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ABSTRACT Riboswitches are noncoding RNAs that regulate gene expression in response to changing concentrations of
specific metabolites. Switching activity is affected by the interplay between the aptamer domain and expression platform of
the riboswitch. The aptamer domain binds the metabolite, locking the riboswitch in a ligand-bound conformation. In absence
of the metabolite, the expression platform forms an alternative secondary structure by sequestering the 30 end of a nonlocal helix
called P1. We use all-atom structure-based simulations to characterize the folding, unfolding, and metabolite binding of the
aptamer domain of the S-adenosylmethionine-1 (SAM-1) riboswitch. Our results suggest that folding of the nonlocal helix (P1)
is rate-limiting in aptamer domain formation. Interestingly, SAM assists folding of the P1 helix by reducing the associated free
energy barrier. Because the 30 end of the P1 helix is sequestered by an alternative helix in the absence of metabolites, this
observed ligand-control of P1 formation provides a mechanistic explanation of expression platform regulation.
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Structure formation in mRNA often regulates genetic
expression. Multiple compact conformationsmay be accessed
while kinetic and thermodynamic competition of these struc-
tures determines the functional state of themRNA (1). In these
systems the folding dynamics can play a critical role in biolog-
ical function. Riboswitches are one class of functional mRNA
units that are often found in specific 50-untranslated regions of
mRNA (2). They regulate transcription and translation in
response to changing concentrations of metabolites via
communication between an aptamer (metabolite binding)
domain and the expressionplatform (Fig. 1a). Conformational
changes in the aptamer domain are essential for this functional
response. Little is known about riboswitch function from
a theoretical perspective. Significant computational efforts
have focused on RNA tetraloops (3). One question of interest
is: How does ligand binding influence the formation of
secondary and tertiary structure? Recent singlemolecule force
spectroscopy experiments (4) have suggested the helix formed
by the 30 and 50 ends of a pbuE adenine riboswitch is the least
thermodynamically stable helix and is the helix most sensitive
to metabolite concentrations. In contrast, fluorescence experi-
ments suggest native 50-30 helix formation occurs before
metabolite binding in a thiM riboswitch (5).

In this letter we describe the role of the 50-30 helix (P1)
folding and S-Adenosylmethionine (SAM) binding in the
activity of the SAM-I riboswitch (6) (Fig. 1). We adopt the
energy landscape theory of protein folding (7) and apply it
to RNA via an all-atom structure-based model (our ideas
are based on the model presented in (8); structure-based
models have been used for RNA folding in (9–11). See
also the Supporting Material). We compare aptamer domain
folding with and without its associated metabolite, SAM.
The functional state of the riboswitch is regulated by the

balance of aptamer domain folding and formation of an alter-
nate conformation involving a terminator sequence binding
the 30 tail of the riboswitch (12). It has been suggested that
breaking of the 30 tail (in the nonlocal helix) is needed to
regulate the expression platform. Although the terminator
sequence has been identified, the structure of the full ribos-
witch has not been solved and the precise details of the deci-
sion process need to be determined. However, the folding of
both conformations must occur on the same energy land-
scape. Thus, rate-limiting steps in aptamer formation may
provide opportunities for the alternate structure to form
and the functional decision to be made. We perform simula-
tions using the recently solved x-ray structure of the SAM-1
riboswitch aptamer domain (6), allowing us to isolate the
role of P1 formation in aptamer folding. Our results suggest
the rate-limiting step in aptamer domain folding is the initi-
ation of P1 helix formation. SAM reduces the associated
free-energy barrier by binding to the preformed P3 helix
and then attracting the unstructured strands of the P1 helix.

Energy landscape theory states that nature has selected for
protein sequences that maximize the energetic bias for the
native state and minimize trapping of nonnative structures.
Namely, they have been selected to be minimally frustrated.
Theprinciple ofminimal frustration has beenvalidated through
comparison of structure-based models and experimental
results, which has led to the funnel paradigm of protein folding
(7). For structured RNA, one can envision a frustrated land-
scape where there is a marginal bias to reach the native state.
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The RNA would then randomly search all possible basepairs
and the folded state would only be reached by chance. This
would result in a ‘‘Levinthal’s paradox’’, where searching
takes the age of the universe, whereas, in reality, folding of
functional RNAs can be fast (approximately milliseconds).
Therefore, evolutionary pressure to reduce frustration must
exist. Although RNA is likely frustrated to some degree, by
understanding energetically unfrustratedmodels one can parti-
tion the structural and energetic effects in folding and function.

The principle of minimal frustration is applied via struc-
ture-based simulations in which all heavy atoms are explic-
itly represented. The model is energetically unfrustrated
since only native interactions are attractive and all other
interactions are repulsive. Kinetic (temperature jump) and
thermodynamic (constant temperature) simulations of the ap-
tamer domain were performed, both with and without SAM
present. Thermodynamic simulations ranged in temperature
such that the full folding/binding landscape could be charac-
terized (Fig. 1, c–f, and Fig. 2). For SAM-present simula-
tions, one copy of the aptamer domain and 100 copies of
the SAM molecule are placed in a box with periodic
boundary conditions. SAM molecules are free to associate
and only native SAM-aptamer interactions are attractive.
Since SAM-SAM interactions are strictly repulsive, metabo-
lite aggregation and nonspecific binding are not possible. To
our knowledge, this is the first simulation in which a bath of
ligands (with atomic resolution) is able to freely associate
and dissociate with a RNA molecule during folding.

In thermodynamic simulations of the apo aptamer domain,
the largest free-energy barrier is associated with initial forma-
tion of the P1 helix (Fig. 1, c and e, black arrow). In the
presence of SAM, the initiation of P1 helix formation and
the free-energy barrier are encountered earlier in the folding
process (Fig. 1, d and f, black arrows) and the free-energy
barrier is reduced. P1 forms after all other secondary structure
(and some tertiary structure) is formed and SAM primarily
affects P1 folding in both thermodynamic and kinetic simula-
tions (see Fig. S3 in the Supporting Material). In the SAM
riboswitch, the SAM molecule stabilizes the rate-limiting
step (largest free energy barrier; see the Supporting Material)
in folding, which leads to a kinetically accessible and thermo-
dynamically more stable folded aptamer domain.

Since the P3 domain is formed before SAM binding
(Fig. 1 c, green curve), P3 can serve as a platform for
SAM binding. Fig. 2 shows that upon binding to P3, SAM
stabilizes the P1 domain by predominantly interacting with
the 30 strand and then the 50 strand of P1 (see Movie S1 in the
Supporting Material).

Another notable feature in Fig. 1, c and d, is the apparent
interplay between P1 and the pseudo-knot (PK, starred). In
kinetic simulations (see the Supporting Material) this partial
unfolding of the PK is more pronounced, suggesting that
a dynamic balance between PK and P1 formation exists.

The current picture ofRNAfolding is hierarchical (13). In this
view, it is important to distinguishbetween local helices (formed

by simple stem-loops) and nonlocal helices (formed by two
strands distant in sequence) (14). Relative to a stem loop,
a nonlocal helix has a larger loss of entropy associated with its
formation. This unfavorable driving force is often accounted
for in secondary structure prediction algorithms, where scoring
penalties are imposed on large loops (15). Thus, it may not be
surprising to find a nonlocal helix (P1) that is less stable than
the local helices. As we have shown, the entropic barrier due
to bringing together distant (in sequence) bases also gives rise
to the rate-limiting step: initiation of P1 folding.

Since P1 folding is rate-limiting, it is an ideal stage for
SAM to bind and the on/off decision to be made. Our results
provide a detailedmechanism for both this switching decision
and SAM binding. Our results also suggest the structural
mechanism of control is the same, regardless of whether the
process is thermodynamically, or kinetically, regulated (16).

FIGURE 1 (a) Secondary and (b) tertiary structure (PDB entry:
2GIS) of the SAM-I riboswitch. Average secondary structure
formation as a function of the fraction of native contacts formed
(Q; see the Supporting Material) for the (c) SAM-free and (d) SAM-
present simulations. (a–d) Color scheme: P1, cyan; P2, red; P3,
green; P4, blue; PK, orange; and SAM, purple in panels b and
d. In panel a, SAM-contacting residues are highlighted by brown
boxes. The most notable difference in folding mechanism is
earlier initial folding of P1 (black arrows) at the expense of the
PK (starred) when SAM is present. The folding free-energy
profiles for the (e) SAM-free and (f) SAM-present simulations
are shown for several temperatures (with temperature indicated
by color). The most significant free-energy barrier in both
systems is associated with initial P1 folding. When SAM is
present, the free-energy barrier is reduced and encountered
earlier in the folding process.
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The less stable, and slower forming, P1 helix results in
a compact state where some tertiary structure (the PK) can
be formed. In this partially structured state SAM may bind
to a preformed P3 helix. After SAM binds to P3, it localizes
the 30 and 50 strands that compose the P1 helix. SAM binding
to P1 initiates P1 helix formation (Fig. 1 d), after which P1
continues to formwithout any significant free-energy barriers.

Since theP1helix is a fragile structure (relative toP2,P3, and
P4), it is likelymore sensitive to the cellular environment. Force
spectroscopy experiments have shown a coupling between
nonlocal helix formation and ligand binding in an adenine
riboswitch (4). In Azoarcus ribozyme (17), a near-native,
compact state with partial tertiary structure has been experi-
mentally observed. This is also consistent with nonlocal helix
formation being the final folding step. Although nonlocal helix
formation is important in some RNA-ligand systems, loop
ordering (18,19) and tertiary structure formation (5) may also
be important in the decision processes of other riboswitches.

Several recent results have shown that molecular recogni-
tion, control, and signaling do not necessarily occur by
surfacematching between biomolecules. Rather, amore inter-
esting process occurs where folding of the biomolecular parts
is signaled through binding. Our results suggest that initial P1
formation is a central step for further recognition and function
in the SAM aptamer.

SUPPORTING MATERIAL

Figure, movie and caption, and data files are available at
http://www.biophysj.org/biophysj/supplemental/
S0006-3495(08)00075-1.
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FIGURE 2 (a) Average percent of SAM-aptamer domain interac-
tions formed by region as a function of the fraction of native
SAM-aptamer domain contacts formed QSAM. Simulation images
illustrating the SAM binding mechanism: (b) SAM binds a pre-
formed P3 helix; (c) SAM recruits 30 strand of P1; (d) SAM binds
50 strand of P1; and P1 helix formation proceeds.
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