance with a strictly hierarchical model of RNA folding. In
the absence of magnesium and TPP, a condition in which the tertiary P3-L5 docking
interaction was not observed, P1 folding was highly dynamic (4:5 ratio of unfolded:folded
stem). When magnesium was introduced, the folded state dominated, but the P1 helix
remained dynamic, fluctuating between folded and unfolded states. Even with both TPP and
magnesium present, heterogeneous dynamics were observed, where P1 would transition
between a stably folded state and a dynamic state that fluctuated.

In contrast to the heterogeneous dynamics observed for P1 and P3-P5 folding, Haller and
colleagues reported that P2 and P4 remained predominantly in the same stable, compact
state regardless of the presence of Mg2* or TPP ligand, based on smFRET between labels on
the P2 and P4 elements. The extent to which P2 is dynamic relative to P4 is not entirely
clear, however, because single-molecule trajectories and associated dwell times were not
reported for those experiments. Nonetheless, the results suggest that the P2-P4 junction may,
on average, be pre-folded even in the absence of magnesium or TPP. Curiously however, the
addition of 2 mM Mg?* slightly shifted the peak efficiency and promoted occupancy of the
(apparent) low-FRET unfolded state of P2-P4. The addition of TPP together with Mg2*
reversed the shift. Based on the slowly interchanging behaviors of P1 and P3-P5, combined
with the relative stability of the P2-P4 junction, the authors proposed a folding model that
invoked a remote coupling of the dynamics of the P1 element and the P3-L5 docking
interaction [59].
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Consistent with the notion of some type of coupling between P1 and P3-L5, the probability
of P3-L5 being in a docked conformation increased 15% when the P1 stem was stabilized by
two additional GC pairs, supporting the view that P1 kinetics are somehow able to influence
P3/L5 kinetics despite the reportedly “rigid” and “pre-organized” intervening P2/P4
junction. Understanding the physical basis for this influence, which is central to the
mechanism underlying ligand-induced regulation, represents a challenge for future
biophysical studies. Because the kinetic rates derived from hidden Markov modeling were
not available (possibly due to large uncertainties arising from a limited average observation
time, ~3.5 s), more work may be required to establish a rigorous correspondence between
FRET states and conformational states in this system, and to clarify the extent and nature of
any coupling. Simultaneous measurements of P1 folding and P3-L5 docking (section 6)
could, in principle, assist in developing a more quantitative understanding of how these
elements interact.

The A69G mutation in thiM, which is homologous to A90G in thiC and therefore thought to
disrupt P3-L5 docking, markedly increased the dynamics of P3 relative to P5. Paradoxically,
however, it also increased the occupancy of a high-FRET state that the authors had
previously associated with the ligand-bound, native conformation. As anticipated, the A69G
mutation decreased the lifetime of the P3-L5 docked conformation (by ~2.5 fold), but
surprisingly, the lifetime of the low-FRET (open) conformation also decreased (by ~3 fold),
biasing the aptamer towards its folded state. To explain this finding, the authors postulated
that allosteric effects might globally alter the folding landscape. However, an alternative
possibility is that the mutation may have promoted an intermediate state with rapid Kinetics
(with Egge1~0.65, and perhaps misfolded) that occasionally transitions to the less-
populated, native conformation (with Epgg7~0.8). We note that these two high-FRET peaks
seem to have been combined for the HMM analysis of the mutant, whereas for the wild-type
aptamer, a single FRET peak was observed (with Epgg7~0.75).

4.6 The SAM class | riboswitch

The structurally diverse and broadly distributed S-adenosylmethionine (SAM) riboswitches
regulate the expression of proteins involved in the synthesis and transport of several related
metabolites, including SAM. Based on sequence comparisons, the known instances of this
switch may be categorized into six classes [105]. The class | SAM riboswitch aptamer
consists of a 4-helix junction (Figure 4F), and portions of the P1 and P3 elements form a
SAM-binding pocket [105]. When the P1 helix of the aptamer is formed, a transcription
terminator hairpin can fold downstream, and termination occurs. However, when P1 is
unfolded, some P1 nucleotides can alternatively participate in an antiterminator hairpin that
promotes transcriptional read-through.

Heppell et al. studied the B. subtilis metl SAM-I riboswitch using an ensemble of techniques
including single-round in vitro transcription, electrophoretic mobility shift assays (EMSA),
selective 2’-hydroxyl acylation analyzed by primer extension (SHAPE), bulk 2-aminopurine
(2-AP) fluorescence, bulk FRET, and TIRF-smFRET [53]. smFRET experiments on the
aptamer domain with labels on the P1 and P3 stems revealed three FRET states, and all three
were accessible simultaneously under appropriate magnesium concentrations. These states
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were interpreted as an open “unfolded” state, U (but with secondary structure presumed
formed), a magnesium-induced folding intermediate, F;g, and a magnesium- and SAM-
induced native state, Fng [53]. In the absence of magnesium, all molecules appeared to be in
state U. Whereas magnesium was required to access Fyg, the presence of ligand was not
strictly required to enter Fys: in 3 mM magnesium, most molecules were in Fyg, but Fns
had ~32% occupancy. The introduction of 100 uM SAM increased the population in Fyg at
the expense of Fyg.

EMSA experiments performed on a mutant aptamer construct containing a 4-A bulge that
bends P1 axially suggested that the conformational change between Fyq and Fys likely
involves some rotation of the P1 helix, based on the altered electrophoretic mobility of the
bent construct in the presence of SAM [53, 106]. This aspect of SAM-I riboswitch folding
might be particularly interesting to study further using single-molecule fluorescence
polarization anisotropy (smFPA) [107], which may permit a more direct measurement of
rotational dynamics within the metl riboswitch aptamer.

4.7 The SAM class Il riboswitch

The metX SAM-I1I riboswitch, first identified in the Sargasso Sea metagenome, is thought to
regulate gene expression at the translational level by sequestering the SD sequence of its
associated gene in an H-type pseudoknot (Figure 4G), with pseudoknot formation being
promoted by ligand binding. Here, the presence of SAM down-regulates the target gene.
Haller and colleagues performed a study of the metX riboswitch using NMR, bulk 2-AP
fluorescence, bulk FRET, and TIRF-smFRET [54]. The folding of the full-length riboswitch
was directly interrogated by SmFRET experiments.

Monitoring pseudoknot formation via FRET labels placed on the P2a and L1 elements, the
authors observed transitions between two discrete FRET values in the presence of 2 mM
Mg?2*. However, based on the clustered timing of the transitions, which varied from record
to record and did not correspond to simple, exponential distributions (“heterogeneous
dynamics”), the authors concluded that more than one distinct conformational state was
likely present in each of the two FRET levels, which therefore represented “ensemble states
with potentially silent transitions. In this instance, it was not possible to assign
unambiguously unique configurations to each of the FRET levels from the available data
[54]. Any conformational changes presumed to be associated with folding within a given
FRET level appeared to be slow with respect to the comparatively short single-molecule
observation time (limited to trreT~3.5 S), because changes in dynamic switching behavior
were observed in only 1-5% of individual records (most of the observed variation was
record-to-record). Here, further experiments using selected FRET pairs that supply
additional conformational coordinates may be necessary to disambiguate the conformational
states inferred from any dynamic analysis. Such an strategy was employed recently in a
SMFRET study of the TPP riboswitch [59] (section 4.5).

In the folding model for the metX riboswitch presented by Haller and coworkers, an
“unfolded” state (open pseudoknot, but P1 stem folded) exhibits only transient access to a
high-FRET, closed-pseudoknot state in the absence of magnesium. This state subsequently
transitions to a pair of partly-folded, intermediate states (an open- and a closed-pseudoknot
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state) in a magnesium-dependent manner. These two intermediates were proposed to be a
SAM binding-incompetent state with some triplex interactions formed (but an open
pseudoknot) and a SAM binding-competent, partial-pseudoknot state (with a closed
pseudoknot). SAM binding to the latter intermediate generates the native state with a stable
pseudoknot [54]. Ligand binding was proposed to proceed by a conformational selection
mechanism, with SAM-binding capturing the transient intermediate state, followed by
adaptive rearrangements that complete the pseudoknot structure.

The proposal for a conformational selection mechanism was presumably influenced by the
ready accessibility of the closed-pseudoknot conformation—and in particular, a SAM
binding-competent state—even in the absence of ligand. However, we note that access to a
fully folded state, F, in absence of ligand does not rule out the alternative induced fit
mechanism, because the presence of the ligand may alter the dominant folding reaction
pathway from type iii to either type i or ii (Figure 1B). The rate constant for the pseudoknot
folding transition in the presence of SAM was not determined, precluding a quantitative
comparison of the barrier heights for folding in the presence and absence of ligand (Figure
1A). Absent additional information, one cannot discriminate between induced fit and
conformational selection models in this case.

4.8 The preQ class Il riboswitch

In addition to adenine and guanine (sections 4.1-3), the purine riboswitch family includes
members that respond to 7-aminomethyl-7-deazaguanine (preQ;), a precursor for the
biosynthesis of the modified purine queuosine [94, 95]. Souliere et al. studied the class 11
preQ riboswitch from S pneumonia R6 using TIRF-smFRET and SHAPE [61]. Much like
the metX SAM-II riboswitch (section 4.7), the preQ; riboswitch folds into a pseudoknot that
sequesters the SD sequence of a downstream target gene, preventing translation initiation
when the riboswitch is fully folded. Pseudoknot folding, and hence down-regulation of the
target gene, is promoted by the preQ, ligand. The preQ; class Il riboswitch is a variation on
the standard H-type pseudoknot architecture, but with a nested helical element added: the P4
stem-loop (Figure 4H, left).

Two different FRET pairs were used in SmFRET experiments that led to a kinetic model for
riboswitch folding and preQq ligand binding [61]. In the absence of magnesium and preQ;
ligand, FRET labels placed on the J2-3 and SD sequences revealed a dominant open state
(low-FRET) that frequently transitioned to a closed state (high-FRET). In 2 mM Mg?*,
however, the riboswitch instead remained predominantly in the closed state, with transient
visits to a slightly more compact open state. With both 2 mM Mg?2* and saturating ligand
(100 pM) present, the closed state was stabilized even further. The authors developed a
three-state model for folding and ligand binding, consisting of (1) an unfolded-pseudoknot
state, (2) a partial-pseudoknot intermediate state promoted by magnesium, and (3) a fully
folded pseudoknot state with preQ4 bound. A second FRET vector with labels on J2-3 and
the P4 hairpin loop was also investigated. Based on a comparison of results from both FRET
vectors, the P4 helix was reported to move flexibly relative to the stacking axis of the P2-P3
pseudoknot in all three folding states, but fluctuate more slowly as the pseudoknot became
stabilized in states (2) and (3).
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The FRET data from the SD-J2-3 pair shed light on the mechanism of ligand-promoted
folding. In the presence of Mg?* and saturating preQ ligand, kg did not change, whereas
Kunfold Was reduced by ~50% compared to experiments conducted in Mg2* alone. This
outcome is most consistent with a conformational selection mechanism: the folding energy
barrier does not depend on [preQ4], but the folded state free energy in the presence of preQq
is ~0.4 kcal/mol lower than in its absence (Figure 1A).

The P4 helix insert of the preQq-11 pseudoknot is not found in either the SAM-I11 (section
4.7) or preQ-1 pseudoknot riboswitches [61]. A P4 deletion mutant of the preQ-11
riboswitch was therefore constructed to explore the role of this additional element. In the
presence of 2 mM Mg?2", the P4 deletion mutant exhibited reduced lifetimes for the partial-
pseudoknot intermediate state and, when saturating preQ4 was introduced, for the fully
folded pseudoknot state. On the other hand, the deletion of P4 increased the lifetime of the
closed-pseudoknot state accessed in the absence of Mg2* and preQ;. Hence, one role of P4
may be to destabilize the pseudoknot under conditions of low magnesium and ligand,
reducing leaky down-regulation of downstream gene expression. However, the mutation-
induced changes in the relative stability of the riboswitch folding states did not correspond
very well with bulk measurements of ligand affinity in the deletion mutant [61]. This
discrepancy may indicate that the identification of the fully folded state in the FRET data
was incorrect or incomplete. It is also possible that (unreported) changes in the folded
structure of the mutant reduced its ligand binding affinity. In this regard, the crystal structure
of the ligand-bound class 11 preQ riboswitch from Lactobacillus rhamnosus revealed a
binding site formed by a 3-way junction of P2, P3, and P4 [108]. This finding raises the
possibility that the AP4 mutant of Souliére et al. [61], where the P4 helix was replaced by a
single guanosine nucleotide, may compromise the preQ; binding pocket, together with any
binding interactions that it may form, even if the fold of the overall pseudoknot is preserved.
Changes in these binding interactions may also explain the observed discrepancy between
the folded state dwell times and the ligand affinity.

4.9 The c-di-GMP class | riboswitch

Cyclic diguanylate (c-di-GMP) is an important second messenger in a variety of bacterial
species, where it globally regulates cellular activities that include motility, virulence gene
expression, and biofilm formation [109]. The tfoX class | ¢c-di-GMP riboswitch from Vibrio
cholerae has a three-helix aptamer domain, with a three-way junction between the P1a, P1b,
and P2 elements (Figure 4l). In the folded aptamer, the P1b and P2 arms dock, with a
tetraloop-tetraloop receptor interaction formed between them (the tetraloop is at the end of
P1b, and the receptor is in P2) [110, 111]. The ligand c-di-GMP binds to the aptamer
domain in the three-helix junction, interacting with P1a, P1b, and the helix-helix junctions,
and hence stabilizes the folded aptamer.

Wood et al. studied the tfoX riboswitch by TIRF-smFRET, with additional experimental
support from isothermal titration calorimetry (ITC) [60]. Measurements were carried out on
the tfoX aptamer with fluorescent labels situated on the P1b and P2 arms. Reminiscent of the
data reported in the case of the metX-SAM-II riboswitch (section 4.7), heterogeneous
dynamics were observed between two FRET states (high and low), with clustered timing for
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transitions that could not be modeled by simple exponential distributions, and which often
varied from record to record. The presence or absence of such clustered transitions led the
authors to propose the existence of both “static” and “dynamic” versions for each of the two
FRET states, high (docked) and low (undocked). These four possibilities were modeled. The
dynamic, docked state was postulated to correspond to a configurational intermediate in
which the arms fluctuate between open and closed states. The authors conjectured that this
intermediate is the c-di-GMP binding-competent state [60]. In their model, an undocked
state can transition to this binding-competent, but unstable docked state, promoted by Mg?*.
Indeed, ~96% of molecules were found in the static-undocked state in the absence of Mg2*,
and ~95% remained trapped in that state under saturating c-di-GMP in a magnesium-free
background. In the presence of Mg2*, the binding-competent intermediate state can
transition to the static-docked state—presumably, the stable, active signaling state—
promoted by c-di-GMP. However, even at high Mg2*, only ~10% of molecules were static-
docked in the absence of c-di-GMP [60]. Hence the c-di-GMP ligand, in addition to Mg2",
was required for appreciable occupancy of the static-docked state. Because neither the
ligand nor Mg2* alone was sufficient for complete folding, it was proposed that Mg2*
directly mediates c-di-GMP binding [60]. Although the sSmFRET data may be interpreted in
several other ways, that proposal is consistent with structural evidence for the position of
bound Mg?2* in the riboswitch [112].

However, it is not entirely clear whether the dynamic, docked state is the sole binding-
competent state. The available SmFRET data in the presence of Mg?* and c-di-GMP seem to
indicate that the two undocked states (static and dynamic) might also be able to transition
directly to the regulatory-active state (static, docked), corresponding to a complex free
energy landscape with multiple pathways. Alternatively, additional transient intermediate
states may exist that were missed altogether. Especially because of the apparent degeneracy
in FRET values observed for different proposed conformations, it will be important in future
experiments to explore additional FRET pairs that might supply information capable of
disambiguating states whose existence can only be indirectly inferred from a kinetic
analysis.

4.10 The lysine riboswitch

The known lysine riboswitches share an aptamer domain architecture consisting of a five-
way helical junction (Figure 4J) which folds into a lysine-bound conformation dominated by
three coaxial stacks (P1/P2/P2a, P2b/P3, and P4/P5) [113-116]. In the lysC lysine
riboswitch from B. subtilis, nucleotides from the P1 hairpin of the aptamer can alternatively
participate in the formation of an antiterminator hairpin. When the aptamer folds, the
terminator hairpin can form and terminate transcription before the downstream lysC gene is
reached. Lysine binding promotes aptamer folding, and hence transcription termination: the
riboswitch thereby down-regulates gene expression in response to ligand. The lysC
riboswitch controls expression of the gene for lysine-sensitive aspartokinase (AKIII), which
catalyzes the first step in lysine biosynthesis [117].

Fiegland and colleagues studied the lysC riboswitch by bulk FRET in combination with
three different sSmFRET approaches: TIRF-smFRET with tethered aptamers, raster-scanned
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SmMFRET of tethered aptamers using alternating-laser excitation (ALEX), and single-
molecule burst FRET of free aptamers in solution with ALEX [52]. The use of multiple
approaches facilitates measurements across a broad range of time scales. ALEX collects
separate signals arising from the excitation of the donor or acceptor dyes, and thereby makes
it possible to exclude data from any molecules carrying just a single active fluorophore,
arising, for example, from dye bleaching or incomplete labeling.

SmFRET was performed with labels placed at the junction-distal ends of the P1 and P5
elements. Fiegland et al. observed that over the 2-500 s observation time, ~30% of
molecules remained in a persistent low-FRET state, regardless of the lysine concentration
[52]. In raster-scanned ALEX-smFRET of surface-attached aptamers, and depending upon
the lysine concentration, this low-FRET state coexisted with (1) a more compact (higher-
FRET) state, interpreted as a lysine-binding competent “open” state, and (2) an even higher-
FRET state, interpreted as the lysine-bound “closed” state. The persistent low-FRET state
was interpreted as corresponding to molecular conformations with inactive binding pockets.
In principle, a variety of different inactive forms could contribute to this unresponsive, low-
FRET population, which was evidently long-lived (no switching between active and inactive
forms was reported). On the one hand, unresponsive molecules could arise from misfolded
states with biological relevance. On the other, such molecules could simply be a byproduct
of partial purification or incomplete annealing procedures used to prepare them. Single-
molecule urea denaturation, followed by renaturation [58], might supply further insights into
the identity of the unresponsive population. The ~70% of molecules that were not in a static,
low-FRET state exhibited rapid hopping between open and closed states.

Fiegland et al. did not address the issue of induced fit vs. conformational selection.
However, the kinetic scheme they proposed may be mapped to an induced-fit model of the
type shown in pathway ii in Figure 1B, namely, a 3-state model with an open state
interconverting with a lysine-bound open state, which, in turn, exchanges with a lysine-
bound closed state. The rate for the overall open-to-closed transition, kjose, increased
dramatically with increasing ligand concentration. In fact, in the absence of lysine, the
closed state was not observed. Over the range of lysine concentrations tested (25-2000 uM),
Kc10se increased 20-fold, corresponding to an activation energy reduction of ~1.7 kcal/mol.
The activation energy barrier for aptamer folding thus is substantially lowered in the
presence of ligand (Figure 1). On the other hand, the opening rate, kopen, Was not found to
depend appreciably on lysine concentration, suggesting that lysine may lower the closed
state free energy about as much as it does the open-to-closed activation energy.

5. Discussion

5.1 Identification of riboswitch folding states

In a growing number of cases, novel transient folding states have been identified and
measured in single-molecule experiments, and these states help to inform our understanding
of both folding and gene regulation. Such identifications are facilitated by the excellent
spatiotemporal resolution achievable through single-molecule techniques, as well as by the
absence of population averaging, which can confound interpretations of bulk measurements.
In sSmFRET, intermediate folding states can sometimes be detected directly, as transient
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states with their own characteristic FRET efficiencies. Other times, intermediate states can
only be inferred indirectly, based on a kinetic analysis of the transitions among various
FRET states, which may be degenerate with respect to some molecular configurations
(section 5.2). In either case, the fundamental experimental challenge is first to identify the
detectable states, then to assign candidate molecular configurations to each of these states,
and thereby to build up a picture of the molecular trajectories through which riboswitch
folding occurs. In many cases, a single, strategically placed FRET dye pair will not suffice
to resolve all the relevant RNA conformations. In such situations, additional dye pair labels,
used in separate experiments or simultaneously (section 6), may become necessary.

In OT experiments, transient intermediate folding states are most often detected directly, as
characteristic changes in the end-to-end extensions of individual molecules that have been
subjected to controlled forces by an optical trap. Such changes may either be recorded near
thermal equilibrium (e.g., using force clamps) or well away from equilibrium (e.g., using
force ramps): a variety of theoretical analysis methods has been developed to handle each
case. Here again, the fundamental experimental challenge is to identify all detectable states
and to assign molecular configurations to each of these, thereby building up a picture of
folding. However, not all the molecular rearrangements of interest may generate changes in
the end-to-end extension of a given riboswitch. Conversely, certain molecular
rearrangements may generate similar changes in extension, and therefore require further
means of disambiguation. In such cases, additional experimental strategies may be called
for. These include attaching force probes to different parts of the riboswitch (section 6),
using mutant constructs, assessing the effects of ligand (or ligand-analog) binding on folding
energetics and kinetics, or subdividing the molecule and performing measurements on its
constituent parts. Optical traps may also be usefully combined with FRET or other single-
molecule approaches (section 6).

We note that even when most of the relevant folding states can be identified and scored from
transitions in single-molecule records (either directly or indirectly), it is nevertheless a
challenge to map these identified states to specific conformations of the riboswitch. The
final, ligand-bound form of the aptamer may be known from independent structural studies
(crystallography, NMR), but all the other folding forms—particularly any transient
intermediates—tend to be largely conjectural. Evidence for their assignment is therefore
indirect, of necessity, and a certain amount of informed guesswork is usually involved.
Strong clues generally come from the transitions themselves, which produce specific
changes in molecular length or FRET distance. Further clues may be gained from
computational or structural modeling methods, but these approaches are insufficiently
mature to be fully trustworthy, and they are more predictive of secondary than tertiary
structure. Useful information may be developed in additional experiments, for example, by
studying the sensitivity of any intermediate structures to chaotropic agents, metal ions,
cross-linking reagents, small reactive species, and the like. In selected cases, the addition of
short blocking oligonucleotide sequences, which pair with targeted structural elements and
destabilize these, can help to confirm structural assignments. Similarly, studies of partial
sequences or engineered mutant constructs can build confidence by providing ways to test
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candidate structures. That said, the assignment of experimentally-observed folding states to
structural intermediates remains part art, part science.

Notwithstanding such caveats, the identification of metastable states in the folding
landscape, including intermediate and misfolded states, is critical to our understanding of
riboswitching at a mechanistic level: namely, how the riboswitch regulates its gene, and
what role the target ligand plays in that process. Using smFRET, a misfolded (or inactive)
state was detected in the lysC riboswitch aptamer (section 4.10), and folding intermediates
have been directly observed in the add, xpt, thiM, and metl aptamers (sections 4.2, 4.3, 4.5,
4.6). OT studies have revealed misfolded and intermediate states in the add riboswitch, and
intermediate states were also reported for the pbuE and thiC riboswitches (sections 4.1, 4.4).

The identification of transient states also represents an important step towards developing a
finer-grained view of the energy landscapes upon which riboswitches fold. This, in turn, is
critical for gaining an understanding of how such states interact with the target ligand and
trigger switching activity. Intermediate states expose details of the landscape that are
particularly important for understanding those riboswitches that act co-transcriptionally.
Because the competition between aptamer-and expression platform in this context is highly
sensitive to the presence of kinetic traps, certain folding intermediates can play an outsized
role in the regulatory decision, in a manner which cannot be handled satisfactorily by
existing theoretical or computational approaches (however, recent work involving the
prediction of different possible secondary structures during simulated elongation of nascent
riboswitch RNAs shows promise [118, 119]). Studies of folding intermediates can also
reveal the roles played by divalent cations (section 5.5) and the interplay between secondary
and tertiary structure formation (section 5.4).

5.2 Insights from conformational state dwell times

Measurements of the dwell times for riboswitch folding states have proved to be especially
informative. In many cases, where abrupt transitions among distinct states can be scored in
records of SMFRET or OT experiments, the associated distributions of dwell time can be
reconstructed directly. In other cases, for example, when folding states share similar FRET
efficiency or molecular extension, the identification of folding states and the reconstruction
of their dwell times can nevertheless be carried out indirectly, using appropriate modeling
(e.g., HMM methods) and kinetic analysis. The observation of “heterogeneous dynamics” in
transitions between otherwise similar FRET levels has led to the inference of additional
folding states in the add, thiM, and tfoX riboswitch aptamers (sections 4.2, 4.5, 4.9). Slowly
interchanging dynamic behaviors were also observed for the metX riboswitch aptamer, but
further work may be needed before the inferred states can be assigned to candidate
configurations (section 4.7).

Heterogeneities observed in the average dwell times from one single-molecule record to the
next may, in principle, reflect a complex energy landscape: one containing multiple folded
or docked states, producing more than one dominant folding trajectory. [Alternatively,
folding heterogeneity may simply reflect residual subpopulations of malformed or inactive
molecules in the experimental preparation. It is not trivial to distinguish these possibilities,
in practice.] For example, two different docked states, whose relative populations depended
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upon the adenine concentration, were reported for the add riboswitch by Dalgarno et al. [58]
(section 4.2); these states were revealed in the presence of urea. By contrast, different
docked states were not apparent from smFRET dwell time distributions in several other
purine riboswitch studies [55-57].

In the case of the add adenine riboswitch (under urea-free conditions), the single-record
average dwell times for both the docked and the undocked states ranged over a factor of 100
in the absence of adenine, but this variation was reportedly reduced 10-fold in the presence
of adenine (50 uM) [57]. This finding raises the possibility that one role of adenine may be
to restrict the states available for folding. Supporting this interpretation, a constitutively
“on” mutant of the add riboswitch also exhibited a lower variation in average dwell times in
the absence of ligand, although the reduction was only 2-fold in that case [56]. However, for
a different purine riboswitch (xpt guanine, section 4.3), the variation in dwell times for the
docked and undocked states was also a factor of ~100 [55], but the addition of ligand had no
substantial effect on that variation. This divergent behavior might reflect different ligand-
binding mechanisms used by the xpt and add riboswitches, as suggested by single-molecule
experiments (sections 4.2, 4.3, 5.3). However, one technical concern that we raise for dwell
time estimates is that these can be very sensitive to the durations of the individual records
collected, particularly when such records are limited by comparatively short dye lifetimes,
and therefore not significantly longer than some of the transition times being estimated.
Another concern relates to how any “variation” is actually determined (including the type of
metric employed, which would seem to be the range and not the variance), and its level of
statistical significance.

5.3 Ligand roles in riboswitch folding: induced fit vs. conformational selection

Several single-molecule investigations have provided evidence regarding the question of
whether the activation of a riboswitch by its cognate ligand is best understood in terms of an
induced fit or a conformational selection model. As discussed, these competing models
differ critically in the role played by the ligand in the folding pathway (section 2). In
practice, distinguishing these possibilities by experiment can be difficult, and fraught with
ambiguity.

Some riboswitches appear to follow the induced fit mechanism. Evidence from single-
molecule experiments has provided support for induced fit in the cases of the add adenine
riboswitch (section 4.2), the thiC TPP riboswitch (section 4.4), and the lysC lysine
riboswitch (section 4.10). Conformational selection also appears to obtain for some
riboswitches: single-molecule results consistent with that mechanism have been reported for
the xpt guanine riboswitch (section 4.3) and the preQ-I1 riboswitch (section 4.8). Caution
should be exercised in considering the heights of energy barriers and well depths derived
from smFRET data, however, because the reported energies would not seem to match up
particularly well, in several instances, with estimates from other techniques. For example,
one bulk study of adenine binding to the add aptamer using 2-AP fluorescence reported a
binding energy of ~8 kcal/mol [120], which agreed closely with the ligand-induced
stabilization of the folded aptamer derived from single-molecule OT data (AAG =~ -8 kcal/
mol) [86]. However, a different value was estimated from SmFRET data (AAG = -0.65 kcal/
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mol) [57]. On the other hand, SmFRET results for the add riboswitch in the presence of urea
[58] were more consistent with those derived from OT data (section 4.2), as well as with 2-
AP fluorescence measurements. Possible explanations for such discrepancies were discussed
(section 4.2). In part, discrepancies in measurements of AAG (the stabilization energy of
binding) and AAG* (the barrier height change for binding) may be associated with
difficulties in discriminating ligand-free from ligand-bound states using SMFRET alone.
This contrasts with the situation in OT, where such states are readily distinguished by their
differential response to unfolding force. In future work, more definitive experimental
support for one binding mechanism or the other might be obtained by measuring two (or
more) different reaction coordinates simultaneously (section 6).

5.4 The hierarchical folding model and riboswitches

Typically, sSmFRET investigations have not probed the folding dynamics of riboswitch
secondary structure. Most of the duplex elements found in riboswitches, particularly the
sensor arms, are sufficiently stable that the unfolded state has negligible occupancy in
physiological buffers at room temperature. For example, a computation of the stability of the
P2 hairpin from the add aptamer using mfold [121] predicts just a 0.1% chance of occupying
the unfolded state. Nevertheless, even for stem-loop elements with high stability, transient
openings (fraying) near helix bases or bulges may be critical for riboswitch folding or
switching. Ensemble measurements of secondary structure formation are also problematic,
as these may miss folding states, owing to the averaging over fast dynamics across many
molecules (typically ~10-100 s [122, 123]). The ability of optical trapping to bias the
folding energy landscape using force, combined with its comparatively good time resolution
(typically ~1 msec) puts it in a fairly unique position to provide an in-depth examination of
secondary structure formation, along with its relationship to tertiary structure formation.
Success has already been achieved in reconstructing, in a stepwise fashion, folding-energy
landscapes that span the range from the completely unfolded form to the fully-folded, ligand
bound form for the pbuE and add (adenine) [80, 86] and thiC (TPP) [103] riboswitch
aptamers (sections 4.1, 4.2, and 4.4).

The thiC TPP riboswitch aptamer (Figure 4D) appears to follow a hierarchical folding
scheme, with mechanical renaturation experiments showing that half of P3 folds first,
followed by P5, P4, and then the other half of P3, followed by P2, and finally P1. In the
presence of TPP, ligand binding and the formation of tertiary interactions after P1 folding
were inferred from the mechanical stabilization of the P1-folded form, although tertiary
interactions were not directly observed along the extension coordinate.

Several riboswitch studies have now shown that, contrary to the hierarchical picture of
folding, the sequence of secondary and tertiary folding events can interleave in the “nearly-
folded” regime, particularly when the structural elements in question have comparable
folding energies (section 4.1). For the add and pbuE riboswitches, the P1 helix folds
concomitant with tertiary structure formation via a structural intermediate with P1 unfolded,
but with some tertiary contacts formed: this intermediate is thought to reflect a pre-
organization of the ligand-binding pocket [80, 86] (sections 4.1 and 4.2). When smFRET
was used to investigate the folding of the P1 “switch helix” directly in the thiM TPP
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riboswitch aptamer (section 4.5), the results suggested linked dynamics for P1 duplex
folding and sensor arm docking [59]. This relationship is central to how aptamer folding and
ligand binding jointly stabilize the switch helix.

A grand challenge for future single-molecule riboswitch studies will be to go beyond the
folding of isolated aptamer regions to study the dynamic competition between aptamers and
expression platforms in a functional (i.e., in situ) context. A start along these lines has
already been made with an investigation of cotranscriptional folding in the complete pbuE
riboswitch [81] (section 4.1), whose expression platform regulates gene expression via a
transcriptional terminator. Owing to their greater complexity, still greater experimental
challenges await with riboswitches whose expression platforms regulate protein translation
or alternative RNA splicing.

5.5 The role of metal ions in riboswitch folding

Magnesium ions are critical for the stabilization of complex, structured RNAs [124], and
even simple hairpins are strongly stabilized by divalent cations [28]. In riboswitches,
magnesium seems to promote folding intermediates and/or fully folded states that are
competent to bind ligand. With experimental methods that are sensitive to the formation of
transient intermediates and can follow individual molecular folding trajectories, it becomes
possible to determine, in certain cases, specific states that may be stabilized by magnesium,
in addition to observing gradual compaction as a function of [Mg2*], which is something
that can also be measured by ensemble methods (such as bulk FRET).

In the case of the xpt guanine, metl SAM-1, metX SAM-II, and tfoX c-di-GMP riboswitches
(sections 4.3, 4.6, 4.7, 4.9), magnesium appears to be required for the formation of a stable
folded or docked state. For example, the metX riboswitch is found predominantly in an
unfolded state in the absence of magnesium and SAM, but makes frequent and short-lived
(~30 ms) fluctuations to a closed pseudoknot form (section 4.7). The addition of 2 mM
Mg?2* strongly modulates metX folding behavior, eliciting a ~50% occupancy of a compact,
low-FRET intermediate state (open pseudoknot) and ~50% occupancy of a high-FRET state
(consisting of two closed pseudoknot forms) [54].

In other cases, such as the preQ-1I riboswitch (section 4.8) and a mutant add adenine
riboswitch (section 5.2), magnesium effects a modest increase in folded state occupancy, but
folded states are readily accessible even in its absence [56, 61]. For the add mutant in NaCl
alone (50 mM), 38% of molecules were already in a docked state, in stark contrast to the
wild-type aptamer in the absence of magnesium (section 4.2) [57]. The addition of 2 mM
magnesium to the mutant aptamer produced an 83% docked-state occupancy. The mutant
therefore appears to fold by a different pathway than the wild-type, with a dramatically
reduced magnesium dependence: this interpretation would be consistent with the lack of an
observable folding intermediate in the mutant [56], in contrast to the wild-type [57].

Limited insights into possible roles for specifically bound magnesium ions have been
obtained from some single molecule studies, including investigations of the add and tfoX
riboswitches (sections 4.2, 4.9). Analysis of add dwell-time histograms for the docked and
undocked states showed that, with adenine present, the addition of 2 M urea reduced the
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docking rate by ~2-fold in the presence of 4 mM Mg?2*, but by ~8-fold in the presence of 0.1
mM Mg?2* [58]. According to a mechanism proposed by Sosnick and Pan [125], the
enhanced effect of urea at low magnesium concentration is consistent with a folding
pathway involving a rate-limiting step that includes the formation of a metal-ion binding site
around one (or more) of the five specifically bound magnesium ions identified by
crystallography [79]. In future work, characterization of the effects of magnesium on high-
resolution folding landscapes may supply more mechanistic insights into the roles played by
any specifically bound, as well as “screening,” cations.

6. Conclusion and Future Directions

Without doubt, single-molecule approaches have substantially improved our working
understanding of riboswitches. In particular, single-molecule studies have revealed
sequences of folding events for the various elements comprising individual riboswitch
aptamers, and in selected cases, have permitted reconstructions of entire folding energy
landscapes. Novel intermediate states (and ensembles of such states) have been successfully
identified in single molecule records. So, too, have individual folding trajectories. Fresh
insights have been gleaned into the roles played by both ligand and metal-ion binding in the
aptamer folding process, including increasingly detailed views of transient structures, which
are notoriously hard to obtain by any other means. In particular, the specific effects of ligand
binding on energy landscapes have helped to clarify the fundamental mechanisms for
ligand-promoted folding (i.e., induced fit vs. conformational selection). Recently, single-
molecule work has moved beyond studies of isolated aptamers to explore the actual
riboswitching mechanism, that is, the competition between the aptamer region and the
expression platform that leads to gene regulation. Such work makes it possible not only to
distinguish between kinetic and thermodynamic control mechanisms, but also to improve
our understanding of how RNA folds co-transcriptionally inside cells.

On the theoretical side, advanced analytical methods, based on non-equilibrium
thermodynamics and statistical mechanics, have been expressly developed for extracting
useful information from single-molecule records. Such methods are increasingly being
brought to bear on work with structured RNAs. At the same time, experimental findings
from single-molecule techniques also provide a convenient “proving ground” for the
validation of structural predictions, including dynamics, generated by increasingly
sophisticated computational methods.

Experimental difficulties persist for the twin challenges faced in single-molecule work on
riboswitches (section 5.1), namely: (1) the identification of all relevant intermediate folding
states, and (2) the assignment of such folding states to candidate structures. Typically,
structural assignments cannot be based on single-molecule data alone, and therefore often
involve an inspired fusion of structural, computational, biochemical, genetic, and single-
molecule information. With current techniques, it is often ambiguous whether an observed
transition corresponds to a change in secondary or tertiary structure. A single experimental
coordinate for folding—such as the end-to-end molecular extension, or the FRET distance
between strategically placed dyes—may not be able to discriminate among relevant
conformations [19, 74]. However well-chosen, any one reaction coordinate, which projects a
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high-dimensional folding space into a single dimension, cannot be expected to fully
recapitulate the folding process except under exceptional circumstances.

In principle, this limitation could be relieved by simultaneously recording single-molecule
data along separate, approximately “orthogonal” reaction coordinates that are sensitive to
different aspects of folding. A number of SMFRET studies have already compared—albeit,
in separate experiments—constructs carrying different FRET pairs, to obtain a more
complete picture of the folding process [55, 59, 61]. In a similar vein, ‘click’ chemistry
[126] (or similar) could be used to bioconjugate handles to internal sites of a riboswitch,
rather than hybridizing these to the 3’ and 5 ends, and thereby permit a different pulling
coordinate to be used in OT assays. But true simultaneous measurement along more than
one reaction coordinate could provide still greater insight, helping to address such issues as
secondary vs. tertiary structure formation, coupling between the folding of different
structural elements, and discrimination between ligand-bound and ligand-free states [59, 80,
86, 103]. New methodologies to record more than one reaction coordinate, which are being
vigorously pursued but are still in their infancy, include combined OT and SmFRET
(“Force-FRET™) [89, 127-130], multicolor smFRET [87, 88] (which can also be combined
with OT [131]), and SmFRET combined with AFM [132, 133] or magnetic tweezers [134].
Each single-molecule approach individually poses its own unique set of technical
challenges, and these tend to get compounded when techniques are combined. Nevertheless,
success on any of these fronts has the potential to improve our understanding of gene
regulatory mechanisms.
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Free Energy

Extension

Figure 1. Riboswitch aptamer folding
(A) Notional free energy landscape for the folding and ligand binding of a generic

riboswitch aptamerdomain. Energy is plotted vs. end-to-end extension, the reaction
coordinate used in optical trappingexperiments. Example conformational states (U:
unfolded, 15 »: intermediates; F: folded, F+L: folded andbound to ligand) are shown for each
energy well (bound ligand in green). Ligand-free energy landscapesat zero applied load
(gray dashed curve) and under external tension (black curve) are plotted againstextension.
Also shown are folding landscapes in the presence of ligand, following either a
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conformational selection (blue curve) or an induced fit (red dotted curve) model for binding,
both under applied tension.

(B) Kinetic scheme matching the energy landscape in (A), with additional potential states
represented(M: a misfolded state, lsL: an induced-fit intermediate). Roman numerals
indicate two possible induced-fit pathways (i, ii) and the conformational selection pathway

(iii).
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Figure 2. Typical experimental geometry for a surface-based SmMFRET assay of riboswitch
folding
The riboswitch (red) is anchored to a treated glass surface (light blue shading) via a single-

stranded DNA handle (blue), which is specifically attached to the treated surface via
chemical linkers (black dots, yellow crosses). Conformational changes alter the proximity of
the donor and acceptor fluorophores (blue and red stars), producing a change in the FRET
efficiency. Panel (A) shows close proximity of the donor and acceptor, which results in a
high FRET state. Panel (B) shows a molecular conformation in which the donor and
acceptor are separated, resulting in a low FRET state.
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+NTPs

Figure 3. Two dual-beam optical trap assays for riboswitch folding
Dual optical traps (salmon) hold functionalized polystyrene beads (light blue spheres) which

are each attached to a DNA handle (blue) or RNA polymerase (green) via specific
attachment chemistries (yellow and black shapes). The riboswitch RNA (red) is hybridized
to single-stranded overhang regions at the ends of double-stranded DNA handles. The end-
to-end extension of the riboswitch construct can be measured and controlled with
nanometer-level precision. Panel (A) shows a geometry for studying riboswitch constructs
synthesized in vitro. Panel (B) describes a setup for studying riboswitches transcribed in situ
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by RNA polymerase from a DNA template capped with a “roadblock” (yellow and black
shapes); addition of NTPs triggers elongation of the nascent RNA (upper image), producing
the riboswitch construct (lower image). The geometry in (B) allows the study of co-
transcriptional as well as post-transcriptional RNA folding.
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Figure 4. Riboswitches studied by single-molecule techniques
Secondary structures are represented, with ligand (green oblong) binding represented

schematically and key tertiary interactions in the ligand-bound folded state indicated
notionally in orange or as pseudoknot basepairs (G, H). (A) pbukE adenine riboswitch
aptamer; (B) add adenine riboswitch aptamer; (C) xpt guanine riboswitch aptamer; (D) thiC
TPP riboswitch aptamer; (E) thiM TPP riboswitch aptamer;(F) metl SAM class | riboswitch
aptamer; (G) metX SAM class Il riboswitch; (H) left: preQ; class llriboswitch, right: preQ;
class I riboswitch; (1) tfoX c-di-GMP class | riboswitch aptamer; (J) lysC lysineriboswitch
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aptamer. FRET labeling sites are indicated with blue and salmon dots (triangles, squares
andstars indicate additional possible labeling sites) for the donor and acceptor locations,
respectively.
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