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ABSTRACT: Riboswitches are highly structured RNA elements that
regulate gene expressions by undergoing conformational changes in
response to their cognate ligands. Such regulatory strategies are
particularly prevalent among bacteria, which need to be evolutionarily
responsive to thermal fluctuations in the surrounding environment, for
example, generating extremophiles evolved to survive anomalously high or
low temperatures. As a consequence, the response of such riboswitches to
thermal stress becomes of considerable interest. In this study, the
temperature-dependent folding kinetics and thermodynamics of the
manganese riboswitch (yybP-ykoY) is studied by single-molecule FRET
spectroscopy under external thermal control. Surprisingly, the folding of
the manganese riboswitch is found to be strongly promoted by
temperature. Detailed thermodynamic analysis of the equilibrium and
forward/reverse kinetic rate constants reveal folding to be a strongly
endothermic process (ΔH0) made feasible by an overall entropic lowering (−TΔS0) in free energy. This is in contrast to a more
typical picture of RNA folding achieving a more compact, highly ordered state (ΔS0) and clearly speaks to the significant role of
solvent/cation reorganization in the folding thermodynamics. With the help of the transition-state theory, free energy
landscapes for the manganese riboswitch are constructed from the temperature-dependent kinetic data, revealing two distinctive
folding mechanisms promoted by Mg2+ and Mn2+, respectively. It is speculated that this unconventional temperature
dependence for folding of the manganese riboswitch may reflect evolution of bacterial gene regulation strategies to survive
environments with large-temperature variations.

1. INTRODUCTION

Riboswitches are noncoding mRNA elements that regulate
gene expression by undergoing conformational changes upon
ligand binding.1−3 These riboswitches are particularly widely
exploited in bacterial gene regulation, responding to a wide
variety of ligands including small-molecule metabolites and
atomic ions.4,5 The structure of a riboswitch is typically
comprised of an aptamer domain and an expression plat-
form.5,6 The aptamer domain of a riboswitch structurally
conforms to selectively capture its cognate ligand, while the
expression platform adopts a distinctive folding structure in
response to the aptamer. Such complex conformational
transitions result in clear “on” and “off” states of a riboswitch,6

which can structurally regulate downstream gene expression.
Common regulatory strategies include premature transcrip-
tional termination and blocked translation initiation.4,5

Temperature is known to significantly influence the
biomolecular structure and, consequently, biochemical func-
tion. Folding into a more ordered RNA structure typically
results in a state of lower entropy7,8 (−TΔS0) with the net
folding enthalpically driven (ΔH0) by interactions such as
hydrogen bonding and charge neutralization.9,10 By Le
Chatelier’s principle, such enthalpically driven processes give

rise to strongly temperature-dependent equilibrium and kinetic
behavior. The requisite exothermicity for such structure
formation, in turn, is routinely observed and confirmed in
many examples of thermal denaturation, whereby biomolecules
unfold from their native structures with elevated temper-
ature.11,12 However, in contrast to more of these conventional
pictures of folding, some biomolecules are found to unfold with
decreasing temperature, that is, so called “heat-promoted
folding” or, equivalently, “cold denaturation”.13,14 Such reversal
in the normal paradigmatic behavior can arise, for example,
from changes in the solvent configurations dominated by
hydrophobic and hydrophilic interactions, which also contrib-
ute significantly to the overall free energy and thereby
influence the thermal sensitivity of biomolecular folding.7,15,16

In the case of cold denaturation, it is the entropic gain in
solvent configuration which overcomes any entropic penalty
associated with a more compact structure, thus providing a
predominantly entropic driving force for biomolecular folding.
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Unlike many proteins which function from a native folded
state, riboswitches regulate gene expression dynamically by
switching between on and off configurations in response to
cellular environment and ligand association. As the two
different conformational states result in opposite biochemical
outcomes, it is reasonable to expect gene regulation by
riboswitches to be modulated by temperature. However,
exactly how a riboswitch reacts to thermal stress remains
unclear because both on- and off-state conformations each
contain complex secondary and tertiary structural motifs. This
provides important motivation for exploring temperature-
dependent dynamics of riboswitch folding as well as
consideration of any potential evolutionary advantages. Given
that bacteria can experience significant temperature fluctua-
tions in their environment and indeed some may even endure
high or low extremes,17−19 it is not surprising that they may
have evolved to incorporate thermal stress as an important
element in gene regulation strategies.20−23 In fact, some
temperature-responsive RNA motifs commonly referred to as
“RNA thermometers” have been discovered.22,23 Similar to
riboswitches, they often regulate genes related to heat shock
response by a thermally responsive conformational change.
The results of the present study take this concept one step
further, suggesting that temperature modulation might be a
common feature of riboswitch gene regulation and thus
potentially a more general protective mechanism for bacteria
under thermal fluctuations and/or biochemical distress.
The particular focus of this work is the manganese

riboswitch, which is found to be extensively distributed in
the noncoding regions of bacterial mRNA.24−26 It responds to
micromolar concentration of cellular Mn2+ and regulates the
expression of genes responsible for metal homeostasis,
including the manganese efflux pump, a transport protein
that removes excess Mn2+ from the cell.27−29 The aptamer
domain of manganese riboswitch consists of four helices
tethered by a four-way junction (Figure 1A,C). In the ligand-
bound-folded state identified in previous X-ray studies25

(Figure 1A), the four helices coaxially align into a tight
hairpin-like structure with docking between two highly
conserved loops L1 and L3. The docking interface formed
by L1 and L3 contains one Mn2+ specific binding site and one
nonselective divalent cation M2+ (M = Mn or Mg) binding site
that is predominantly occupied by Mg2+ by natural
physiological abundance (Figure 1B). Regulation of gene
expression can therefore be activated by single-metal ion (M2+)
binding, followed by L1 and L3 docking.
In this study, thermal response of the manganese riboswitch

is studied by single-molecule FRET (smFRET) spectroscopy
and kinetics under external temperature control (±0.1 °C),
where conformational folding of a single RNA molecule is
monitored by FRET energy transfer efficiency (EFRET) as a
function of time. The resulting EFRET time trajectories not only
explicitly recapitulate the equilibrium folding behavior but also
contain detailed information on single-molecule kinetics for
further analysis of the unimolecular folding/unfolding rate
processes. Indeed, it has long been recognized that “co-
transcriptional formation” of the natively folded riboswitch
structure is a crucial strategic element in real-time gene
regulation.1,30,31 Thus, the kinetic time scales for manganese
riboswitch folding and unfolding become particularly impor-
tant to ensuring an adequate temporal window for both (i)
metabolite recognition and (ii) conformational change with
respect to the gene transcription-regulated event.

In our investigation of such temperature-dependent
manganese riboswitch dynamics, we find that the folding
kinetics is strongly sensitive to and increases dramatically with
temperature. Thermodynamic analysis of the single-molecule
data as a function of temperature allows us to decompose the
folding free energy into entropic and enthalpic contributions,
revealing that manganese riboswitch folding is surprisingly
endothermic and compensated by favorable entropic gain.
With the help of such thermodynamic and kinetic data, a
detailed energy landscape of manganese riboswitch folding can
be reconstructed from transition-state (TS) theory, high-
lighting several intriguing observations consistent with our
previous kinetic study of manganese riboswitch folding
mechanisms.32 Specifically, the manganese riboswitch is
found to respond to Mg2+ primarily during the early stages
of folding and prior to surmounting the TS barrier. This is in
agreement with a “bind-then-fold” (i.e., induced fit or IF)
mechanism, whereby folding is directly promoted by Mg2+

association. Mn2+, on the other hand, changes free energies in
both early and late stages of folding, implying that different
M2+ (M = Mn or Mg) occupancies can be adopted in the
folded manganese riboswitch. This is in support of the “fold-
then-bind” (i.e., conformation selection or CS) mechanism,
whereby the ligand binds to and thermodynamically stabilizes
an already preorganized fold-like structure.30,32,33

2. EXPERIMENT
2.1. RNA Construct Design and Preparation for the

Single-Molecule Study. The ligand-bound folded state of

Figure 1. Structure of L. lactis yybP-ykoY manganese riboswitch. (A)
Overall crystal structure (PDB 4Y1I); (B) close-up details on the
cation M2+ binding sites with adjacent nucleotides; (C) manganese
riboswitch sequence in secondary structure representation.
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the manganese riboswitch has been determined in previous X-
ray studies to be a hairpin-like structure formed from four
jointed helices (Figure 1A).25 The major docking interaction
between L1 and L3 directly responds to M2+ ligand binding,
which is crucial to stabilizing the folded conformation.
Therefore, we have designed a smFRET RNA construct
sensitive to the distance between L1 and L3 as a proxy for
conformational change.32 In this smFRET construct design,
the cyanine dyes Cy3 and Cy5 are covalently labeled on P1
and P3 stems, respectively, to achieve two distinct distance-
dependent energy transfer states distinguished by RNA
folding/unfolding (Figure 2A). Biotin modification is intro-

duced to the P1 end so that the RNA construct can be tethered
on a coverslip surface by biotin−streptavidin interactions for
study at the single-molecule level. The Mn2+ aptamer domain
is reconstructed from the RNA sequence in Lactococcus lactis,
as structurally characterized in previous studies.25,32 The final
smFRET manganese riboswitch construct is synthesized by
annealing three chemically modified RNA oligos purchased
from Integrated DNA Technologies (IDT, Coralville, IA),
followed by high-performance liquid chromatography purifica-
tion. Detailed construct design and explicit oligo sequences can
be found in our previous work.32

By way of sample preparation for these smFRET experi-
ments, the sample holder is flushed in sequential order with (i)
10 mg/mL bovine serum albumin with 10% biotinylation for
surface pacification, (ii) 200 μg/mL streptavidin for surface
tethering, and (iii) ∼25 pM of the biotinylated RNA construct.
Each flushing step is followed by a 10 min incubation period,
which yields a consistent, reliable surface coverage of ∼50
RNAs per 100 μm2. In addition to the specified Mn2+ (MnCl2)
and Mg2+ (MgCl2) divalent cation concentrations, the
smFRET buffer solution also contains (i) 50 mM hemisodium
N-(2-hydroxyethyl)piperazine-N′-ethanesulfonic acid (HEPES,
pH 7.5), (ii) an enzymatic oxygen scavenger system (PCD/
PCA/TROLOX), and (iii) 100 mM NaCl background salt.

2.2. smFRET Spectroscopy. Single-molecule fluorescence
imaging capabilities are achieved in a homebuilt confocal
microscope system described in previous papers.34,35 In short,
a 532 nm pulsed Nd:YAG laser is collimated by a Keplerian
beam expander before being directed into an inverted
microscope water immersion objective (1.2 N.A.), resulting
in a diffraction-limited laser excitation spot of ∼250 nm lateral
dimension. In smFRET experiments, the dye-labeled RNA
molecules are located by scanning the coverslip surface under
conditions where RNA coverage is sufficiently low to ensure
observation of one RNA molecule at a time in the sub-
femtoliter confocal volume. The fluorescence photon from a
single dye-labeled RNA is collected for each pulse through the
same microscope objective and split into color (green/red)
and polarization (horizontal/vertical) channels before detec-
tion by four single-photon avalanche photodiodes. For each
photon event, the color, polarization, wall clock time (±50 ns),
and time, respect to the laser pulse (±50 ps) are recorded by a
time-correlated single-photon counting module.35,36 For
temperature-controlled studies, thermal equilibrium at a
desired temperature (±0.1 °C) is achieved by heating both
sample and microscope objective simultaneously, with details
of the commercial stage and objective heater setup presented
in previous work.34−36 Before each experimental temperature
run, samples remain in contact with the objective for >15 min
to ensure complete thermal equilibrium.

3. RESULTS AND ANALYSIS
3.1. Temperature-Promoted Folding Revealed by

smFRET. The smFRET RNA construct is doubly labeled
with fluorophores Cy3 and Cy5 so that the conformational
change can be visualized by distance-dependent FRET energy
transfer (EFRET).

32 In the sample fluorescence signal time trace
(Figure 2B upper panel), the clearly anticorrelated switching
between the donor (green) and acceptor (red) signals
unambiguously reflects folding/unfolding events and energy
transfer between Cy3 and Cy5, from which the corresponding
time-dependent EFRET trajectory can be calculated. The
resulting time trace for EFRET (see Figure 2B) reveals that
the RNA construct switches between two distinct states with
well-separated EFRET values of ∼0.55 and ∼0. As expected from
construct geometry32 and crystal structure data,25 the high
EFRET state (EFRET ≈ 0.55) corresponds to a compact folded
conformation of the manganese riboswitch with loops L1 and
L3 docking onto each other. Conversely, the low EFRET is
consistent with the two loops much further apart, correspond-
ing to a noncompact, unfolded conformation.
From the EFRET trajectory, the folding equilibrium constant

(Keq) can be readily obtained from the ratio of total time spent
in the high EFRET (folded) versus low EFRET (unfolded) state.

Figure 2. Sample smFRET experiment data. (A) Cartoon depiction of
how manganese riboswitch folding changes the distance between Cy3
and Cy5; (B) sample time trace of Cy3 and Cy5 fluorescence (22.2
°C, top left), the corresponding EFRET trajectory (lower left), and a
series of EFRET trajectories (lower left) and dwell time distributions
(lower right) as a function of increasing temperature (22.2−28.0 °C).
Note that a small increase in temperature dramatically increases the
folded time distributions, consistent with strong endothermic folding
(ΔH0).
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More revealingly, however, direct observation of the dynamic
folding/unfolding behavior also permits the rate constants
(kfold and kunfold) to be determined by analysis of the
corresponding dwell time distributions (Figure 2B right
panels).32,35 Specifically, semilogarithmic plots of the resulting
cumulative distribution functions (P(τ)/P(0)) versus dwell
times are linear and thus appropriately fit to a single
exponential decay function to extract the first-order folding/
unfolding rate constants (kfold and kunfold).
In the temperature-dependent studies, the temperature is

controlled (±0.1 °C) by simultaneously heating the sample
and the optical objective. A representative temperature
response of the manganese riboswitch is illustrated in the
series of EFRET trajectories obtained at increasing thermal stress
(Figure 2B from top to bottom), for which the RNA clearly
spends more time in the high EFRET (i.e., folded) state. Indeed,
the approximately 5-fold increase in Keq for ΔT =+5.8 °C
indicates that folding of the manganese riboswitch is both
highly sensitive to temperature and favored by heat. In
addition, the dwell time analysis (Figure 2B right) reveals the
kinetic origin of such “heat-promoted folding” behavior arising
from a temperature-dependent increase in kfold and decrease in
kunfold, respectively.
3.2. Mg2+ Effects on the Temperature Dependence of

Folding. Previous studies have shown that docking between
the loops L1 and L3 of the manganese riboswitch requires
binding of at least one divalent cation M2+ (Mg2+ or
Mn2+).25,32 It has also been shown that Mg2+ alone promotes
manganese riboswitch folding by only occupying the non-
selective binding site, leaving the Mn2+-specific site open for
further ligand association (Figure 1). According to previous
detailed kinetic analysis,32 the fold-like structure achieved with
Mg2+ binding plays a crucial role in opening a conformational
selection (“fold-then-bind”) pathway by enhancing the Mn2+

ligand affinity. It is therefore useful to further explore the
formation of the Mn2+ ligand-free folded state with single-
molecule thermodynamic techniques.
From the [Mg2+]-dependent studies, folding of the

manganese riboswitch is known to be effectively promoted
by millimolar levels of Mg2+ (Figure 3A). By visual inspection,
the fraction folded increases monotonically with [Mg2+],
gradually reaching a saturation value. The nearly linear increase
of fraction folded at low [Mg2+] indicates only a minimal Hill
cooperativity (n ≈ 1). More quantitatively, the data can be fit
to the normalized Hill equation in the form of32,37−39

i
k
jjjjj
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{
zzzzz= + − × [ ]

+ [ ]

+
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n n0 0 s

2
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where F0 and Fs are fractions of the riboswitch folded at 0 and
saturation [M2+] (M = Mg or Mn), respectively. The Hill
coefficient n is readily determined to be 1.3(2), suggesting that
folding could be effectively promoted by a singly occupied 5-
fold coordination Mg2+ binding site, in agreement with
structural and kinetic characterizations in previous studies.25,32

It is worth noting that the Hill coefficient only indicates the
cooperativity in ligand (Mg2+)-promoted folding and need not
necessarily equal the binding stoichiometry.40 Indeed, the
minor deviation of n from unity could reflect increased number
of Mg2+ ions surrounding the riboswitch during folding, for
which the effective Mg2+ binding constant is found to be KD =
1.1(2) mM. To explore the thermodynamics of subsequent

Mn2+ binding, we therefore choose to study the temperature
dependence of manganese riboswitch folding at two
representative [Mg2+] concentrations of (i) relatively low
([Mg2+] = 0.5 mM < KD) and (ii) near-saturation ([Mg2+] = 2
mM > KD) levels.
The results are summarized in van’t Hoff analysis (see

Figure 3B), where Keq is plotted logarithmically versus
reciprocal temperature (1/T, T in kelvin). The negative slopes
in the data immediately reveal that folding of the manganese
riboswitch is promoted by increasing temperature. In
particular, the data indicate approximately 20- and 10-fold
increase in the equilibrium folding constant (Keq) over a
temperature change of only 10 °C, at 0.5 and 2 mM Mg2+,
respectively, signaling an unusually strong dependence of
riboswitch conformation on temperature. More quantitatively,
linear least squares fit of such van’t Hoff data to

= − Δ + Δ
K

H
R T

S
R

ln( )
1

eq

0 0

(2)

allows one to deconstruct overall free energies into enthalpic
and entropic contributions, corresponding to −ΔH0/R and
ΔS0/R, respectively. The negative slope is consistent with ΔH0

> 0, which means the folding is an endothermic process and
thus promoted by heat, whereas the positive intercept suggests
a strong increase in entropy (ΔS0 > 0) upon folding. Such heat
promoted folding (or “cold-denaturation”) behavior is
relatively unusual, as we more conventionally expect the
folding into a more order compact state to be entropically
unfavored (ΔS0 < 0) and enthalpically driven (ΔH0 < 0) by
interactions such as hydrogen bonding and metal coordination.

Figure 3. Mg2+ dependence of the manganese riboswitch folding
under equilibrium conditions: (A) folded fraction as a function of
[Mg2+]; (B) van’t Hoff plot for the temperature-dependent behavior
of the manganese riboswitch equilibrium constant (Keq = kfold/kunfold)
at [Mn2+] = 0.
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Furthermore, the [Mg2+] dependence of this van’t Hoff plot
shows moderate changes in the slope and intercept, indicating
that the Mg2+ dependence of folding occurs by mildly lowering
the enthalpic cost (ΔΔH0 < 0) while decreasing the overall
entropic gain (ΔΔS0 < 0) (Figure 3B).
At the kinetic level, we can trace the impact of temperature

on equilibrium constants from the corresponding folding and
unfolding rate constants. If we associate purely single-
exponential kinetic behavior with a single-rate limiting TS,
the detailed thermodynamic properties of this TS can be
obtained from an activated TS/Eyring analysis of ln(kfold) or
ln(kunfold) versus 1/T (see Figure 4)

ν= − Δ + Δ +
‡ ‡

k
H
R T

S
R

ln( )
1

ln
(3)

In eq 3, ΔH⧧ and ΔS⧧ represent differences in enthalpy and
entropy between the TS and the folded (or unfolded) state,
while ν is the so-called “attempt frequency” to access the
transition barrier along the reaction coordinate.34,35,41−43 One
challenge of such an activated TS analysis is that ν is generally
not known a priori and often simply estimated to be of the
order 1012 to 1014 s−1, though the inferred entropy of the TS
(ΔS⧧) depends only logarithmically on ν. However, it is worth
noting that any cation-induced changes in this entropic barrier
(i.e., Δ[−TΔS⧧]) exactly cancel even this weak logarithmic
sensitivity and become rigorously independent of the choice of
ν.34,35

The results of such an Eyring analysis immediately reveal
several interesting features. First, a temperature rise promotes
folding of the manganese riboswitch by both increasing kfold and

decreasing kunfold, as clearly evident from the negative and
positive slopes in Figure 4A,B, respectively. Second, the
negative slopes for kfold implies that overall folding of the
manganese riboswitch is an endothermic process, in contrast
with the more usual exothermic folding behavior due to
formation of additional stabilizing hydrogen bonding networks.
Third, increasing Mg2+ from 0.5 to 2 mM increases the
riboswitch stability (Keq) significantly but almost entirely by
dramatic enhancement in kfold (Figure 4A) with relatively little
change on kunfold (Figure 4B). However, even though kfold is
uniformly larger under high [Mg2+] conditions, it is also much
less temperature sensitive than at low [Mg2+]. Conversely, the
temperature dependence of kunfold is almost completely
insensitive to [Mg2+], which echoes a similar lack of [Mg2+]
dependence to unfolding rate constants observed from the
previous study at room temperature.32 Simply summarized,
these results suggest that Mg2+ promotes the stability of the
folded riboswitch structure predominantly by lowering both the
folded and TS free energies by equivalent amounts, thereby
permitting kfold and kunfold to be strongly increased and largely
unaf fected, respectively.

3.3. Mn2+ Effects on the Temperature Dependence of
Folding. The [Mn2+]-dependent folding data suggests a
positive cooperativity of Mn2+, whereby the fraction folded
increases nearly quadratically at low [Mn2+] and gradually
reaches saturation (Figure 5A). By Hill analysis, the
cooperativity is found to be n = 1.7(2), consistent with the
presence of two M2+ binding sites determined by X-ray
structural studies.25 Deviation of the Hill coefficient from 2 can

Figure 4. Kinetic effects of Mg2+ in an activated complex/TS theory
analysis of (A) kfold and (B) kunfold.

Figure 5. Mn2+ effects on manganese riboswitch folding under
equilibrium conditions: (A) folded fraction as a function of [Mn2+];
(B) van’t Hoff plot of temperature-dependent manganese riboswitch
folding at [Mg2+] = 0.5 mM.
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be understood as arising from the nonselective cation site
already being partially occupied by Mg2+ under near
physiological conditions ([Mg2+] ≈ 0.5 mM).32 More
importantly, the effective binding constant KD for Mn2+ is
determined to achieve a much tighter value of 56(4) μM. We
thus choose to explore the temperature-dependent rate
processes at three representative [Mn2+] conditions corre-
sponding to folding at (i) far below (0 μM), (ii) comparable
with (50 μM), and (iii) above (100 μM) the value of KD,
respectively.
From van’t Hoff analyses summarized in Figure 5B, the

folding equilibria under all three cation conditions are clearly
shown to be endothermic (negative slopes) and thereby
promoted by increasing temperature. Furthermore, the positive
intercepts indicate that folding increases the overall entropy
(ΔS0 > 0) of the system. However, the manganese riboswitch
reveals an unconventional heat-promoted folding behavior
with a surprising sensitivity to [Mn2+]. Specifically as [Mn2+]
increases, the magnitudes of both the van’t Hoff slopes and
intercepts decrease. The net effect of Mn2+ on manganese
riboswitch folding would therefore appear to be a simultaneous
reduction in ΔH0 and ΔS0. Although more work need to be
carried out, this would at least be consistent with a more
common physical scenario of cation binding resulting in
enthalpic stabilization (ΔΔH0 < 0) and yet added entropic
cost (Δ[−TΔS0] > 0), largely caused by loss in translational
entropy of the ligand.44−46

From the corresponding temperature-dependent folding/
unfolding kinetics summarized in Figure 6, a rise in
temperature promotes the overall manganese riboswitch

folding once again by increasing kfold and decreasing kunfold.
From the Eyring plots, kfold (Figure 6A) becomes less sensitive
to temperature, with the overall rate constant increasing but
slope magnitudes decreasing dramatically with increasing
[Mn2+]. This would be consistent with any enthalpic barrier
between the unfolded state and TS being lowered by
increasing Mn2+. The intercept, on the other hand, also
decreases (Δ[−TΔS0] > 0) with increasing Mn2+, suggesting
that any entropy gain achieved during folding is mitigated by
Mn2+. Finally, both Eyring analysis slopes and intercepts for
kunfold are observed to decrease with increasing [Mn2+]
conditions. In summary, the effect of Mn2+ on the kinetics
would appear to lower the enthalpic barrier to folding and yet
also contribute to entropically destabilizing the folded
configuration.

4. DISCUSSION
4.1. Unconventional Temperature Response of

Manganese Riboswitch Folding. The combination of
hydrogen bonding, coulombic interactions (both attractive
and repulsive), and water hydration often cause nucleic acid
biomolecules to spontaneously rearrange into a more ordered
and compact conformation.7,8 As a result, the conventional
thermodynamic paradigm for RNA folding is an enthalpically
driven process (ΔH0 < 0) but with appreciable increase in free
energy due to entropic penalty in the final state (−TΔS0 > 0).
In the current studies, folding of the manganese riboswitch has
been shown to be strongly promoted by increasing temper-
ature. The negative slopes and positive intercepts in the van’t
Hoff plots under all Mg2+ and Mn2+ conditions indicate that
folding occurs spontaneously, made possible by entropic gain,
competing against an unfavorable enthalpic penalty. Though
such temperature-promoted folding (“cold denaturation”)
seems at first counterintuitive, such behavior has nonetheless
been discovered in many proteins, with the phenomenon often
linked to change in solvent exposed area during folding,47−49

for which largely entropically driven hydrophobic and
hydrophilic interactions play the dominant role.
The thermodynamic analysis of Sections 3.2 and 3.3 clearly

reveals that both enthalpy and entropy of the system (i.e., RNA
construct plus surrounding solvent environment) increase with
folding of the manganese riboswitch, with a large entropic
contribution (−TΔS) compensating and even dominating free-
energy stabilization of the more structured conformation.
Previous studies indicate that variation in solvent exposure
along the folding coordinate plays an important role in cold
denaturation,47−49 which in turn results in significant solvent
impact on the equilibrium behavior. In the manganese
riboswitch, the two M2+ binding sites are rich in phosphate
groups and are highly negatively charged (Figure 1B). When
such a charged species is placed in aqueous solution, the water
molecules orient to lower the enthalpy (ΔH0 < 0), with water
ordering, resulting in a large entropy decrease for the solvent
system (ΔS0 < 0), a process known as hydration.50,51 When the
manganese riboswitch folds, the highly charged regions of
RNA become less accessible to water due to partial
neutralization by counterions. Thus, the reverse “dehydration”
process can occur during the folding event due to water
expulsion around the highly charged binding sites. If such
dehydration effects predominate over intramolecular hydrogen
bonding in the RNA construct, this could thereby result in (i)
a large enthalpic cost (ΔH0 > 0) balanced by (ii) entropically
driven folding (ΔS0 > 0). Note that the ion association (Mn2+

Figure 6. Kinetic dependence of Mn2+ in an activated complex/TS
theory analysis of (A) kfold and (B) kunfold.
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or Mg2+) during the manganese riboswitch folding may also
contribute significantly to the dehydration entropy and
enthalpy (ΔH0 > 0, ΔS0 > 0). Such effects can be compensated
by the phosphate contacts primarily through charge neutraliza-
tion, coordination bonding (ΔH0 < 0), ordering of the binding
site, and loss in translational entropy (ΔS0 < 0). Because the
manganese riboswitch folds into a more ordered state upon
metal binding, we would expect both ΔH0 and ΔS0 for the
construct to be less than zero. However, it is the total
enthalpies and entropies of the system (RNA plus buffer
solution) that is observed, likely dominated by the hydration
process and solvent reorganization. For Mn2+ binding to the
Mn2+-specific site,25,32 the process can therefore quite
understandably result in lowering both the enthalpic cost
and entropic gain (Δ(ΔH0) < 0, Δ(ΔS0) < 0), consistent with
our observations in Figure 7B.

4.2. Temperature Response of RNA. Although cold
denaturation (or heat-promoted folding) has been widely
explored in proteins, it is much less commonly observed in
RNA. One such RNA system known to exhibit heat-promoted
folding is the hammerhead ribozyme,47,48 for which temper-
ature-dependent folding of the three-way junction has been
investigated with circular dichroism (CD) over a wide range of
temperature. Interestingly, the studies reveal that the three-way

junction folded structure is stabilized with increasing temper-
ature at relatively low temperature, but that this thermal
stabilization of folding reverses at a critical temperature. In
another recent study of the adenine-sensing riboswitch, it was
shown by NMR spectroscopy that achievement of the ligand-
free folded conformation is also promoted by temperature
increase.52 Despite only relatively few direct measurements of
temperature-responsive RNA folding, the thermodynamic
parameters for ligand-mediated riboswitch folding (without
information in temperature dependence) can be estimated
from isothermal titration calorimetry as well as other
temperature-dependent binding studies because ligand binding
is always accompanied by conformational changes in the RNA
riboswitch. From literature search over 17 classes of
riboswitches/ribozymes that respond to various ligands and
substrates,38,53−77 nine appeared to exhibit entropically favored
binding (ΔS0 > 0),53−62 indicating that configurational entropy
of the solvent can dominate the folding entropy of the
riboswitch construct. Furthermore, four out of these nine are
also found to be endothermic (ΔH0 > 0),53−58 similar to the
manganese riboswitch behavior. Thus, one is led to speculate
that cold denaturation might not actually be such an
uncommon tertiary binding/folding strategy in RNA. In fact,
RNAs are structurally polyanion electrolytes that interact
strongly with water; as a result, thermodynamic free energies
for RNA folding might reflect even greater sensitivity to the
solvent and buffer system than for proteins.7,15,16 This would
appear likely to have evolutionary consequences. Bacteria in
the wild experience significant temperature fluctuations, with
some thriving under extreme temperature conditions.17−19 It is
thus perhaps not surprising that temperature sensitivity may
have been evolutionarily integrated into the riboswitch
function.
It is also possible to take this analysis further toward

understanding the biochemical role of temperature in gene
regulation. For example, Mn2+ is known to catalyze formation
of reactive oxidative species (ROS) that are particularly
damaging to cells.78,79 In this study, we have seen that the
manganese riboswitch at higher temperatures transcriptionally
promotes gene expression of a Mn2+ efflux protein, essentially
by folding into an “on” conformation. Because of more active
production and higher reactivity of ROS at high temper-
ature,80−82 such temperature dependence could be advanta-
geous for bacteria survival as a protective mechanism reducing
cellular [Mn2+]. Indeed, bacteria have been shown to exploit
temperature control in gene regulation, as evident in so-called
“RNA thermometers,”22,23 that is, small mRNA elements that
structurally respond to temperature in regulation of transla-
tional efficiency. Because RNA structures are highly responsive
to temperature, it is interesting to speculate that cation plus
environmental temperature modulation of a specific RNA
conformation could reflect a more general strategic example
of multicomponent sensitivity in riboswitch gene regulation.

4.3. Reconstructing Folding Free-Energy Landscapes
from Temperature-Dependent Kinetics. The thermody-
namic/kinetic parameters obtained from the current van’t Hoff
and Eyring analyses can provide particularly invaluable
information on pieces of the overall free-energy landscape for
folding of the manganese riboswitch. We note that in the
resulting energy diagrams (Figure 7), the errors (with proper
propagation) in enthalpic (ΔH) and entropic (−TΔS)
contributions typically range from 5 to 10 kcal/mol due to
fitting within a limited temperature window. Nonetheless,

Figure 7. Folding free-energy landscapes of the manganese
riboswitch: (A) Mg2+ effects on enthalpic and entropy contributions
(left) and the overall free energy (right); (B) Mn2+ effects on
enthalpic and entropy contributions (left) and the overall free energy
(right). Note that although there is no information on changes in
absolute free energies with cation conditions, the unfolded state (U)
is conventionally referenced to zero free energy in both plots.
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these errors are relatively small compared to (i) energy
differences between unfolded, folded, and TS and (ii) salt-
based M2+ effects, which are each >20 kcal/mol. As a result,
the overall free-energy changes (ΔG) directly obtained from
equilibrium (Keq) and rate constant (k) data have σ ≤ 0.3 kcal/
mol in uncertainties (standard deviation of the mean). For
Mg2+ dependence, Figure 7A immediately reveals that the
enthalpic (ΔH) and entropic (−TΔS) contributions to the free
energy (ΔG) for both the TS and folded (F) state
confirmations move synchronously up/down with increasing
Mg2+ in a clearly anticorrelated fashion. This notable level of
synchrony suggests that the impact of Mg2+ is primarily on the
enthalpy/entropy of the unfolded state (U), as shifts in only U
would maintain all relative free-energy spacings between the
TS and F conformations. Such a strong dependence of
unfolded structure free energies on [Mg2+] can be rationalized
as arising from differential Mg2+ occupancy at the nonselective
M2+ binding site, as these experiments are performed at Mg2+

concentrations, appreciably below (0.5 mM) and above (2
mM) the effective binding affinity (KD = 1.1 mM). Simply
stated, because M2+ binding is essential for riboswitch
folding,32 the free-energy differences between the anticorre-
lated TS and F states are insensitive to [Mg2+] due to the fact
that they are both associated with one Mg2+. Thus, the Mg2+-
mediated manganese riboswitch folding thermodynamic plots
in Figure 7A reveal that Mg2+ binding must occur while the
construct is still mostly unfolded. In agreement with the
previous kinetic studies, this is consistent with an IF (i.e.,
“bind-then-fold”) mechanism,30,32,33 whereby prior binding of
the ligand is required to achieve the correct folding behavior.
We note that such information can be gleaned from the plots
even in the absence of any knowledge about absolute free
energies, which are not accessible (e.g., the free energy for the
U state is referenced to zero at all cation conditions).
Similarly for [Mn2+]-dependent riboswitch folding (Figure

7B), the entropy and enthalpy of the TS and F states are both
significantly shifted with increasing Mn2+ concentration.
Overall, as [Mn2+] increases, the enthalpic (ΔH) and entropic
(−TΔS) contributions bifurcate systematically. Such effects are
in agreement with ligand-binding models, where the enthalpic
gain (from Mn2+ coordination) is accompanied by entropic
loss largely in translational entropy of the ligand and higher
degree of ordering at the binding site.44−46 Interestingly,
however, there is also a strong nonlinear saturation depend-
ence of these effects on [Mn2+]. For example, the TS free
energy changes significantly between 0 and 50 μM of Mn2+ and
yet remains essentially constant with an additional aliquot of
50 μM Mn2+ (100 μM in total). This behavior is likely due to
the fact that Mn2+ promotes achievement of the TS state via
different occupancies of the two M2+ binding sites. Indeed, the
largest free-energy effects between conditions of 50 and 100
μM Mn2+ appear in the folded (F) state but now with
negligible changes in the TS and U conformations. Much as
invoked above for Mg2+ dependence, this can be simply
rationalized by the folded state existing with two different
metal occupancies of the two binding sites: one M2+ (M = Mn
or Mg) binding or two M2+ binding with at least one Mn2+.
The Mn2+ effect of Δ(ΔH0) < 0 and Δ(ΔS0) < 0 is again
consistent with increased Mn2+ binding. Although the
manganese riboswitch is known to fold via an IF (bind-then-
fold) mechanism with at least one M2+ binding in the unfolded
state,32 the ability of Mn2+ to directly bind to a (pre)folded
conformation (e.g., Mg2+-bound folded conformation with an

unoccupied Mn2+ binding site) and thereby stabilize the
folding equilibrium is consistent with a conformational
selection (CS, fold-then-bind) mechanism,30,32,33 whereby
the RNA dynamically samples many different configurations,
while the ligand binds only to those constructs with a
preformed Mn2+ binding site. To summarize, the thermody-
namic analysis of the rate and equilibrium data reveals that the
manganese riboswitch folds through an IF mechanism via early
Mg2+ association with U. Conversely, Mn2+ binds to a
prefolded ligand-free riboswitch structure to stabilize the
folding equilibrium (i.e., in support of a CS mechanism), as
evidenced by selective effects of Mn2+ > 50 μM on the free
energy of the folded (F) configuration. We note that although
our mechanistic interpretation of the thermodynamic data is
motivated and strongly supported by the previous work,
molecular dynamics simulations would be extremely valuable
and could provide additional confirmation. Finally, it is worth
emphasizing that such Mn2+ and Mg2+ ligand binding shifts in
the enthalpic and entropic contributions are all anticorrelated
and very finely balanced to yield only relatively small
differences (of order 1 kcal/mol) in the overall free energies
for the folded versus unfolded states of the riboswitch. This
allows for strong environmental regulation of the kinetic rates
and time constants for riboswitch folding, with only relatively
small changes in the overall folding stability. Such a cationic
modulation of the folding time constant behavior could be
relevant in cotranscriptional folding dynamics and gene
regulation strategies.30,31

5. SUMMARY AND CONCLUSIONS
The temperature dependence of manganese riboswitch folding
has been explored in detail by confocal smFRET experiments.
The folded manganese riboswitch conformation is found to be
strongly stabilized by temperature, which from a kinetic
perspective occurs via simultaneous increase (decrease) in the
folding (unfolding) unimolecular rate constants, respectively. A
thermal van’t Hoff analysis of the equilibrium constant reveals
that folding is strongly disfavored enthalpically (ΔH0) while
favored with significant and closely balanced entropic
contributions (−TΔS0) to yield an overall ΔG0. This is in
clear contrast with the more conventional behavior of ligand-
promoted folding behavior of entropically disfavored folding
into a compact state driven by enthalpic energy release.9,10

Such temperature-promoted folding (or equivalently, cold
denaturation) can result from the change in ionic hydration/
dehydration and hydrophilic/hydrophobic interactions, high-
lighting the crucial importance of solvent contributions to the
overall free-energy change in an RNA folding event. Moreover,
we speculate that such a less conventional thermophilic
response of the manganese riboswitch may provide an
additionally useful survival mechanism for successful bacterial
proliferation in a fluctuating temperature environment,
suggesting a mechanism by which temperature may be more
widely incorporated into riboswitch gene regulation. In Mg2+-
mediated folding, Mg2+ is found to mainly affect the free
energy of the unfolded (U) state, consistent with the unfolded
structure having 0 or 1 Mg2+ occupancy and yet with the ones
binding to a single Mg2+ able to access the TS and thereby
achieve a fully folded structure. Such binding of a single Mg2+

prior to the TS supports the predominant existence of an IF
(“bind-then-fold”) mechanism for Mg2+-promoted folding. For
Mn2+-mediated folding, by way of contrast, Mn2+ is found to
significantly shift the relative free energies of both the TS and
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folded (F) states. This sensitivity to [Mn2+] is consistent with
the folded state of the riboswitch associating different numbers
of Mn2+ into its two (selective and nonselective) binding sites,
which would provide support for a conformational selection
(“fold-then-bind”) pathway. Such a combined thermal and
cation sensitivity to modulation of the riboswitch folding
pathway offers distinctly new opportunities for evolutionary
adaptation and flexibility of the manganese riboswitch to
various environmental conditions.
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