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Exploring RNA folding one molecule at a time
Elvin A Alemán, Rajan Lamichhane and David Rueda
RNA molecules fold into stable native structures to perform

their biological function. RNA folding can be influenced by ions,

co-factors, and proteins through numerous mechanisms.

Understanding these mechanisms at the molecular level is

important for elucidating the structure–function relationship in

biologically important RNAs. Recent developments in single

molecule spectroscopy have provided new approaches to

investigate RNA folding and have allowed identification of

kinetic intermediates that would otherwise remain hidden in

ensemble-averaged experiments. Here we summarize some of

these developments, which provide new insight into the effect

of Mg2+ ions in RNA folding landscapes, the role of

cooperativity in RNA tertiary folding, the stepwise folding of

RNA during transcription, and the hierarchical assembly of

RNA–protein complexes.
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Introduction
RNA has a unique ability to carry both genetic infor-

mation and catalytic function. It plays key roles in the

maintenance, transfer, and processing of genetic infor-

mation and the control of gene expression [1–3]. Accord-

ing to the RNA World hypothesis, RNAs may have

initiated life on Earth [4]. Naturally occurring functional

RNAs find important applications in medicine, nanotech-

nology, and chemistry [5–9].

The RNA folding problem consists of understanding how

linked nucleotides form a secondary and, subsequently, a

functional tertiary structure. This reaction lies at the core

of the structure–function relationship in RNA. To under-

stand this relationship, it is essential to identify the

fundamental principles of RNA folding (Figure 1), which

translates into mapping the folding potential energy sur-

face by determining the relative stability of all the inter-
www.sciencedirect.com
mediates involved and their activation energies. The

stability of intermediate and native structures can be

influenced by the interaction with metal ions, ligands,

and proteins.

Single molecule spectroscopy (SMS) provides new

insight into RNA folding. SMS has been used to elucidate

the folding dynamics of small and large catalytic RNAs,

the mechanism of tRNA accommodation into the ribo-

some, and to reveal heterogeneous folding dynamics in

numerous RNAs [10��,11��,12,13��,14�,15,16��]. SMS

shows that very few molecules in the macroscopic ensem-

ble behave as its average; thus, interpreting the smooth,

continuous changes characteristic of macroscopic obser-

vables in terms of smooth transformations at the molecu-

lar level can be misleading and incorrect [17]. SMS

uncovers key structural, dynamic, and functional infor-

mation otherwise hidden in the ensemble-averaged bulk

experiment [18]. Perhaps the most astonishing discovery

is that single molecules exhibit unexpected molecular

memory effects in folding and catalysis, where a molecule

rarely switches between different folded conformations

[10��,13��,19�]. A likely explanation for this observation

is that RNA folding landscapes are usually rough and

contain kinetic traps that form isolated intermediates

[20–22,23�]. Here, we summarize some of the latest

developments in RNA folding using SMS [24�,25,26].

Single molecule Mg2+ jumps map RNA folding
landscapes
As the backbone of RNA molecules is negatively charged,

RNA folding is governed by metal ion condensation [20].

Monovalents promote secondary structure formation, and

divalents help it collapse into a compact conformation

[23�,27]. This key step involves the specific folding of

helical junctions and single stranded internal loop lacking

secondary structure. Recently, Scherer’s group has

reported a new single molecule approach that uses per-

iodic [Mg2+] jumps to study early events in RNA folding

[28�]. The conformational dynamics of the fluorophore

labeled catalytic domain of the large thermophilic RNase

P RNA were monitored by single molecule Fluorescence

Resonance Energy Transfer (smFRET, Figure 2a).

RNase P is an endonuclease involved in the maturation of

tRNAs [29,30]. P RNA unfolds below 0.01 mM Mg2+, and

refolds above 0.1 mM Mg2+. Successive jumps above and

below these concentrations were used to observe

(un)folding monitoring changes in FRET efficiency

(EFRET). Figure 2b shows two single molecule EFRET

trajectories with the corresponding Mg2+ jumps. Two

types of conformational changes were observed: (i)
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Figure 1

General representation of the free energy landscape of a RNA metal ion-

induced folding where two possible folding pathways toward the native

folded structure (N) are shown. In the case where a less collapsed

intermediate is formed from the unfolded state (U! I), higher activation

energy will correspond to the slower folding pathway (I! N). However,

the faster folding pathway (I*! N) will match the formation of an

intermediate structure (I*) that is more similar to the final native structure.
discrete transitions characteristic of barrier-crossing

events at constant [Mg2+] and (ii) a general electrostatic

response (collapse or expansion) with exponential

kinetics immediately following the jump (insets). Jumps

from 0.01 to 0.1 mM [Mg2+] exhibit only two FRET

states at each concentration (I and IV, Figure 2c), whereas

jumps from 0.01 to 0.4 mM and 1.0 mM [Mg2+] exhibit

four (I, II, III and IV, Figure 2c). Their analysis showed

that P RNA folding from a high FRET state remains

preferentially in the high FRET state, while folding from

a low FRET state transitions to all four states (Figure 2c),

indicating the presence of a memory effect of folding.

Successive Mg2+ jumps enable building pre-equilibrium

cumulative histograms for folding (Figure 2c1 and c3) and

unfolding cycles (Figure 2c2 and c4). Interestingly, cumu-

lative histograms can differ significantly from those

measured at equilibrium (Figure 2c), demonstrating

how single molecule Mg2+-jumps make possible the

identification of intermediates inaccessible in equi-

librium experiments.

Population relaxation kinetics also depend on the FRET

state immediately before the jump. In particular, hetero-

geneity in the folding kinetics of state III distinguishes

two states with the same FRET value (III and III*,

Figure 2d), revealing the presence of hidden degrees

of freedom (DOF) in the folding landscape

(Figure 2d). Only jump intervals longer than five seconds

allow more P RNA molecules to reach their native con-

formation through the hidden DOF (population relaxa-

tion).
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Remarkably, Mg2+-jump experiments make it possible to

map the location of the energy barrier that induces the

long memory effect by monitoring the single molecule

trajectories and identifying the interconnection between

different FRET states. A schematic free energy land-

scape for the P RNA can be depicted to summarize these

results (Figure 2d). At low [Mg2+] only two states are

populated (I and IV), and therefore the other states must

be higher in energy. Increasing [Mg2+] induces electro-

static relaxation, and stabilizes the other states (II, III,

III* and IV), which become more populated. Barrier-

crossing transitions between these states follow and,

subsequently, slow population relaxation takes place

through the hidden DOF. A downward jump initiates

unfolding, with first electrostatic relaxation of the poten-

tial landscape followed by population relaxation. Pre-

equilibrium measurements provide a better understand-

ing of the early folding dynamics of individual RNAs.

Small RNAs use cooperativity for tertiary
contact folding
Although RNA and proteins share some folding features,

they also present significant differences. RNAs can form

stable secondary structures even in the absence of tertiary

interactions. Proteins use cooperative interactions to

stabilize unique tertiary structures among numerous par-

tially unfolded structures [31]. Cooperativity results in a

sudden folding response to a small change in ligand or co-

factor concentration [31–34]. The extent of cooperativity

in RNA folding remains unknown.

Cooperativity is measured using double mutant thermo-

dynamic cycles (Figure 3c). Herschlag and co-workers

have recently characterized such a cycle for the P4-P6

domain of the T. Thermophila group I intron using

smFRET (Figure 3a) [35�]. SMS provides a new approach

to study cooperativity in RNA folding because it enables

distinction of short-lived intermediates from minor sub-

populations under identical conditions. This is important

because tertiary contact ablations and mutations often

result in large shifts in Mg-dependent folding, which may

involve different (un)folded states.

P4-P6 consists of two side-by-side contacting RNA

helices, connected by the J5/5a junction. Two major

tertiary interactions stabilize the folded state: the

metal-core/metal-core receptor (MC/MCR, Figure 3a,

blue) and the tetraloop/tetraloop receptor (TL/TLR,

Figure 3a, magenta). P4-P6 folds with high cooperativity

with respect to [Mg2+] and possible misfolded intermedi-

ates have been previously proposed [36]. The thermo-

dynamic cycle for P4-P6 is shown in Figure 3c. To

determine the equilibrium constants in the thermodyn-

amic cycle the fluorophore labeled wild type (WT) and

two ablation mutants were used (DMetal-core mutant,

ITL, and DTetraloop mutant, IMC, Figure 3a). Figure 3b

shows exemplary time trajectories and the corresponding
www.sciencedirect.com
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Figure 2

Modified secondary structure of RNase P RNA (a), single molecule results from the pre-equilibrium Mg2+-concentration effect study in the folding

pathway of this large RNA (b and c), and the free energy landscape of the folding pathways in presence and absence of Mg2+ (d). From reference [28�].

Reprinted with permission from PNAS.
histograms. All three constructs fluctuate randomly be-

tween two FRET levels: 0.1 (U state) and 0.8 (ITL or

FMC
TL ) for the WT and the DMetal core complex, and 0.1

and 0.5 (IMC) for the DTetraloop molecule. The equi-

librium constants Kfold, KMC, and KTL can be directly

obtained from these histograms (Figure 3b). The WT

spends most of its time in the folded state (FMC
TL ), while

both mutants favor the unfolded state (U). Using the

closed thermodynamic cycle properties, K 0MC and K 0TL can

be readily calculated as K 0MC ¼ Kfold=KTL and

K 0TL ¼ Kfold=KMC. The tertiary contact cooperativity

((DGcoop ¼ �RT lnðK 0TL=KTLÞ ¼ �RT lnðK 0MC=KMCÞ ¼
�3:2 kcal=molÞ is 240-fold more favorable than the for-

mation of both tertiary contacts cooperatively relative to

their independent formation. This value is comparable to

what is found in protein folding, but its physical origins

are different. For example, cooperativity in RNA folding

must involve electrostatic penalties for bringing nega-

tively charged helices into close proximity. The presence

of cooperativity in larger RNAs where tertiary contacts are
www.sciencedirect.com
farther away is an interesting issue that needs further

exploration.

Stepwise RNA folding during transcription
In vitro, RNA folding is typically triggered by addition of

metal ions, but in vivo, the ionic strength of the cellular

environment remains approximately constant during

transcription. Understanding co-transcriptional folding

is an important challenge to elucidate the structure–
function relationship for RNA in living organisms. Block

and co-workers have recently developed a new assay that

mimics co-transcriptional folding using single molecule

force spectroscopy [37,38��]. The idea consists of using a

dual-trap optical tweezers configuration; on the first trap a

dsDNA template (right, Figure 4b) is immobilized with a

transcriptionally stalled single RNA polymerase (RNAP)

molecule, while the initial RNA transcript emerging from

RNAP is hybridized to the immobilized DNA handle on

the second trap. This dumbbell geometry allows forces to

be applied between the RNAP and the nascent RNA. An
Current Opinion in Chemical Biology 2008, 12:647–654
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Figure 3

Single molecule results in the study of the cooperative tertiary contact in RNA folding. (a) Secondary structure of the P4-P6 domain of the T.

thermophila group I intron. The P4-P6 molecule was labeled with a Cy3 donor (green) and Cy5 acceptor (red) for smFRET. (b) Single-molecule FRET

trajectories. (c) Thermodynamic cycle to study folding cooperativity. The ensemble of unfolded conformations (U) comprises only secondary structure.

U is in equilibrium with the native state (FMC
TL , equilibrium constant Kfold). Two intermediates with one tertiary contact can form: IMC (only the MC

receptor is active) and ITL (only the TL receptor is active), which can be formed from U with equilibrium constants KMC and KTL, respectively, and then

fold into FMC
TL with equilibrium constants K0TL and K0MC, respectively. Reprinted with permission from reference [35�]. Copyright (2008) American

Chemical Society.
adenine-binding riboswitch was used as a model system

for this study. Riboswitches are found in the 50-untrans-

lated region (50-UTR) of mRNA and control gene expres-

sion upon ligand binding [39,40].

Proper folding of riboswitches is important for gene

regulation [38��,41]. The adenine riboswitch forms a

three-helix junction (P1, P2, and P3, Figure 4a)

[38��,39,41]. The folded state of the RNA is determined

by using force-extension curves (FEC) in real time during

aptamer transcription in the presence and absence of

adenine (Figure 4a). In the absence of adenine, two

unfolding events were identified and assigned to unfold-

ing of P2 and P3, the most stable hairpins in the ribos-
Current Opinion in Chemical Biology 2008, 12:647–654
witch (Figure 4c). In the presence of adenine, however,

the FECs show that cooperative unfolding of the aptamer

occurs occasionally through an intermediate state

(Figure 4c). By correlating the extension of the molecule

with the unfolding, the intermediate was identified as a

collapsed complex with a pre-organized adenine binding

pocket. The histograms in Figure 4e and 4f illustrate the

observed states obtained from the complete trajectories in

the presence and absence of adenine, respectively, at

different forces.

Kinetic rates at 0 force can also be obtained by measuring

FECs with different loading rates. Finally a co-transcrip-

tional folding free energy landscape for the aptamer can
www.sciencedirect.com
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Figure 4

Co-transcriptional RNA folding study of a single riboswitch aptamer. (a) Aptamer secondary structure showing P1, P2 and P3 helices with their

respective base pairing. (b) Dumbbell shaped optical trapping scheme, one bead is attached with a template dsDNA and other bead with cohesive

DNA handle. This cohesive end of DNA handle is hybridized with RNA (red) transcribed by RNA polymerase (green). (c) Force-extension curves

showing unfolding events of aptamer after RNA transcription. Black line with two events occurred in absence of adenine and blue line is in presence of

adenine. In presence of adenine, an intermediate state is shown in red. (d) The distribution of unfolding forces showing three states folded, unfolded

and intermediate. (e) Histogram showing trajectories at different forces scaled by the fractional extension per nucleotide at a given force. (f) Refolding

histogram in absence of adenine showing the population of P1-unfolded and P1-folded states. (g) The energy landscape profile for stepwise refolding

of aptamer showing five different folding states. Black line is in the absence of adenine and red line is in its presence. From reference [38��]. Reprinted

with permission from AAAS.
be determined, in the presence and absence of the ligand

(Figure 4g). This landscape suggests hierarchical folding

including helical folding first followed by formation of the

adenine binding pocket. Finally, adenine binding stabil-

izes the native state by 4 � 1 kcal/mol (Figure 4g, red

curve). These experiments highlight the importance of

single molecule approaches in RNA co-transcriptional

folding.

RNA–protein complexes assemble
hierarchically
Many essential RNAs require specific protein assistance

to be functional in vivo. Protein–RNA interactions play an
www.sciencedirect.com
important role in the formation of these RNA–protein

complexes (RNPs). SMS offers an interesting approach to

study RNP biogenesis because it provides insight into the

precise order in which folding intermediates are formed

and their respective stabilities [42,43].

Recently, Zhuang and co-workers have characterized the

assembly process of the Tetrahymena telomerase using

smFRET [44��]. Telomerase is an RNP that helps to

solve the end replication problem by adding DNA at the

end of linear chromosomes [45,46]. The key components

of the active complex are telomerase RNA and telomer-

ase reverse transcriptase (TERT). A second protein, the
Current Opinion in Chemical Biology 2008, 12:647–654
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La-motif protein p65, binds the RNA specifically and

stabilizes the RNP. Telomerase RNA has four stems (I

through IV) and a large single stranded region that con-

tains the template for DNA primer extension (Figure 5a).

To understand the assembly pathway of telomerase RNP,

surface immobilized and fluorophore labeled telomerase

RNA folding was monitored by smFRET in the presence

and absence of p65 and TERT (Figure 5a). In the

absence of protein, the single molecule FRET distri-

bution is centered at 0.29 (Figure 5b, gray). Upon addition

of p65 the FRET distribution shifts to 0.46 (Figure 5b,

red) indicating the formation of a p65–RNA complex and

a subsequent conformational change that brings the distal
Figure 5

Protein assisted RNA folding in telomerase. (a) The Cy3 and Cy5 fluorophore

biotin and streptavidin interaction. Red and green circles are p65 and TERT

different FRET states, in absence of protein (gray), in presence of p65 only (re

trajectory showing folding of telomerase RNA in absence and presence of p

green arrow is a mixture of p65 and TERT. (d) Schematic telomerase RNA fo

binding in green. Adapted by permission from Macmillan Publishers Ltd: Re

Current Opinion in Chemical Biology 2008, 12:647–654
part of helix IV in close proximity to helix I (Figure 5a).

Mutational data show that this helical bend occurs around

the highly conserved GA bulge in stem IV. Addition of

purified TERT to the p65–RNA complex yields a FRET

distribution centered at 0.65 (Figure 5b, green), indicat-

ing the formation of the p65–RNA–TERT ternary com-

plex. This structural change bends helix IV even closer to

domain I.

Single molecule time trajectories allow monitoring of

individual telomerase RNP in real time (Figure 5c).

Addition of both p65 and TERT shows that the RNA–
p65 complex forms first most of the time (red arrow),

followed by binding of TERT (green arrow). The results
labeled telomerase RNA is immobilized on a PEG coated glass slide via

interacting sites. (b) FRET histograms showing number of molecules at

d) and in presence of both p65 and TERT proteins (green). (c) FRET time

roteins p65 and TERT. Red arrow characterized the addition of p65 and

lding where, p65 brings stem IV near to stem I in red followed by TERT

ference [44��], copyright 2007.

www.sciencedirect.com
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indicate a hierarchical telomerase assembly process

directed by sequential steps of protein-induced RNA

folding (Figure 5d). However, minor alternative pathways

are also possible (Figure 1). For example, TERT can first

bind the RNA to form a less stable intermediate, and then

p65 binds to form the final ternary complex. This work

illustrates how single molecule approaches can elucidate

RNP assembly pathways and uncover cooperative folding

steps, such as the formation of the p65–RNA intermedi-

ate complex.

Conclusions
Understanding how metal ions, proteins, and other co-

factors induce RNA folding is essential to understanding

and predicting RNA function in vivo. SMS offers new

opportunities to study RNA folding from the nascent

transcript to the native structure, because it readily

enables monitoring and characterization of folding inter-

mediates and transient conformations. Here, we have

summarized recent developments that illustrate all of

these aspects. Future developments in SMS will take

the RNA folding problem from the test tube into the cell

and will provide new insights into RNA folding in vivo.
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