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ABSTRACT

Riboswitches are RNA sequences that regulate gene
expression by undergoing structural changes upon
the specific binding of cellular metabolites. Crystal
structures of purine-sensing riboswitches have re-
vealed an intricate network of interactions surround-
ing the ligand in the bound complex. The mechanis-
tic details about how the aptamer folding pathway is
involved in the formation of the metabolite binding
site have been previously shown to be highly im-
portant for the riboswitch regulatory activity. Here,
a combination of single-molecule FRET and SHAPE
assays have been used to characterize the folding
pathway of the adenine riboswitch from Vibrio vul-
nificus. Experimental evidences suggest a folding
process characterized by the presence of a struc-
tural intermediate involved in ligand recognition. This
intermediate state acts as an open conformation to
ensure ligand accessibility to the aptamer and folds
into a structure nearly identical to the ligand-bound
complex through a series of structural changes. This
study demonstrates that the add riboswitch relies
on the folding of a structural intermediate that pre-
organizes the aptamer global structure and the lig-
and binding site to allow efficient metabolite sensing
and riboswitch genetic regulation.

INTRODUCTION

Gene expression requires the assistance of numerous co-
factors to provide the specificity and timing of regulation,
which are important to ensure cellular homeostasis. Ac-
cumulating evidence suggests that RNA folding is central

for gene regulation, particularly by providing specific pro-
tein binding sites and important architectural domains (1).
A striking example about the importance of RNA folding
in gene expression was obtained with the discovery of ri-
boswitches that are genetic regulatory elements found in
the 5′ untranslated region (5′ UTR) of bacterial messenger
RNA (mRNA) (2–4). Riboswitches are involved in the con-
trol of gene expression by modulating their structure upon
the binding of specific cellular metabolites (2). The recogni-
tion of the metabolite is mediated by the highly conserved
aptamer domain that exhibits a high degree of structural
complexity (5). The formation of the aptamer-ligand com-
plex influences the structure of the riboswitch expression
platform that is directly implicated in the regulation of gene
expression, either by modulating mRNA levels or the initi-
ation of translation (2,4). Riboswitches have also been in-
volved to modulate splicing (6,7) and to regulate gene ex-
pression in a trans-acting manner (8).

Riboswitches recognize a large variety of metabolites
such as amino acids, nucleobases and cofactors (3,9).
Purine-sensing riboswitches are among the most charac-
terized riboswitch classes and are organized around a sin-
gle three-way junction, making them particularly tractable
for structure-function analyses (10–19). Purine riboswitches
can be categorized in four natural groups that respectively
bind to adenine (20), guanine (21), deoxyguanosine (22) and
7-aminomethyl-7-deazaguanine (preQ1) (23). The adenine-
sensing Vibrio vulnificus add riboswitch controls the initia-
tion of translation of an adenine deaminase (add) upon lig-
and binding (Figure 1A), therefore making it one of the rare
riboswitches to positively modulate gene expression upon
ligand sensing (3,4). In the absence of adenine, the forma-
tion of a stem-loop structure sequesters the Shine-Dalgarno
(SD) and AUG start codon sequences to inhibit transla-
tion initiation (Figure 1A, OFF state). Upon ligand bind-
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Figure 1. Regulatory scheme of the Vibrio vulnificus add adenine riboswitch. (A) Secondary structure model of the ON and OFF conformers of the adenine
riboswitch. In the absence of adenine, the riboswitch allows the formation of a stem-loop sequestering the ribosome access to the Shine-Dalgarno (GAA)
and AUG initiation codon (boxed), thus preventing the initiation of translation. However, upon adenine (Ade) binding, the riboswitch folds into an
alternative structure in which the Shine-Dalgarno and the AUG initiation codon are accessible to allow translation initiation. (B) Secondary structure
model of the add adenine aptamer. The sequence and secondary structure are shown with P1, P2 and P3 helical domains. Dotted lines represent Watson–
Crick base pairing interactions occurring within the aptamer core region. The bound adenine is shown in a black circle. The numbering is based from a
previous study (66).

ing, the structure of the riboswitch is reorganized to allow
ribosome access, thus inducing translation initiation (Fig-
ure 1A, ON state). The add aptamer is composed of three
helical domains (stems P1, P2 and P3) that are connected
through a highly conserved core domain comprising the
ligand binding site (Figure 1B) (20). Crystal structures of
ligand-bound adenine and guanine aptamers (24,25) have
revealed that they share a similar 3D structure in which the
RNA is very compact and contains several RNA ligand
contacts (26). The structure of the metabolite-RNA com-
plex exhibits a long-range loop loop tertiary interaction oc-
curring between loops L2 and L3 that is crucial for ligand
binding (27). The P1 and P3 stems are involved in a coaxial
stack, a feature often present in three-way helical domains
(28–31). The ligand binding site is constituted by a cavity
in which the bound metabolite is sandwiched between con-
served residues and is involved in interactions with specific
nucleotides (24,25). Of particular importance is residue U68
(Figure 1A) that is involved in a Watson-Crick base pair
with the bound adenine. The substitution of U68 for a cyto-
sine converts the specificity toward guanine (20). The ligand
binding specificity is also ensured by multiple interactions
such as Watson–Crick base pairs (G40:C47 and U16:A46)
participating in base triple interactions (24,25). In addition
to the ligand-bound structure, a recent analysis performed
with femtosecond X-ray free electron laser (XFEL) meth-
ods revealed that the adenine aptamer can sample at least
four structural conformations including two ligand-free and
two ligand-bound states (15). Notably, while all XFEL ap-
tamer structures contain the long-range L2–L3 tertiary in-
teraction, they show different molecular interactions in the
core region suggesting that the ligand-binding site is struc-
turally flexible.

The folding mechanism of both the adenine and gua-
nine aptamers have been previously characterized using sev-
eral biochemical and biophysical techniques (11,32,41,33–
40). While both aptamers share a common ligand-bound
structure, it appears that they do not rely on similar strate-
gies to adopt the ligand-bound native state. This is sup-
ported by the fact that the adenine-sensing aptamer ex-
hibits a larger degree of structural flexibility compared to
the guanine-sensing variant (40,42–45). Previously, single-
molecule Förster resonance energy transfer (smFRET) as-
says have been used to study the folding of the add ri-
boswitch aptamer (27,46,47). Real-time smFRET traces re-

vealed that ligand-free aptamers fluctuate between three dif-
ferent states (unfolded (U), intermediate (I), and folded (F))
and exhibit a high degree of dynamic heterogeneity that is
significantly reduced upon ligand binding (27,43). Impor-
tantly, the L2–L3 interaction was suggested to be absent in
the intermediate state (27), therefore indicating that it may
represent a different structure than those identified using
XFEL (15). The absence of the L2–L3 interaction in the in-
termediate state suggests that this conformer appears early
during the riboswitch folding pathway and that it could be
important for the formation of the ligand binding site (27).

Here, smFRET assays were used to characterize the na-
ture of the intermediate state by monitoring several in-
tramolecular distances of the add aptamer and their relative
variation along the folding pathway. The results are con-
sistent with the intermediate conformer corresponding to a
partially folded aptamer in which the P2 stem has not yet
attained the position observed in crystal structures (24,25).
We determined that the intermediate structure is stabilized
when preventing the formation of the L2–L3 loop–loop in-
teraction or when adding sub-saturating concentrations of
a denaturing agent such as urea (12). Furthermore, the data
showed that the P2 stem is the most flexible domain of the
aptamer and that it is rotated toward the P3 stem from the
unfolded to the folded state at which point it can interact
with the P3 stem to promote the L2–L3 interaction. sm-
FRET analysis revealed that multiple conformations of the
core region are modulated by both the formation of the
L2–L3 loop–loop interaction and ligand binding, suggest-
ing that the core region may freely sample various folds
across different aptamer global structures. Lastly, biochem-
ical probing of an add aptamer stabilized in the intermediate
state revealed that the U16:A46 base pair is not yet formed,
suggesting a pre-folded architecture. Together, these results
indicate that the intermediate conformer represents a struc-
tural scaffold that allows ligand biding to the aptamer do-
main prior to the formation of the L2–L3 loop–loop inter-
action, which is required to modulate gene expression.

MATERIALS AND METHODS

Preparation of dual-labeled aptamer molecules.

Fluorescent adenine aptamers were assembled as previously
reported (27). Briefly, aptamer molecules were reconstituted
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by ligating two RNA molecules each carrying a Cy3 or
Cy5 fluorophore (see Supplementary Table S2 for RNA se-
quences). The RNA strand corresponding to the 5′ por-
tion of the add aptamer carried a biotin at the 5′ end to
allow surface attachment and a 5-amino-allyl uridine nu-
cleotide for specific Cy5 labeling. The RNA strand corre-
sponding to the aptamer 3′ portion carried a phosphate
group at the 5′ extremity to allow subsequent RNA liga-
tion and a 5-amino-allyl uridine nucleotide for specific Cy3
labeling. RNA strands were labeled using NHS ester fluo-
rophores (Fisher Scientific). T4 RNA ligation and purifi-
cation of RNA strands were performed as previously de-
scribed (27). Briefly, purified Cy3- and Cy5-labeled RNA
strands (1:1 ratio) were annealed in 10 mM HEPES (pH
7.5), 50 mM NaCl and slowly cooled from 80◦C to room
temperature. T4 RNA ligase (New England BioLabs) was
added to the reaction and samples were incubated for 4
hours at 37◦C. Ligated RNA molecules were isolated using
denaturing polyacrylamide gel electrophoresis and electroe-
lution.

Single-molecule FRET analysis.

smFRET analysis were performed as previously reported
(27). Briefly, molecules were isolated on quartz micro-
scope slides using successive treatment with 1 mg/ml bi-
otinylated BSA (Sigma) and 0.2 mg/ml streptavidin (In-
vitrogen). After treatment with streptavidin, 50–250 pM
of fluorophore-labeled aptamers were added to the slide.
Fluorescence data at donor and acceptor wavelengths
were acquired from single molecules using a total inter-
nal fluorescence (TIR) microscope coupled to an EM-
CCD camera (iXon, Andor Technology). Data were ob-
tained with an integration time of 50 ms unless stated oth-
erwise. The imaging buffer used for all experiments con-
tained 10 mM Tris–HCl pH 8.0, 10 mM NaCl, 1 �M
protocatechuic acid (Fisher Scientific), 0.25 �M proto-
catechuic dioxygenase (Sigma) and 0.5 mM 6-hydroxy-
2,5,7,8-tetramethyl-chroman-2-carboxylic acid (TROLOX)
(Sigma) (48). Where indicated, a concentration of 10 mM
magnesium and 1 mM 2,6-diaminopurine (DAP, Sigma)
was directly added to the imaging buffer. Single-molecule
FRET efficiency (EFRET) after background correction was
determined by: EFRET = IA/(IA + ID) where IA and ID are
the fluorescence intensities of Cy5 and Cy3, respectively.
Data analysis was made using custom-written analysis rou-
tine developed in IDL 6.0 and MATLAB 7 (27). The sm-
FRET histograms were built by extracting for each trace
the average FRET efficiency of the first 10 frames of the
single-molecule trajectory as previously reported (27). An
exception to this procedure was made for the smFRET his-
tograms of vector P1–L3 (Figure 4). Given the proximity
of EFRET values obtained across experimental conditions,
the smFRET histograms for this vector were generated us-
ing a cumulative-FRET approach where the first 30 s of
each FRET trace were included in the analysis. Statisti-
cal significance of mean FRET values for each experimen-
tal condition was evaluated using unpaired t-test methods.
Idealized single-molecule trajectories were obtained using
Hidden Markov Modelling (HMM) implemented in a soft-
ware package (Hammy) available from the Single-Molecule

Nanometry Group at the University of Illinois at Urbana-
Champaign (USA) as previously described (49). Briefly,
Hammy treats a single-molecule trajectory as a Markov
process with an unknown (‘hidden’) number of states. At
each step in an ideal Markov process, a transition between
the current state and any other can happen with a charac-
teristic probability, and the system has no memory of pre-
vious states. The Hammy algorithm models an input trajec-
tory as a Markov process with the appropriate number of
states and optimized transition probabilities between them.
The transition probabilities (fitted in units of transitions per
frame) can be linked to average transition states by mul-
tiplying by the frame rate. Single-molecule dwell-time in-
formation as a function of urea and NaCl concentration
was obtained using two-state HMM unless stated other-
wise. Single-molecule dwell-time histograms were fitted to
mono-exponential decay functions to extract the folding
and unfolding rates.

SHAPE chemical probing of adenine aptamers.

Transcripts corresponding to the wild-type and L2 mutant
aptamers were produced as previously described (50,51).
Briefly, SHAPE reactions were prepared by mixing 1 pmol
of purified aptamers resuspended in a 2:1 mixture of 0.5X
TE buffer: 3.3X folding buffer (333 mM K-HEPES, pH
8.0, 333 mM NaCl) and the required concentration of
MgCl2 and DAP. Samples were heated to 65◦C and al-
lowed to cool slowly at room temperature before being
preincubated 10 min at 37◦C. Samples were reacted in 13
mM N-methylisatoic anhydride (NMIA, Invitrogen) dis-
solved in dimethyl sulfoxide for 80 min at 37◦C (50). The
modified RNA was ethanol precipitated, washed with 70%
ethanol and resuspended in 0.5× TE buffer. Reverse tran-
scription reactions were performed on NMIA-reacted RNA
and products were separated on 5% denaturing polyacry-
lamide gels.

The quantification was performed using the software
Quantity One 4.6.6 (Bio-Rad) where the volume function
was employed to quantify the intensity of each band of in-
terest. An empty region of the gel was used for background
subtraction. The intensity of each band was normalized us-
ing position 59 that was not modulated across tested condi-
tions. The 0 mM MgCl2 data of the wild-type and L2 mu-
tant experiments were used for normalization and were thus
arbitrarily reported to a value of 1. Experiments have been
done at least in duplicate.

RESULTS

smFRET analysis of the folding pathway of the add aptamer.

The ability of smFRET to resolve transient RNA structures
and to determine intramolecular distances was used to char-
acterize the structural features of intermediate state and
its role in metabolite recognition. The ligand-induced fold-
ing of the aptamer was assessed using 2,6-diaminopurine
(DAP) since crystal structures showed that DAP and ade-
nine binding produce RNA–ligand complexes having very
similar structures (24,39). Importantly, DAP exhibits a
∼30-fold affinity increase toward the adenine aptamer (20),
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which is caused by an additional hydrogen bond formed be-
tween DAP and U68 (39). These results confirm that DAP
can be used to study the folding of add aptamers in the con-
text of the wild-type but also using informative low-affinity
structural mutants.

To obtain Cy3-Cy5 dual-labeled aptamers to be used in
smFRET assays, we have previously engineered the add ap-
tamer to have a more stable P1 stem (27). The fluorescent
aptamer was designed to be reconstituted from two RNA
strands that are ligated by the T4 RNA ligase. For the cur-
rent study, this construct will be referred to as the wild-
type sequence. Using this strategy, we first attached fluo-
rophores in the aptamer L2 and L3 loops (L2–L3 vector) to
report the formation of the loop–loop interaction (Figure
2A, see scheme) (27,43). As previously observed, in condi-
tions in which the loop–loop interaction is not formed (10
mM NaCl), a large proportion of aptamers adopted the U
state (EFRET ∼ 0.35) (Figure 2A, top panel and see Sup-
plementary Table S1 for fitted smFRET parameters) (27).
A small fraction of the aptamer population also folded in
the F state in which the loop–loop interaction is expected
to occur (EFRET ∼ 0.92). The addition of Mg2+ ions shifted
the majority of aptamers to the F state (Figure 2A, mid-
dle panel), consistent with the loop–loop interaction be-
ing stabilized with Mg2+ ions, as previously observed (27).
In the presence of DAP, add aptamers adopted a confor-
mation exhibiting a FRET value identical to the F state
(EFRET ∼ 0.92) (Figure 2A, bottom panel), suggesting that
ligand binding does not rearrange the loop–loop interaction
to a detectable level. Because ligand-free and ligand-bound
structures are structurally different at the level of the ap-
tamer core region (15,20), the ligand-bound was named F*
to distinguish it from the ligand-free F state.

We previously reported that the add aptamer folded
through the I state and that this conformer was more popu-
lated at low magnesium ions concentrations (27). To detect
the presence of the I state, add aptamers were incubated in
a buffer containing 50 �M MgCl2. As previously observed,
aptamer molecules were found to adopt the U, I and F states
(Figure 2B). Analysis of time traces showed that single ap-
tamers transited between the three states (Figure 2C), con-
sistent with the I state being frequently sampled during the
folding process.

Disruption of the L2–L3 interaction stabilizes the formation
of the intermediate state.

The intermediate conformer of the add aptamer might cor-
respond to a structure in which the L2–L3 loop–loop in-
teraction is not yet formed (27). The L2–L3 interaction re-
lies on the formation of five base pairs (24,25). Of these in-
teractions, two pairs (G31–C55 and G32–C54) correspond
to Watson–Crick base interactions and the remaining three
are involved in trans base pairs. In an attempt to block the
folding of the intermediate structure into the F state, we en-
gineered a L2 mutant aptamer (U28A, A29U, G31C and
G32C) to disable the L2–L3 loop–loop interaction.

smFRET analysis of the L2 mutant showed a U state
very similar to the wild-type in the presence of NaCl (Fig-
ure 2D, top panel). Importantly, the L2 mutant exhibited
a very different FRET value in Mg2+ ions (EFRET ∼ 0.60)

compared to the wild type (Figure 2D, middle panel). This
FRET value is similar to the value observed in the con-
text of the wild type at low concentrations of ions and lig-
and (Figure 2B) (27). Titration of the Mg2+ concentration
revealed that the I state was progressively favored at high
Mg2+ concentrations, consistent with the I state being sta-
bilized by the binding of Mg2+ ions (Supplementary Figure
S1). The folding of the L2 mutant was also monitored in
the presence of DAP. Strikingly, the addition of DAP re-
sulted in add aptamers folding into the F* state (Figure 2D,
bottom panel). Therefore, although the L2 and L3 loop se-
quences are not compatible to interact in the L2 mutant,
the high FRET value (∼0.91) of the F* state suggests that
they are in very close proximity (Figure 2D, lower panel).
Control experiments showed that the F* state could be ob-
tained in different proportions by varying the concentration
of adenine or when using a smaller concentration of DAP
(Supplementary Figure S2), indicating that the F* state rep-
resents the formation of a ligand-aptamer complex. The U,
I and F* states were also observed using a L3 mutant (Sup-
plementary Figure S3), suggesting that the identity of loop
sequences is not important for the ligand-induced F* state.
Lastly, we also investigated whether the DAP-dependent ap-
tamer folding required the presence of MgCl2 in the context
of a disabled loop–loop interaction (L2 mutant). When as-
sessing the folding of the L2–L3 vector in the absence of
Mg2+ ions, but with DAP, aptamer molecules adopted the
U state (Supplementary Figure S4), suggesting that Mg2+

ions are required for the formation of the DAP-L2 mutant
complex.

The importance of the L2–L3 interaction for the I state
was also studied in a mutant aptamer bearing G31C and
G32C mutations, thereby only preventing the formation of
L2–L3 Watson–Crick base pairs. Similarly to the L2 or L3
mutant, the FRET value increased in the presence of Mg2+

ions (∼0.42) and DAP (∼0.89), suggesting that the I and
F* states were adopted, respectively (Supplementary Fig-
ure S5). Our results show that the introduction of only two
mutations preventing Watson-Crick pairing is sufficient to
inhibit the formation of the L2–L3 interaction in a back-
ground of Mg2+ ion concentrations, in agreement with pre-
vious studies (27,52,53). Thus, smFRET analysis of the
L2–L3 loop–loop interaction revealed that the I state of
the add aptamer is stabilized by preventing the formation
of the loop–loop interaction. However, DAP binding to
the intermediate conformer allows stems P2 and P3 to be
brought into close proximity in both wild-type and mutant
aptamers.

Probing the intermediate state using the competing interplay
between folding and unfolding agents

We showed that disruption of the loop–loop interaction
blocks the folding pathway of the add aptamer resulting in
a single population of aptamer mutants with a FRET value
similar to that of the I state. However, in the context of
the wild-type aptamer, the intermediate state is intrinsically
a short-lived and low-populated state, and therefore, only
represents a small proportion with respect to the folded (F
and F*) and U states. To further confirm that all wild-type
aptamer molecules are indeed able to adopt the I state, we
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Figure 2. smFRET analysis for the vector P2–P3 of the adenine aptamer. (A, D) smFRET experiments performed for the wild-type (A) and the L2 mutant
(D) aptamers. The cartoon represents the dual-labeled aptamer used in each case. The labeling positions of the donor Cy3 (3) and the acceptor Cy5 (5) are
indicated. Population histograms are shown in presence of 10 mM NaCl (top panel), 10 mM NaCl and 10 mM MgCl2 (middle panel) and 10 mM NaCl,
10 mM MgCl2 and 1 mM DAP (lower panel). EFRET values determined by fitting analysis to a Gaussian distribution for each population are indicated.
Unfolded (U), intermediate (I), ligand-free folded (F) and ligand-bound folded (F*) are shown. The number of analyzed molecules (N) and the proportion
of each analyzed population are indicated. (B, C) smFRET histograms (B) and a time trace (C) for the wild-type aptamer in 10 mM NaCl and 50 �M
MgCl2. The corresponding FRET structural states are shown at the right of the time trace. The solid line represents the three-state trajectory obtained
from a hidden Markov modeling of the experimental trace.

designed a new experimental approach to overpopulate the
intermediate state. We previously showed that urea-induced
RNA denaturation can be used to estimate the relative sta-
bilization of the F* state, with respect to F, induced by lig-
and binding (12,41). It has been also demonstrated that al-
though F and F* have identical FRET values, both states
exhibit a remarkably different urea-induced unfolding rate
and this kinetic feature can be used to unambiguously dif-
ferentiate them (12). Based on those findings, we hypoth-
esized that by balancing the concentrations of folding and
denaturant agents, it should be possible to influence the ap-
tamer kinetics to study the intermediate state. Ideally, the
folding agent should exclusively promote transitions into
the folded state and the denaturant agent should only act
on the reverse pathway. It has been previously shown that
Mg2+ ions not only accelerate folding but also slow down
the unfolding rate (12), therefore instead of using a combi-
nation of Mg2+ ions and urea, we used Na+ ions as potential
folding agents.

Because the folding mechanism of the add aptamer has
not been studied in depth with Na+ ions, we decided to carry
out a titration of Na+ ions to determine the folding effi-
ciency of monovalent ions to obtain the folded state (Figure
3A). We observed that as the concentration of Na+ ions was

increased, a progressive shift from the U (EFRET ∼ 0.32) to
the F state (EFRET ∼ 0.89) occurred, the latter becoming the
predominant population above 100 mM Na+. The I state
(EFRET ∼ 0.48) was also observed and reached a maximum
contribution at 100 mM Na+ ions (Figure 3A). smFRET
trajectories displayed transitions from U, I and F states and
the frequency of these events was higher as the concentra-
tion of Na+ ions was progressively increased (Figure 3B).
Single-molecule kinetic analysis revealed a significant in-
crease (∼10-fold) in the folding rate (U/I states → F state)
from a value of 0.19 ± 0.02 s−1 without the addition of Na+

ions to a value of 2.7 ± 0.1 s−1 at 250 mM Na+ ions (Figure
3C). In contrast, the unfolding rate (F state → U/I states)
was almost unchanged from 0.84 ± 0.03 s−1 at 0 mM NaCl
to 0.64 ± 0.07 s−1 at 250 mM Na+ (Supplementary Figure
S6A).

Since Na+ ions affect mostly the folding rate but have
no effect on the unfolding rate, these conditions constitute
an ideal environment to test the ability of urea to shift the
folding equilibrium towards the I state. To test this, an urea
titration was performed in a background of 250 mM Na+

ions, which promotes almost exclusively the F state (Fig-
ure 3D). As the urea concentration was increased, the F
state progressively disappeared in favor of the U and I con-
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Figure 3. smFRET analysis for the vector P2–P3 as a function of NaCl and urea. (A, B) smFRET histograms (A) and time traces (B) experiments performed
for the wild-type aptamer as a function of NaCl concentration. The NaCl concentration used in each experiment is indicated above each graph. The number
of analyzed molecules (N) and the proportion of each analyzed population are indicated. (C) Effect of NaCl on the transition rates for the folding process
from U/I to F states (grey squares) and for the unfolding process from F to U/I states (empty circles). (D, E) smFRET histograms (D) and time traces (E)
experiments performed for the wild-type aptamer in 250 mM NaCl as a function of urea concentrations. The urea concentration used in each experiment
is indicated above each graph. EFRET values determined by fitting analysis to a Gaussian distribution for each population are indicated. The solid line
represents the three-state trajectory obtained from a hidden Markov modeling of the experimental trace. (F) Normalized single-molecule FRET histograms
obtained with no NaCl added (dark grey, U state), in a background of 250 mM NaCl and 2.5 M urea (light grey, I state) and with 250 mM NaCl and no
urea (grey, F state).

formers (Figures 3D and 3E). At 2.5 M concentration of
urea, a very small proportion of the U state was observed
and the relative contribution of the I state (EFRET ∼ 0.45)
reached a value of 78% (Figure 3F and Supplementary Fig-
ure S6B). At higher urea concentrations only aptamers in
the U and I states were observed (Figures 3D and 3E). A
cross-correlation analysis of the smFRET trajectories ob-
tained for aptamer molecules in the I state lasting for tens

of seconds did not show evidence of hidden dynamics, sug-
gesting that at least within a 50 ms time resolution these ap-
tamers are locked in the intermediate conformation (Sup-
plementary Figure S6C).

Next, we took advantage of the fact that specific ratios of
folding and unfolding agents allow to selectively place the
add aptamer into the U, I or F states to demonstrate that
the I state is an on-path conformer. Using a 3M urea and
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200 mM NaCl combination, we found that add aptamers
populated only the U or I states. Because no folded confor-
mation was detected in the absence of ligand (Supplemen-
tary Figure S7, top panel), such combination of urea and
NaCl provides an opportunity to prove that the I state can
recognize the ligand and form the F* state, thus unambigu-
ously confirming its on-path character. As we increased the
concentration of adenine ligand, we observed an increase
in the population of F* and a parallel decrease in the rel-
ative populations of U and I (Supplementary Figure S7).
Importantly, the obtained single-molecule FRET trajecto-
ries showed clear transitions between all states including di-
rect transitions from the I state to the high-FRET state (F*)
representing the ligand-bound folded state (Supplementary
Figure S8), thus supporting the assignation of the I state
as a ligand-binding competent structure. Single-molecule
FRET trajectories showing transitions between three states
were also obtained at these conditions (Supplementary Fig-
ure S8). As previously reported for three-state trajectories
obtained at low concentration of Mg2+ ions (∼20 �M) (54),
the formation of the F* state takes place almost exclusively
from the I conformer.

Taken together, these results unambiguously demon-
strate that the I state structurally emerges as an on-path con-
former during the folding of the add aptamer. Our experi-
ments also provide a clear example of how harnessing the
competing action of folding and unfolding agents consti-
tutes a useful approach to manipulate RNA folding mech-
anisms, and as observed for the add aptamer, to demon-
strate the existence of otherwise difficult to capture transient
states (Figure 3F).

The P1–P3 helical stack is a relatively rigid structural scaf-
fold.

To gain additional knowledge about the structural organi-
zation of the I state, smFRET studies using a P1–P3 dis-
tance vector were carried out (Figure 4A, see scheme) (24).
The wild-type aptamer was found in a single population
(U state, EFRET ∼ 0.60) in the presence of NaCl (Figure
4A, top panel). The addition of Mg2+ ions yielded a mi-
nor but reproducible FRET change (F state, EFRET ∼ 0.69)
(Figure 4A, middle panel), suggesting a small structural
change upon the binding of Mg2+ ions. No FRET change
was observed upon the addition of DAP (Figure 4A, bot-
tom panel). In the context of the L2 mutant (Figure 4B),
the FRET efficiencies obtained for the U and F* states were
identical to those reported for the wild-type construct, but
an additional ligand-free intermediate state (EFRET ∼ 0.63)
was detected in the presence of Mg2+ ions (Figure 4B, mid-
dle panel). The statistical significance of this value com-
pared to the EFRET value of U and F was confirmed using
t-test analysis (P < 0.0001) (Supplementary Figure S9A).
Moreover, a cross-correlation analysis of the smFRET tra-
jectories obtained for this intermediate revealed not hidden
dynamics within our time resolution (100 ms), suggesting
this mutant-specific state does not result from the averag-
ing of fast interconversion between states U and F (Supple-
mentary Figure S9B). Due to the relatively small changes in
EFRET values observed across experimental conditions (Fig-

ure 4), the P1–P3 stacking interaction is most likely formed
within each state. The relative lack of structural changes in-
volving the P1–P3 helical domain is in good agreement with
similar observations made with the guanine aptamer (43).

The P1–P2 inter-helical distance is highly dependent on co-
factors binding.

The relatively invariant conformation of the P1–P3 stacking
unit (Figure 4A) suggests that the large structural changes
observed for the L2–L3 interaction (Figure 2A) are mostly
caused by the repositioning of the P2 helix relative to the
P1–P3 helical stack. To monitor relative movements of the
P2 stem, FRET fluorophores pairs were positioned to de-
tect the distance changes occurring between stems P1 and
P2. A single aptamer population was observed in the pres-
ence of 10 mM NaCl (U state, EFRET ∼ 0.57) (Figure 5A,
top panel). We detected a significant decrease in the P1–
P2 interhelical distance upon the addition of both Mg2+

ions (F state, EFRET ∼ 0.37) and DAP (F* state, EFRET ∼
0.31) (Figure 5A, middle and bottom panels), suggesting
that both cofactors modulate the distance between P1 and
P2 stems.

In the context of the L2 mutant aptamer, the addition of
NaCl yielded a single U population very similar to the wild-
type aptamer (Figure 5B, top panel). Furthermore, the ad-
dition of Mg2+ ions induced the formation of the I state hav-
ing a FRET value of ∼0.48 (Figure 5B, middle panel). Im-
portantly, this FRET value is higher than the one obtained
in the context of the wild type with Mg2+ ions (EFRET ∼
0.37), consistent with the P2 stem being in closer proxim-
ity to the P1 stem in the absence of the loop–loop inter-
action. The presence of DAP was found to further reduce
the FRET value to ∼0.37 (Figure 5B, bottom panel), sug-
gesting that ligand binding caused the L2 mutant to adopt
a conformation similar to the wild-type F state (Figure 5A,
middle panel). Together, these results are consistent with the
P2 stem being reorganized both upon the formation of the
intermediate and folded structures.

To gather additional information about the folding path-
way of single add aptamers, analysis of smFRET time traces
obtained using the P1–P2 vector was performed in the con-
text of the wild-type aptamer at a low Mg2+ ions concen-
tration (400 �M). Aptamers were found to dynamically ex-
change between the U and F states (Figure 5C), indicating
that single aptamers transiently sample both conformers.
The absence of the I state is consistent with a rapid exchange
occurring with the F state (27). Similarly, the intermedi-
ate conformer was not detected when performing smFRET
analysis at various Mg2+ ion concentrations (Supplemen-
tary Figure S10). However, when smFRET measurements
were performed by replacing Mg2+ with Na+ ions, single
aptamers were observed to transit between the U, I and F
states (Figure 5D), indicating that the I state is stabilized by
the absence of Mg2+ ions.

smFRET analysis of the core region of the add aptamer.

So far, our smFRET analysis of the add aptamer suggested
that the global folding is dictated by the binding of both
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Figure 4. smFRET analysis for the vector P1–P3 of the adenine aptamer. (A, B) smFRET experiments performed for the wild-type (A) and the L2 mutant
(B) aptamers. The cartoon represents the dual-labeled aptamer used in each case. Cy3 (3) and Cy5 (5) fluorophores are indicated. Population histograms
are shown in presence of 10 mM NaCl (top panel), 10 mM NaCl and 10 mM MgCl2 (middle panel) and 10 mM NaCl, 10 mM MgCl2 and 1 mM DAP
(lower panel). EFRET values determined by fitting analysis for each population are indicated. Unfolded (U), intermediate (I), ligand-free folded (F) and
ligand-bound folded (F*) are shown. The number of analyzed molecules (N) and the proportion of each analyzed population are indicated.

Mg2+ ions and metabolite. Importantly, while smFRET
measurements monitoring interhelical distances yield in-
valuable data about the global folding of the aptamer, they
do not offer structural insights about the aptamer core re-
gion that is involved in metabolite recognition.

To study the folding of the core region, Cy3 and Cy5 flu-
orophores were introduced in the P1 stem and in the J2/3
single-strand region, respectively (Figure 6A, see scheme).
The presence of the Cy5 dye within the J2/3 region could
potentially perturb ligand recognition as it is in the vicinity
of the binding site. To avoid this, the Cy5 dye was positioned
at the residue 42 (Figure 1B) since it can accommodate any
residue apart from adenine (21,36,38). This position can
also tolerate a 2-aminopurine fluorophore without perturb-
ing the ligand binding activity (38,41). Lastly, the nucleotide
42 was not observed to interact with the remaining part of
the aptamer in the folded states (24,25), suggesting that the
linker used for Cy5 introduction should not interfere with
aptamer folding.

In conditions allowing the U state (NaCl), smFRET
measurements revealed two populations (EFRET ∼0.35 and
∼0.60) (Figure 6A, top panel), suggesting that the core re-
gion in the unfolded conformation transits between two dif-
ferent structures. Since mostly the U state is folded in the
presence of Na+ ions (Figure 2A, top panel), it suggests
that both core conformations fold within the U state. When
these experiments were repeated in the presence of Mg2+

ions to allow the formation of the F state, three distinct
core conformations were observed (EFRET ∼0.33, ∼0.72
and ∼0.85) (Figure 6A, middle panel). Based on the similar
FRET values observed across NaCl and Mg2+ conditions,
we hypothesized that aptamers showing low FRET efficien-
cies in NaCl (EFRET ∼ 0.35) and Mg2+ ions (EFRET ∼ 0.33)

correspond to the same unfolded core conformation. As a
result, it suggests that the high-FRET population observed
in NaCl (EFRET ∼ 0.60) may sample two different confor-
mations in Mg2+ ions (EFRET ∼0.72 and ∼0.85). Lastly, in
the presence of DAP where the F* state is favored, we ob-
served similar core conformations occurring (EFRET ∼0.37,
∼0.72 and ∼0.82) (Figure 6A, lower panel). However, we
found that in these conditions the high FRET population
(EFRET ∼ 0.82) was the predominant conformation, consis-
tent with the structure of the core becoming more compact
upon ligand binding (24,25).

When monitoring the folding of the core region in the L2
mutant, aptamers were found to adopt two different core
conformations in the U state (EFRET ∼0.40 and ∼0.62) (Fig-
ure 6B, top panel). The addition of Mg2+ ions, which is re-
quired to produce the intermediate conformer in the L2 mu-
tant (Figure 2B, middle panel), resulted in two core confor-
mations (EFRET ∼0.37 and ∼0.66) where the high FRET
population was more prominent (Figure 6B, middle panel).
However, the addition of DAP to obtain the F* state yielded
three core conformations (EFRET ∼0.37, ∼0.69 and ∼0.84)
(Figure 6B, bottom panel), which is similar to what we ob-
tained with the wild type (Figure 6A, bottom panel). Be-
cause the high FRET population (EFRET ∼ 0.84) is strictly
obtained with DAP, it indicates that this population repre-
sents ligand-bound aptamers as observed for the wild-type
sequence (Figure 6A, bottom panel).

Together, our smFRET analysis of the core region sug-
gests that it mainly adopts two conformations showing high
FRET values (EFRET ∼0.72 and ∼0.85) upon the formation
of the loop–loop interaction in the F and F* states and that
their relative contributions are modulated by ligand bind-
ing.
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Figure 5. smFRET analysis for the vector P1–P2 of the adenine aptamer. (A, B) smFRET experiments performed for the wild-type (A) and the L2 mutant
(B) aptamers. The cartoon represents the dual-labeled aptamer used in each case. Cy3 (3) and Cy5 (5) fluorophores are indicated. Population histograms
are shown in presence of 10 mM NaCl (top panel), 10 mM NaCl and 10 mM MgCl2 (middle panel) and 10 mM NaCl, 10 mM MgCl2 and 1 mM DAP
(lower panel). EFRET values determined by fitting analysis for each population are indicated. Unfolded (U), intermediate (I), ligand-free folded (F) and
ligand-bound folded (F*) are shown. The number of analyzed molecules (N) and the proportion of each analyzed population are indicated. (C, D) Time
traces in 10 mM NaCl and 400 �M MgCl2 (top panel) and in 100 mM NaCl (bottom panel). The corresponding FRET structural states are shown at the
right of the time trace. The solid line represents the three-state trajectory obtained from a hidden Markov modeling of the experimental trace.

Folding of the aptamer core region monitored by SHAPE as-
says.

According to smFRET analysis, while the wild-type ap-
tamer allows the loop–loop interaction in the presence of
Mg2+ ions, the L2 mutant adopts the intermediate state in
which the loop–loop structure is not yet folded (Figures
2A and 2B, compare middle panels). To get more struc-
tural information about the core domain in the context of
the intermediate state, selective 2′-hydroxyl acylation ana-
lyzed by primer extension (SHAPE) analysis (55) was per-
formed. The SHAPE technique allows to monitor the ac-
cessibility of nucleotide residues and to determine the local

conformation of RNA structures. SHAPE analysis was first
performed on the natural sequence of the add aptamer (see
Supplementary Table S3 for the sequence) using a range of
Mg2+ ions concentrations (Figure 7A and Supplementary
Figure S11). In the absence of Mg2+ ions, SHAPE modi-
fication was detected for most residues located in L2 and
L3 single stranded regions, as expected from previous stud-
ies (32,36). However, while the addition of Mg2+ ions re-
sulted in a small protection of L2 loop residues, a stronger
effect was observed for the L3 loop, which is consistent with
the formation of the loop–loop interaction upon Mg2+ ions
binding. While the addition of DAP resulted in the pro-
tection of several regions within the aptamer domain, the
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Figure 6. smFRET analysis for the J2/3-P1 core region of the adenine aptamer. (A, B) smFRET experiments performed for the wild-type (A) and the
L2 mutant (B) aptamers. The cartoon represents the dual-labeled aptamer used in each case. Cy3 (3) and Cy5 (5) fluorophores are indicated. Population
histograms are shown in presence of 10 mM NaCl (top panel), 10 mM NaCl and 10 mM MgCl2 (middle panel) and 10 mM NaCl, 10 mM MgCl2 and 1
mM DAP (lower panel). EFRET values determined by fitting analysis for each population are indicated. The number of analyzed molecules (N) and the
proportion of each analyzed population are indicated.

residue U42 was found to be highly reactive (Figure 7A),
as expected from its high solvent exposition in the crystal
structure (24). When these experiments were repeated in the
context of the L2 mutant, a similar SHAPE modification
pattern was obtained (Figure 7A and Supplementary Fig-
ure S11). However, no protection of L2 and L3 residues was
detected in the presence of Mg2+ ions, consistent with the
absence of the loop–loop interaction in this context (Fig-
ure 2B, middle panel). Furthermore, higher SHAPE reac-
tivities were observed for residues involved in the P2 stem
across magnesium concentrations, suggesting that L2 mu-
tations may perturb the stability of the P2 stem.

We next analyzed the SHAPE reactivity of the aptamer
core region in the L2 aptamer mutant as we suspected that
it could reveal key information about the folding of the
intermediate conformer. When compared to the wild-type
molecule, a higher reactivity for residues A46 and C47 was
observed in the L2 mutant in 10 mM Mg2+ ions (Figure
7A, see arrows), suggesting that the local structure of both
residues is different in the L2 mutant than in the wild-type
structure (Figure 7B). Such higher reactivities for A46 and
C47 in the L2 mutant suggest that the U16–A46 and G40–
C47 base pairs are not yet formed in the context of the in-
termediate structure. In support to this, we observed a simi-
lar reactivity profile for G40 (Figure 7B). Although no such
profile was monitored for U16 (Supplementary Figure S11),
our SHAPE data still suggest that base pairs suggesting that

U16–A46 and G40–C47 are not yet formed in the interme-
diate structure as U16 could be involved in other interac-
tions in this context. When performing SHAPE probing in
the presence of DAP, protections were observed for A46 and
C47 (Figure 7A) indicating that the local structure of A46
and C47 are similar to the wild type in the ligand-bound
structure.

DISCUSSION

The intrinsic flexibility of RNA molecules is crucial for
the adoption of biologically relevant structures (1,2,4,56).
For example, the folding of large RNA molecules––such as
group I/II introns and RNase P––was shown to contain
multiple possible folding pathways involving several long-
lived intermediates (1,57). In the case of the group I intron,
it was found that an intermediate conformer along the fold-
ing pathway corresponds to a misfolded state that slows
down the kinetics of RNA folding (58,59). The group II
intron was also shown to contain an obligate intermediate
along the folding pathway (60), whose formation is rate lim-
iting for ribozyme activity. Clearly, the presence of discrete
intermediate states along RNA folding pathways appears
to be an integral part of RNA-based biological activity and
regulation.

An interesting feature observed from crystal structures of
purine-sensing riboswitch aptamers is that the bound ligand
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Figure 7. SHAPE analysis of the adenine aptamer. (A) SHAPE experiments performed for the wild-type (WT) and the L2 mutant (L2) aptamers. Reactions
were done using various concentrations of magnesium ions (0, 0.3, 1 and 10 mM) in the absence or presence of 2 mM DAP. Control experiments were
performed for both the wild type and the L2 mutant in which the NMIA reagent was replaced with DMSO. Only the region J2–3 of the aptamer is shown.
The reacting nucleotides are shown on the right of the gel and the arrow shows position A46. The complete gel is shown in the Supplementary Figure S11.
(B) Quantification of SHAPE data obtained at various magnesium ions concentrations for positions G40, A46 and C47. The average and the standard
errors are shown. (C) Secondary structure and sequence of the add aptamer showing the presence of Watson-Crick base pairs occurring within the core
domain of the aptamer (dotted lines).

is totally surrounded by RNA (24,25), suggesting that lig-
and recognition is achieved through a partially folded ap-
tamer exhibiting a less compact conformation. Such a par-
tially folded conformer––the intermediate state––was pre-
viously observed to be stabilized upon ligand binding (27),
consistent with a key role in riboswitch regulation. How-
ever, due to the relatively low contribution of the I state and
its fast interconversion with the U and F conformers (27),
the structural characterization of the I conformer has re-
mained difficult. The present work demonstrated using sm-
FRET that by balancing the concentration of monovalent
ions that promote aptamer folding and the concentration of
urea molecules acting as unfolding agents, it is possible to
shift the folding equilibrium towards the I state. At concen-
trations of urea (2M) and Na+ (250 mM), where no U state
is present (Supplementary Figure 6B), the I state became
the predominant species (∼78%) and exhibited a FRET effi-
ciency value of ∼0.46. This value is similar to that observed
for the low-populated I state using the same P2–P3 vector
at moderate concentrations of Mg2+ ions (27) (Figure 2B)
and confirms that aptamer folding takes place via a discrete
intermediate conformation lacking the loop–loop interac-
tion.

The add aptamers undergo structural changes as they
transit through U, I, F and F* states (Figure 8). While the
U state adopts a relatively extended conformation, the fold-
ing into the I state mainly consists in the P2 stem being po-
sitioned closer to the P3 stem without being close enough
to allow the formation of the L2–L3 loop–loop transition
(Figure 8). Since very small changes are observed when
monitoring the P1–P3 FRET vector (Figure 4), it suggests

Figure 8. Folding pathway of the add adenine aptamer. The folding path-
way is constituted by four different conformers which are the unfolded (U),
the intermediate (I), the ligand-free folded (F) and the ligand-bound folded
(F*) states. The P1, P2 and P3 stems have been labeled in green, blue and
red, respectively. Our results are consistent with the U state being mostly
unstructured but in which the P1–P3 coaxial stacking is probably already
folded. The binding of magnesium ions promotes the folding of the I state
that is characterized by the global repositioning of the P2 stem relatively to
the P1–P3 helical stack. SHAPE data suggest that the core region of the I
state does not yet contain the presence of the U16–A46 base pair. Further
restructuration of the aptamer leading to the formation of the loop–loop
interaction is indicative of the F state. Lastly, an interconversion between
the F and F* states is also possible upon ligand binding in which the P1
stem is repositioned relatively to the rest of the aptamer. Our results are
also consistent with ligand recognition performed by the I state that di-
rectly leads to the F* state (27).

that the stacking interaction is already folded in the context
of the U state. Our results indicate that aptamers transit-
ing from the I to the F state show an additional decrease of
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the P2–P3 distance that is most probably important for the
formation of the loop–loop interaction. In the event that
aptamers transit from the F to the F* state due to ligand
binding, our smFRET data suggest that the P1 stem is repo-
sitioned relatively to the rest of the aptamer. Interestingly,
since these results showed that ligand recognition does not
significantly alter the P2–P3 and P1–P3 distances (Figure
2A, lower panel and Figure 4A, lower panel), it suggests
that the ligand-dependent change in P1–P2 FRET efficiency
does not result from a variation of the distance between
both dyes. Rather, the FRET change could be due to an ax-
ial rotation of the P1 helix, as previously observed for the
SAM riboswitch (51), which could be caused by the reorga-
nization of the junction core domain upon ligand binding
(20). This is in very good agreement with XFEL data show-
ing that the P1 stem is differently positioned relatively to
P2 and P3 stems in ligand-bound structures (15). Our data
is also in good agreement with a previous study of the gua-
nine aptamer showing that the P2 stem is highly dynamic be-
tween two orientations (43). Together, these smFRET data
indicate that the intermediate conformer represents a par-
tially folded structure that is adopted prior to the forma-
tion of the F state, thus providing the required scaffold to
perform ligand binding (27). This is supported by SHAPE
results indicating that base pairs U16–A46 and G40–C47
of the add aptamer are not yet formed in the intermediate
conformer (Figure 7), consistent with the core domain of
the aptamer being partially folded in this context.

smFRET analysis of the aptamer core region revealed
that at least three different structures are sampled (Figure
6). These results show an important flexibility of the core
region of the add aptamer that is most likely required to al-
low ligand accessibility to the binding site. In the presence
of 10 mM MgCl2, where the L2–L3 interaction is formed
(Figure 6A, middle panel), the core region is mostly found
in two high FRET conformations (EFRET ∼0.72 and ∼0.85)
that can be modulated by ligand binding (Figure 6A, lower
panel). These results suggest that the add aptamer performs
ligand recognition using a conformation in which the L2–
L3 interaction is formed and where the core region is rel-
atively structurally dynamic, as previously proposed (39).
The presence of the L2–L3 interaction may restrict the con-
formational search space that the core region may sample
and direct the folding toward productive conformations for
ligand binding. The highest FRET state that is achieved
upon DAP binding is reminiscent of the crystal structures
(24,25) showing a relatively compact aptamer core region
where the J2/3 strand is interacting with the bound ligand
and with the P1 stem. Interestingly, the core region showed
the most heterogeneous population histogram in presence
of magnesium (Figure 6A middle panel) consistent with
the increased flexibility necessary for ligand binding. Fur-
thermore, smFRET data obtained in the presence of lig-
and suggest that the core region of the wild type and L2
mutant exhibit a similar conformation (EFRET ∼0.82 versus
∼0.84, respectively). However, our SHAPE analysis (Figure
7) also show that local structural differences in the core as
the residue A46 is more accessible in the L2 mutant com-
pared to the wild type in presence of magnesium. Our anal-
ysis of the core region in the add aptamer depicts a mostly
dynamic domain that is modulated by ligand binding.

Both adenine and guanine-sensing aptamers exhibit rel-
atively similar structures (24,25). It seems that both RNA
species share similar folding strategies as they both show
high structural flexibility of the P2 helical domain (43) (Fig-
ure 5), which may be useful to perform a conformational
search prior to the formation of the loop–loop interaction
(27,42,45). However, while an intermediate conformer was
observed for the adenine aptamer and its role in riboswitch
function is demonstrated here, no such conformer was de-
tected in the case of the guanine aptamer (43). Given that
both aptamers show key differences in their junction do-
main, such as residues 42 and 68 which are involved in de-
termining ligand binding specificity (20,34,35), it is possi-
ble that the interplay between folding and ligand recogni-
tion follows a different mechanism in both aptamers. Inter-
estingly, smFRET analysis of the guanine aptamer also re-
vealed that the P1–P2 vector shows an increase in FRET
upon the binding of magnesium ions or ligand (43), which
is in contrast to what we observed for the adenine riboswitch
(Figure 5A). Therefore, it is possible that the P1–P2 distance
increase in the guanine aptamer either reflects a different
structural change or that the inter-dye distance is differently
affected in both aptamers. Further mutational studies will
be required to determine if the presence of the intermedi-
ate in the adenine aptamer is dependent on the identity of
positions 42 and 68.

While it was previously observed for the guanine ri-
boswitch that mutations preventing the formation of a sin-
gle base pair within the loop–loop structure do not inhibit
ligand binding (40), the replacement of wild-type loops with
UUCG tetraloops completely abolished metabolite sensing
(25). These results suggest that some degree of interaction
is required between the loops for the aptamer to efficiently
stabilize the guanine-bound complex. smFRET data indi-
cate that the partial or complete disruption of all base pairs
involved in the loop–loop interaction can be achieved while
still retaining ligand binding (L2, L3 and G31C/G32C mu-
tants), consistent with the remaining hydrogen bond in-
teractions between both loops being sufficient to support
ligand binding. Importantly, given that loop mutants do
not adopt the F state in the absence of the metabolite, it
suggests that the loop–loop structure is folded through an
induced-fit mechanism upon ligand binding. An induced-
fit mechanism was previously proposed for the guanine ri-
boswitch where the aptamer core domain was rearranged
prior to ligand binding (39). In addition to the lysine and
preQ1 riboswitches (61–63), the induced-fit mechanism has
been shown to also be employed by the TPP-sensing ri-
boswitch, which is also organized around a three-way junc-
tion (64). Further experiments will be required to deter-
mine whether three-way junction motifs are important for
induced-fit mechanisms of RNA molecules.

Finally, the folding pathway of the adenine aptamer was
previously characterized using force microscopy where it
was found that the formation of the P1 stem was not re-
quired prior to metabolite binding (65). However, since the
study was performed using the transcriptionally-regulating
pbuE riboswitch, the conclusions they reached may not
be applicable to the add aptamer, which is operating at
the translational level. Indeed, as opposed to the pbuE ri-
boswitch, the add riboswitch was previously shown to per-
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form ligand binding post-transcriptionally (66) and that at
least 4 bp of the P1 stem are required for efficient binding
(34). These results are consistent with transcriptionally- and
translationally-regulating riboswitches exhibiting different
metabolite binding mechanisms (66), which would be im-
portant for metabolite recognition to be performed cotran-
scriptionally and post-transcriptionally, respectively. The
folding pathway presented here is representative of a post-
transcriptional binding of the ligand to the add aptamer and
suggests a hierarchical process involving the role of an inter-
mediate conformer along the folding pathway. The results
presented here could be applied to study more complex ri-
boswitches or RNA-based regulation mechanisms.
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52. Buck,J., Noeske,J., Wöhnert,J. and Schwalbe,H. (2010) Dissecting the
influence of Mg2+ on 3D architecture and ligand-binding of the
guanine-sensing riboswitch aptamer domain. Nucleic Acids Res., 38,
4143–4153.

53. Buck,J., Wacker,A., Warkentin,E., Wohnert,J., Wirmer-Bartoschek,J.
and Schwalbe,H. (2011) Influence of ground-state structure and
Mg2+ binding on folding kinetics of the guanine-sensing riboswitch
aptamer domain. Nucleic Acids Res., 39, 9768–9778.

54. Lemay,J.-F., Penedo,J.C., Tremblay,R., Lilley,D.M.J. and
Lafontaine,D. (2006) Folding of the adenine riboswitch. Chem. Biol.,
13, 857–868.

55. Merino,E.J., Wilkinson,K.A., Coughlan,J.L. and Weeks,K.M. (2005)
RNA structure analysis at single nucleotide resolution by selective
2′-hydroxyl acylation and primer extension (SHAPE). J. Am. Chem.
Soc., 127, 4223–4231.

56. Garst,A.D., Edwards,A.L. and Batey,R.T. (2011) Riboswitches:
structures and mechanisms. Cold Spring Harb. Perspect. Biol., 3,
a003533.

57. Wong,T.N., Sosnick,T.R. and Pan,T. (2007) Folding of noncoding
RNAs during transcription facilitated by pausing-induced nonnative
structures. Proc. Natl. Acad. Sci. U.S.A., 104, 17995–18000.

58. Treiber,D.K. and Williamson,J.R. (2001) Beyond kinetic traps in
RNA folding. Curr. Opin. Struct. Biol., 11, 309–314.

59. Woodson,S.A. (2002) Folding mechanisms of group I ribozymes: role
of stability and contact order. Biochem. Soc. Trans., 30, 1166–1169.

60. Su,L.J., Waldsich,C. and Pyle,A.M. (2005) An obligate intermediate
along the slow folding pathway of a group II intron ribozyme. Nucleic
Acids Res., 33, 6674–6687.

61. Fiegland,L.R., Garst,A.D., Batey,R.T. and Nesbitt,D.J. (2012)
Single-molecule studies of the lysine riboswitch reveal
effector-dependent conformational dynamics of the aptamer domain.
Biochemistry, 51, 9223–9233.

62. McCluskey,K. and Carlos Penedo,J. (2017) An integrated perspective
on RNA aptamer ligand-recognition models: Clearing muddy waters.
Phys. Chem. Chem. Phys., 19, 6921–6932.

63. Suddala,K.C., Wang,J., Hou,Q. and Walter,N.G. (2015) Mg 2+ shifts
ligand-mediated folding of a riboswitch from induced-fit to
conformational selection. J. Am. Chem. Soc., 137, 14075–14083.

64. Haller,A., Altman,R.B., Souliere,M.F., Blanchard,S.C. and
Micura,R. (2013) Folding and ligand recognition of the TPP
riboswitch aptamer at single-molecule resolution. Proc. Natl. Acad.
Sci. U.S.A., 110, 4188–4193.

65. Greenleaf,W.J., Frieda,K.L., Foster,D.A.N., Woodside,M.T. and
Block,S.M. (2008) Direct observation of hierarchical folding in single
riboswitch aptamers. Science, 319, 630–633.

66. Lemay,J.F., Desnoyers,G., Blouin,S., Heppell,B., Bastet,L.,
St-Pierre,P., Masse,E. and Lafontaine,D.A. (2011) Comparative study
between transcriptionally- and translationally-acting adenine
riboswitches reveals key differences in riboswitch regulatory
mechanisms. PLoS Genet., 7, e1001278.


