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Abstract: Riboswitches are segments of noncoding RNA that bind with metabolites, resulting in
a change in gene expression. To understand the molecular mechanism of gene regulation in a
fluoride riboswitch, a base-pair opening dynamics study was performed with and without ligands
using the Bacillus cereus fluoride riboswitch. We demonstrate that the structural stability of the
fluoride riboswitch is caused by two steps depending on ligands. Upon binding of a magnesium ion,
significant changes in a conformation of the riboswitch occur, resulting in the greatest increase in
their stability and changes in dynamics by a fluoride ion. Examining hydrogen exchange dynamics
through NMR spectroscopy, we reveal that the stabilization of the U45·A37 base-pair due to the
binding of the fluoride ion, by changing the dynamics while maintaining the structure, results in
transcription regulation. Our results demonstrate that the opening dynamics and stabilities of a
fluoride riboswitch in different ion states are essential for the genetic switching mechanism.

Keywords: fluoride riboswitch; aptamer; long-range interaction; tertiary interaction; NMR; base-pair
opening; hydrogen exchange dynamics

1. Introduction

A number of metabolite-binding riboswitches have been discovered in the noncod-
ing RNA structures in bacterial genomes. Riboswitches bind to a variety of metabolites
and recruit conformational changes that control the transcription, translation, or splic-
ing [1–3]. In most instances, riboswitches are composed of two parts: an aptamer domain
that specifically binds a metabolite, and an expression platform domain that operates
a genetic switch [4,5]. The conserved ligand-binding domain is flexible and undergoes
ligand-induced conformational transitions, which lead to changes in the folding of the
expression platform [6]. To date, diverse types of ligands have been discovered—e.g., an-
ions, coenzymes, metal ions, amino acids, purines, and their derivatives—which maintain
intracellular homeostasis [7,8].

Among the diverse type of ligands, fluoride riboswitches are particularly affected by
the concentration of fluoride ions. Fluoride ions are abundant in the environment and toxic
to bacterial growth; therefore, the control of fluoride concentration in cells is important to
the bacterial lifecycle and survival [9–11]. The CrcB motif is a conserved domain that resides
in the 5′ untranslated regions (UTRs) of genes encoding DNA repair, ion transporters (K+,
Cl−), and formate hydrogen lyase. The expression of CrcB is important for reducing the
fluoride concentration in cells and its toxicity [10]. The highly conserved nucleotides of the
CrcB motif greatly change their conformation in the presence of NaF, as observed using
the in-line probing method [11]. The fluoride binding to aptamer domain leads to the
formation of the anti-terminator stem that allows access of RNA polymerase for activation
of transcription. In contrast, in absence of fluoride ion, the fluoride riboswitch forms the
terminator stem for the termination of transcription [4].
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The ligand-bound (holo) structure of Thermotoga petrophila and the ligand-free (apo)
structure of B. cereus riboswitches were previously determined by X-ray crystallography
and NMR experiments, respectively. Most of the riboswitches form tight binding pockets
to encapsulate their ligands in their binding pockets. X-ray crystallography studies demon-
strated how the negatively-charged RNA strongly binds to the negatively-charged fluoride
ion and how RNA architecture adopts the fluoride ligand selectively against other halide
ions. The binding pocket of the fluoride aptamer is located in the internal loop and the
pocket is stabilized by the formation of pseudoknot and long-range interaction, including a
reverse Watson–Crick base pair and a reverse Hoogsteen pair [12]. NMR experiments of the
fluoride riboswitch revealed that the solution structure of the riboswitch in the presence of
Mg2+ exists in a highly similar conformation to the holo state. Recently, the mechanism of
the fluoride riboswitch has been characterized using chemical exchange saturation transfer
(CEST) NMR spectroscopy [13–16], which identified an excited state of the ligand-free ap-
tamer (apo-ES) that exists in low population with short lifetimes. In particular, the apo-ES
of the U45 imino proton transiently unlocks the A37·U45 base pair (called a linchpin) and
affects the transcription termination by forming a kinetically favorable U45·A65 pair. In
contrast, ligand binding leads to a single stable conformation (holo state) that ensures the
transcription activation by allosteric inhibition of the ES transition [15,16]. Despite the
characterization of the slow chemical exchange in the fluoride riboswitch, the mechanism
of the fluoride riboswitch remains unclear.

Here, we identified the base-pair dynamics of the fluoride riboswitch using an NMR
hydrogen exchange experiment. The NMR hydrogen exchange experiments provided
information about the thermodynamics and kinetics for base-pair opening on time scales
slower than milliseconds. These NMR data can also be used to probe the structural and
dynamic features of the base pairs required for their biological function. We also determined
that the fluoride aptamer domain and the expression platform show differences in their
conformational dynamics and stability in the presence of different ion states. This study
revealed that the dynamic features induced by fluoride binding play an important role in
the biological function of the fluoride riboswitch.

2. Results
2.1. Resonance Assignments of CrcB Motif in the Free, Apo, and Holo forms

The construct of B. cereus CrcB aptamer was derived from a modified RNA sequence
reported by Zhao et al. (2014) to increase the stability and minimize spectral overlap. This
sequence was designed so that the GGUU loop at the P2 stem was replaced with a UUCG
loop, and A9·U42 was changed to U9·A42 [14,15]. The 1D imino proton spectra of the
fluoride riboswitch at 25 ◦C (298 K) are shown in Figure 1C, and the assignments of each
state were performed through the analysis of the NOESY spectra (Figure 2 and Figure S1).

From the results of a previous study, the fluoride riboswitch requires magnesium ions
to recognize fluoride ions selectively, and remarkably undergoes Mg2+-induced structural
changes [15]. Accordingly, in the presence of magnesium ions (apo), an additional P3 stem
was formed in the CrcB aptamer, which proved to significantly increase the number of
1D amino proton peaks, but resonances from P1and P2 stems were observed only in the
free state. Comparing the free and apo states, a chemical shift was observed in the imino
protons of G2, G31, and G33 (Figure 1).

In the presence of a fluoride ion (holo), we observed that the 1D proton spectrum
is similar to its apo state; however, some imino protons in the P1 and P3 stems undergo
chemical shifts by fluoride binding (Figure 1B,C). In the holo state compared to the apo
state, the G8 and G10 protons resonate ~0.1 ppm upfield chemical shifts, and G14 resonance
has downfield chemical shifts from 13.095 to 13.271 ppm. In particular, upfield-shifted G7
and downfield-shifted U45 signals were observed and their peak positions changed with
each other due to the ligand binding. These results indicated that fluoride binding affects
the conformation of the aptamer domain, although the tertiary structure does not undergo
significant changes.
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Figure 1. Secondary conformation changes in the CrcB motif according to ionic conditions. Each part of the CrcB aptamer is
highlighted in different colors and shown next to it. The Watson–Crick base pairs are shown as solid lines and the tertiary
interactions are shown as dashed lines. The A37·U45 base-pair is highlighted with a red circle. Fluoride and magnesium
ions are labeled using blue and green circles, respectively. (A) Secondary structure and sequence of the CrcB motif in the
free state (in the absence of Mg2+ and F−) and (B) in the apo state (in presence of Mg2+) and holo state (in the presence of
Mg2+ and F−). (C) 1D imino proton spectra of free, apo, and holo states at 25 ◦C.

Figure 2. Imino proton resonance assignments of a fluoride riboswitch in the (A) apo and (B) holo states by Watergate
NOESY spectra at 25 ◦C. Solid lines indicate imino–imino NOE connectivities.
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2.2. Imino Proton Exchange Rate of CrcB Motif

The hydrogen exchange rates (kex) of the fluoride riboswitch were confirmed at 25 ◦C
(298 K) using water magnetization transfer experiments on the imino protons in all the
states. Some imino protons showed significant differences in peak intensities due to a
function of delay after water inversion (Figure S2). The kex values determined by fitting
the curve using Equation (1) are shown in Figure 3 and Supplementary Table S1 [17,18].
For example, in the free state, rapidly exchanging imino protons (such as G23 and G30)
show negative peaks at short delay times (50 ms), whereas the base pairs in the middle
of the stem (such as G14, G33, U25, and G31) remain basically unchanged up to 100 ms
(Figure S2A). Therefore, in the absence of ions, the imino protons located in the middle of
the stem have significantly smaller kex values than the terminal base pair or loop (Figure 3).

Figure 3. Exchange rate constants (kex) of the CrcB aptamer at 25 ◦C determined by fitting to
Equation (1), and the error bars indicate fitting errors: free (black), apo (blue), and holo (red) states.
To identify the location of imino protons, the P1, P2, and P3 stems are shown under the residues.

In the presence of Mg2+ ions, the G2 and G4 imino protons in the P1 stem have smaller
kex values of 4.73 and 5.45 s−1, respectively, compared with the kex values in the free state
(G2: 7.47 s−1 and G4: 9.62 s−1, respectively). In particular, the G23 imino proton in the apo
state has a 3.7-fold smaller kex value than in the free-state. In contrast, other imino protons
in the P1 and P2 stem did not show significant differences in the kex values between the
free and apo states. The base pair of imino protons produced by Mg2+ ions, such as the P3
stem, has kex values ranging from 3.1 to 5.56 s−1, similar to other base pairs. These results
suggest that binding to the Mg2+ ion greatly stabilizes most of the aptamer domain, except
for the residues of the P2 stem (Figure 3 and Supplementary Table S1).

In the holo state, except for G14, the imino protons in the P1 to P3 stems have similar or
slightly smaller kex values to the apo state. The kex of the G14 imino proton is approximately
1.6-fold larger than in the ligand-free state. In contrast, the U12·G39 wobble base pair in the
holo state has significantly smaller kex of 3.74 and 1.94 s−1 compared with kex values in the
apo state (G39: 4.53 s−1 and U12: 3.10 s−1, respectively). The U38 and U45 residues, known
as long-range interaction regions, have 1.9- and 1.3-fold smaller kex values than in the apo
state, respectively (Figure 3 and Supplementary Table S1). Therefore, it is interpreted that
the U38 and U45 increase the stability of the fluoride binding site. These results indicate
that the residues of long-range interaction and the binding pocket slowly exchange protons
in the presence of fluoride.
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2.3. Base-Pair Opening Dynamics of CrcB Motif by the Tris Base Catalyst

The equilibrium constants for base-pair opening (Kop) in the CrcB motif were deter-
mined by measuring the Tris-catalyzed imino proton exchange at 25 ◦C. Ammonia (NH3)
is a much stronger catalyst than Tris and was used to determine Kop for the base pairs.
NH3 was not used because the reaction of ammine complex formation was activated by
the MgCl2 present in the buffer [19].

The base-pair opening is affected by the base catalyst, decreasing the peak intensities
of imino protons. These results can be confirmed in the 1D imino proton spectra with the
[Tris] difference in Figure S3. In all the spectra (free, apo, and holo), the base-pairs with
stable interactions maintained their peak intensities even at higher concentrations of Tris
base titration.

The inversion recovery experiments of the CrcB motif were performed to confirm the
effect of [Tris] on the Kop of imino protons; the result for the imino protons is shown in
Table 1. For most of the imino protons, the equilibrium constants for base-pair opening
(Kop) in the CrcB motif were determined from the slope of the linear correlation between
R1a and [B] using Equation (7). In some imino protons, the Kop and base-pair lifetimes
(τ0 = 1/kop) in the CrcB motif were determined by curve fitting using Equation (6). These
values were used to calculate the lifetime for base-pair opening (τopen = 1/kcl) using the
relation τopen = τ0Kop (Figure S4 and Supplementary Table S2).

In the presence of ions, the residues in the P1 and P2 stems, except for G4 and G31,
have much smaller Kop values compared to the free state, whereas the Kop values are similar
between the apo and holo states (Figures 4A and 5A). The G2 and G4 imino protons of the
P1 stem in the apo state have 10.5- and 6.1-fold smaller Kop values than in the free state. In
the holo state, the Kop value of G2 is similar to the apo state (apo: 0.12 ± 0.007 × 10−6, holo:
0.16 ± 0.005 × 10−6), and G14 could not be determined because of the dependence of R1a
on Tris concentration (Table 1 and Figure S4B). In addition, the G4·C13 base pair in the holo
state has 723- and 17-fold smaller Kop values than in the free and apo states, respectively.
The G23 residue in the free state was not observed in imino proton resonance due to the
presence of Tris (Figure S4A), while the Kop values in the other states were determined
(apo: 0.27 ± 0.007 × 10−6 and holo: 0.089 ± 0.002 × 10−6; Figure 4B). In the presence of
Mg2+, the Kop values of G33 and U25 are smaller than in the free state, but similar to the
holo state (Figures 4C and 5A). The G31 imino proton determined not only the Kop (free:
63 ± 35 × 10−6, apo: 20 ± 11 × 10−6; holo: 9.17 ± 4 × 10−6), but also base-pair lifetimes
(free: 67 ± 0.4 ms; apo: 69 ± 0.8 ms; holo: 67 ± 1 ms) by curve fitting (Figure S4G).

In the presence of fluoride, the imino protons related to the binding pocket (G7, G39,
and U38) have smaller Kop values compared with the apo state (Figure 5B). Therefore,
the fluoride binding affects the base-pair stability of the binding pocket compared with
other regions. In the fluoride-bound state, the G39 and U12 imino protons, which formed
a wobble base pair, have 1.3- and 2.1-fold smaller Kop than the apo state, respectively.
Interestingly, the U12 imino proton in the apo and holo states is less stable (larger Kop)
and more dynamic (shorter τ0 and τopen) compared with G39, while base-pairing with
each other (Figure 4D and Table 1). The holo state of the G7 imino proton shows much
less dependence on Tris concentration compared with the apo state, resulting in a 35-fold
smaller Kop value (Figure 4F). Surprisingly, the U9 imino proton of the F−-bound aptamer
has a 1.4-fold larger Kop value than in the apo state, although the τ0 values were almost the
same (Figure 4E and Table 1). The Kop for the G8 and G10 imino protons, which showed
small changes in R1a, could not be determined or have small Kop values (Figure S4K,M). In
particular, the tertiary interaction regions (such as U45 and U38) have a significant effect
on the base-pair stability through fluoride binding. Therefore, the U45 and U38 imino
protons in the F−-bound state have 4.8- and 15-fold smaller Kop, respectively, compared
with the apo state (Figure 4 and Table 1). The resonance of U38 imino proton in the
apo state disappears at a high concentration of Tris, but was confirmed in the holo state
(Figure S3B,C).
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Table 1. Base-pair dissociation constants (Kop) and base-pair lifetimes (τ0 = 1/kop) of the CrcB motif determined by the
Tris-catalyzed NMR exchange experiments at 25 ◦C a.

Substructure Base Pair Imino Proton Free Apo Holo

P1

G2·C15 G2
Kop (×10−6) 1.26 ± 0.04 0.12 ± 0.007 0.16 ± 0.005

τ0 (ms) n.d. b n.d. b n.d. b

C3·G14 G14
Kop (×10−6) 1.04 ± 0.09 0.17 ± 0.002 <0.01 × 10−6

τ0 (ms) n.d. b n.d. b n.d. b

G4·C13 G4
Kop (×10−6) 34 ± 0.4 0.82 ± 0.01 0.047 ± 0.001

τ0 (ms) n.d. b n.d. b n.d. b

P2

G23·C34 G23
Kop (×10−6) n.d.d 0.27 ± 0.007 0.089 ± 0.002

τ0 (ms) n.d. b n.d. b

C24·G33 G33
Kop (×10−6) 4.29 ± 0.5 0.095 ± 0.003 0.070 ± 0.002

τ0 (ms) 52 ± 1 n.d. b n.d. b

U25·A32 U25
Kop (×10−6) 10 ± 0.1 5.32 ± 0.03 5.03 ± 0.03

τ0 (ms) n.d. b n.d. b n.d. b

C26·G31 G31
Kop (×10−6) 63 ± 35 20 ± 11 9.17 ± 4

τ0 (ms) 67 ± 0.4 69 ± 0.8 67 ± 1

P3

U12·G39 G39
Kop (×10−6) n.d. e 2.72 ± 0.4 2.10 ± 1

τ0 (ms) 70 ± 2 104 ± 6

U12·G39 U12
Kop (×10−6) n.d. e 4.93 ± 0.4 2.34 ± 0.7

τ0 (ms) 15 ± 0.6 20 ± 4

U11·A40 U11
Kop (×10−6) n.d. e 0.27 ± 0.004 0.079 ± 0.002

τ0 (ms) n.d. b n.d. b

G10·C41 G10
Kop (×10−6) n.d. e 0.12 ± 0.003 <0.01 × 10−6 c

τ0 (ms) n.d. b n.d. b

U9·A42 U9
Kop (×10−6) n.d. e 1.28 ± 0.1 1.88 ± 0.2

τ0 (ms) 51 ± 1 51 ± 2

G8·C43 G8
Kop (×10−6) n.d. e <0.01 × 10−6 <0.01 × 10−6

τ0 (ms) n.d. b n.d. b

G7·C44 G7
Kop (×10−6) n.d. e 2.61 ± 0.8 0.073 ± 0.002

τ0 (ms) 84 ± 3 n.d. b

Long-range
interactions

A37·U45 U45
Kop (×10−6) n.d. e 5.05 ± 0.8 1.05 ± 0.007

τ0 (ms) 15 ± 1 n.d. b

U38·C41 and
A40

U38
Kop (×10−6) n.d. e 84 ± 0.8 5.52 ± 0.6

τ0 (ms) n.d. b 5.61 ± 0.4
a Parameters used in the calculation: kcoll = 1.5 × 109 s−1, pKa (G−NH1) = 9.24, pKa (U−NH3) = 9.20, pKa (Tris, 25 ◦C) = 8.192; sample
conditions: 10 mM Tris (pH 8.0 at 25 ◦C), 50 mM KCl, 50 µM EDTA (pH 8.0) (for free state)/adding 2 mM MgCl2 (for apo state)/2 mM
MgCl2, 10 mM NaF (for holo state). [Tris] total = 10–339 mM, 25 ◦C. The errors for these values were determined from the curve fitting
using Equation (6) and linear fitting using Equation (7). b Not determined. c These resonances are partially overlapped with another
resonance and this overlap may lead to a systematic error in Kop. d Not available because the imino proton resonance disappeared. e No
imino proton resonance.

These results indicated that the P1 and P2 stems are stabilized significantly by the
binding of Mg2+ ions, but are less affected by a fluoride ion. In contrast, the imino protons
of the P3 stem and imino protons with tertiary interaction are more stabilized by the
binding of F− ions.
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Figure 4. Tris-catalyzed hydrogen exchange data of major imino protons in the CrcB aptamer: (A) G4, (B) G23, (C) U25,
(D) U12, (E) U9, (F) G7, (G) U45, and (H) U38 imino protons. The solid lines are the best fit to Equations (6) and (7), and the
error bars represent the fitting errors during determination of R1a (= R1 + kex). [Tris] on the y-axis is the concentration of
Tris (pH 8.0), which was used as the base catalyst. The R1a values in the free, apo, and holo states are indicated by squares
(black), circles (blue), and triangles (red), respectively.

Figure 5. Equilibrium constants for base-pair opening (Kop) of the CrcB aptamer determined by Tris-catalyzed NMR
exchange experiments at 25 ◦C. (A) The imino protons of the P1 and P2 stems; (B) the imino protons in the P3 stem and
imino protons with long-range interaction. The log(Kop) values in the free, apo, and holo states are indicated by squares
(black), circles (blue), and triangles (red), respectively.

3. Discussion

The hydrogen exchange experiment using NMR, which has a long history of identify-
ing nucleic acid stability, allows the characterization of base-pair opening dynamics. [17,18].
In this study, we analyzed the base-pair opening dynamics of the fluoride riboswitch and
identified its ligand-dependent stability. In the presence of Mg2+, the CrcB aptamer forms
a pseudoknot helix, the so-called P3 stem, and long-range tertiary interactions, resulting
in a significant conformational change and the greatest increase in stability. Therefore,
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the resonances of the pseudoknot P3 stem are observed in the 1D imino proton NMR
spectrum (Figure 1). The imino protons of the P1 and P2 stems in the presence of Mg2+

have significantly smaller kex and Kop values compared with in free state. In particular, the
base pair of G4·C13 and G23·C34, near the A5·U35 (long-range reverse WC base pair), are
the most stabilized in the P1 and P2 stems by the Mg2+ ions (Figure 5A).

The secondary and tertiary structures of fluoride riboswitch are highly similar be-
tween the apo and holo states, but the aptamer domain has different chemical transitions,
as reported previously [15,16]. We also provide direct NMR evidence that the fluoride
riboswitch has some differences in conformational dynamics between the apo and holo
states. First, in the fluoride-binding holo state, the P1 stem becomes slightly more stable
than in the fluoride-free apo state. The C3·G14 and G4·C13 base pairs in the presence of F−

have ~17.4-fold smaller Kop values than in the apo state because the stability of the P3 stem,
which is continuously stacked with the P1 stem, changes with fluoride binding [12,15].
Second, the G23·C34 base pair in the P2 stem is significantly stabilized with three-fold
smaller Kop due to the additional binding of the apo-state riboswitch to the fluoride anion
(Table 1 and Figure 5A), although other base pairs in the P2 stem showed little effects
(Table 1). Third, in the presence of a ligand, the residues in the pseudoknot P3 stem increase
in stability compared to in the apo state. The Kop values of the G39 and G7 imino protons,
which are involved in the binding pocket, decrease with ligand binding (Table 1). In the
holo state, the Kop value of the U12 base-paired with G39 reduces two-fold compared with
the apo state, and becomes similar to the Kop value of G39. Since U12 is located outside
the binding pocket, the U12 imino proton is less stable and more dynamic than G39 in
both states. In contrast, ligand binding destabilizes the U9 imino proton, increasing the
Kop value from 1.28 ± 0.1 × 10−6 to 1.88 ± 0.2 × 10−6. Fourth, the tertiary interactions,
such as U45 and U38 imino protons, are significantly stable upon binding of fluoride.
The U45 imino proton, which forms a reversed Hoogsteen AU pair with A37, stabilizes
in the presence of F−, showing 1.3- and 4.8-fold reduced changes in kex and Kop values,
respectively. Interestingly, the U38 (2′OH and N3H3) imino proton forms hydrogen bonds
with A40 (N7) and C41 (O2P), making these hydrogen bonds unstable in the presence of
external catalyst due to pKa differences [15]. In contrast, the tertiary interactions of U38
are strongly stabilized by fluoride binding. These results suggest that the apo state, which
is relatively more unstable compared to the holo state, leads to ground- and excited state
(GS–ES) conformational exchange in the aptamer domain.

In previous studies, the apo-ES of the U45 imino proton transiently unlocked the
A37·U45 base pair (called the linchpin) and affected transcription termination by forming
a kinetically favorable U45·A65 pair. In contrast, ligand binding leads to a single stable
conformation (holo state), which ensures transcription activation by allosteric inhibition of
the ES transition [15,16]. We also found that the interaction between the CrcB aptamer and
F− also leads to stabilization of the U45·A37 base pair with 4.8-fold smaller Kop (Table 1).
Therefore, due to the difference in stability of the U45 imino proton, the fluoride riboswitch
regulates transcription, maintaining a highly similar structure between the ligand-free and
-bound states.

Taken together, our data suggest that the functional switching of the fluoride ri-
boswitch aptamer can be activated by a two-step pathway: (1) conformational change
induced by magnesium cations; and (2) dynamic change induced by fluoride anions.

4. Materials and Methods
4.1. Sample Preparation

RNA samples were prepared by in vitro transcription from DNA templates, which
was derived using the method of Zhao et al. (2014) using T7 polymerase [13], with some
modifications. After transcription, RNA fragments were extracted by ethanol precipitation,
and then purified by 250 mL large-scale denaturing polyacrylamide gel (1× TBE, 7M urea,
12% acrylamide). RNA was eluted from the polyacrylamide gels using the Elutrap system
(Whatman, Maidstone, UK). The collected RNA samples were concentrated using Amicon
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(Millipore, MA, USA) and ethanol precipitation [20]. The pellet was dissolved in distilled
water and exchanged to sample (free) buffer (10 mM sodium phosphate, pH 6.4, 50 mM
potassium chloride, 50 µM EDTA) using Amicon. The Apo (Mg2+-bound) sample was
exchanged by adding 2 mM MgCl2 under the same buffer condition as the free sample.
The holo (F−-bound) sample was exchanged under the same buffer condition with an
additional 2 mM MgCl2 and 10 mM NaF. All samples were quantified by UV measurement
at 260 nm, and concentrated to ~1 mM. RNA samples under these conditions were used
in the water magnetization transfer and NOESY experiments. Before measurement with
NMR spectroscopy, 10% D2O was added to the RNA samples.

For the Tris-catalyzed experiment, the RNA samples were exchanged to Tris buffer
(10 mM Tris-d11-HCl, pH 8.0, 50 mM KCl, 50 µM EDTA) using Amicon. Under the Tris
buffer conditions, the apo sample was exchanged by adding 2 mM MgCl2, and the holo
sample was exchanged by adding 2 mM MgCl2 and 10 mM NaF. The Tris-HCl concentration
was increased from 3.91 to 132 mM by adding 0.5 M Tris-HCl stock solution (0.5 M Tris-d11
(pH 8.0 at 25 ◦C), 50 mM KCl, 50 µM EDTA). The pH of the sample, which was dissolved
in Tris-HCl buffer, was calculated using the equation ∆pKa = −0.031 × ∆T. The ∆T is the
difference of temperature between two pH measureing pionts.

4.2. NMR Experiments

NMR experiments were conducted on Bruker 700 MHz and 800 MHz spectrometer
(Korea Basic Science Institute, Ochang, Korea). All data were processed with NMRPIPE [21]
and analyzed by Sparky [22]. The imino protons of CrcB motif were assigned using water
suppression NOESY at 298 K. The longitudinal relaxation rate constants (R1a = 1/T1)
were determined by semi-selective inversion recovery T1 measurements on imino protons.
The longitudinal relaxation rate constants of water (R1w) were determined by selective
inversion recovery using the DANTE sequence. The hydrogen exchange rates (kex) of the
imino protons were measured using water magnetization transfer [17,18]. The intensities
of the imino protons were measured for 15 delay times (0.002–0.1 s). The exchange rates
were obtained by fitting to Equation (1)

I(t)
I0

= 1− 2
kex

(R1w − R1a)

(
e−R1at − e−R1wt

)
(1)

where I0 and I(t) are the peak intensities of the imino proton in the water magnetization
transfer experiments at times zero and t, respectively.

4.3. Hydrogen Exchange Theory

The imino proton exchange, consisting of base-pair opening and proton transfer
to a base catalyst, has been previously described, and will be briefly explained [17,18].
The proton transfer rate (ktr) from the nucleotide to the base catalyst is represented by
Equation (2)

ktr = ki[B] + kint =
kcoll

1 + 10∆pKa
[B] + kint, (2)

where ki is the rate constant of imino proton transfer induced by a base catalyst, kint is the
exchange rate constant catalyzed by an intrinsic base, kcoll is the collision rate constant,
[B] is the concentration of the externally added base catalyst such as Tris, ∆pKa is the
pKa difference between the nucleoside and the base. Therefore, the rate constant for
imino proton exchange (kex), which catalyzed by the added and internal base, is given by
Equation (3)

kex =
kopktr

kcl + ktr
, (3)
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where kop and kcl are the opening and closing base-pair rate, respectively. Substituting
Equation (2) into Equation (3) yields the the final equation of the kex

kex =
kop(ki[B] + kint)

kcl + (ki[B] + kint)
=

kop[B] +
kopkint

ki[
[B] +

(
kint+

kop
Kop

)
ki

] , (4)

where Kop (= kop/kcl) is the equilibrium constant for base-pair opening. Additionally, if the
closing base-pair rate (kcl) is much larger than ki [B], Equation (4) is simplified to

kex = Kopki[B]. (5)

The exchange rate constants of the imino proton were determined by measurement
of the apparent longitudinal relaxation rate constants (R1a) at various concentrations of
Tris-HCl buffer. The R1a value of the imino proton is the sum of the relaxation constant of
exchangeable imino protons except for exchange (R1), which is not affected by the external
catalyst, and the rate constant of imino proton exchange (kex). Therefore, the R1a for an
imino proton is represented as

R1a = R1 + kex = R1 +
kop[B] +

kopkint
ki

[B] +

(
kint+

kop
Kop

)
ki

, (6)

and the Kop and kop values for the base-pair opening dynamics can be determined by curve
fitting R1a as a function of the base catalyst concentration with Equation (6). In addition,
under certain conditions where ki [B] is much larger than kint

R1a = R1 + kex = R1 + Kopki[B]. (7)

The Kop value can be determined by linear fitting with Equation (7) between the R1a
and [B].

5. Conclusions

The base-pair opening dynamics of the fluoride riboswitch aptamer in B. cereus were
analyzed using NMR in this study; we found that the stability of its secondary structure
is specifically changed depending on the ligands. We provided direct NMR evidence of
the conformational changes in the presence of Mg2+ and the dynamics changes with the
addition of F−. The imino protons of the fluoride riboswitch are significantly stabilized by
stepwise addition of Mg2+ and F−. C3·G14 and G4·C13 in the P1 stem and G23·C34 located
in the P2 stem were found to be the most stable base pairs by analyzing the exchange
experiments using Tris as a base catalyst. These studies also revealed that the residues
in the pseudoknot P3 stem are stabilized in the presence of fluoride. The G39 and G7
imino protons involved in binding pocket have more stable interactions than in the ligand
free-state. U45 and U38 imino protons related to the tertiary interactions are significantly
stable upon binding of fluoride, which leads to the formation of a reversed Hoogsteen AU
pair and hydrogen bonds, respectively. Based on our results, we suggest that the fluoride
riboswitch regulates the gene expression through a two-step pathway that consists of
conformational changes due to Mg2+ and dynamics changes due to F−. The results indicate
that the dynamics change due to ligand binding is essential to the biological function of the
fluoride riboswitch.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/6/3234/s1, Figure S1: Imino proton resonance assignments of a fluoride riboswitch in the free
state by Watergate NOESY spectra at 25 ◦C.; Figure S2: 1D 1H spectra of water magnetization transfer
experiments showing imino protons of the fluoride riboswitch in the (A) free, (B) apo, and (C) holo

https://www.mdpi.com/1422-0067/22/6/3234/s1
https://www.mdpi.com/1422-0067/22/6/3234/s1
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states; Figure S3: 1D spectra of the CrcB aptamer measured with increasing Tris concentrations in
a 90% H2O/10% D2O solution containing 10 mM Tris (pH 8.0 at 25 ◦C), 50 mM KCl, 50 µM EDTA
(pH 8.0); Figure S4: Hydrogen exchange data of the CrcB aptamer. The R1a of the imino protons
as a function of the Tris concentration in NMR buffer at 25 ◦C; Table S1: Hydrogen exchange rate
constants (kex, s−1) of the CrcB aptamer; Table S2: Base-pair dissociation constants (Kop), base-pair
lifetimes (τ0 = 1/kop), and lifetimes for base-pair opening (τopen = 1/kcl) of the CrcB motif determined
by the Tris-catalyzed NMR exchange experiments at 25 ◦C.

Author Contributions: Conceptualization, J.L. (Juhyun Lee), J.Y.K., B.-S.C., and J.-H.L.; Methodology,
J.L. (Juhyun Lee), S.-E.S., J.L. (Janghyun Lee), and J.-H.L.; Validation, J.L. (Juhyun Lee) and J.-H.L.;
Formal analysis, J.L. (Juhyun Lee), S.-E.S., and J.-H.L.; Data curation, J.L. (Juhyun Lee) and J.-H.L.;
Writing—original draft preparation, J.L. (Juhyun Lee), S.-E.S., J.L. (Janghyun Lee), and J.-H.L.;
Writing—review and editing, J.L. (Juhyun Lee), S.-E.S., and J.-H.L.; Supervision, B.-S.C. and J.-H.L.;
Project administration, B.-S.C. and J.-H.L.; Funding acquisition, B.-S.C. and J.-H.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (2020R1A2C1006909
to J.-H.L. and 2020R1I1A1A0106840911 to B.-S.C.), which is funded by the Ministry of Science and ICT,
and the Samsung Science and Technology Foundation (SSTF-BA1701-10 to J.-H.L.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in insert article or
Supplementary Material here.

Acknowledgments: We thank to the Korea Basic Science Institute (KBSI) for access to its NMR facility.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nahvi, A.; Sudarsan, N.; Ebert, M.S.; Zou, X.; Brown, K.L.; Breaker, R.R. Genetic control by a metabolite binding mRNA.

Chem. Biol. 2002, 9, 1043–1049. [CrossRef]
2. Mironov, A.S.; Rafikov, R.; Shatalin, K.; Gusarov, I.; Lopez, L.E.; Kreneva, R.A.; Perumov, D.A.; Nudler, E. Sensing small molecules

by nascent RNA: A mechanism to control transcription in bacteria. Cell 2002, 111, 747–756. [CrossRef]
3. Winkler, W.; Nahvi, A.; Breaker, R.R. Thiamine derivatives bind messenger RNAs directly to regulate bacterial gene expression.

Nature 2002, 419, 952–956. [CrossRef]
4. Serganov, A.; Nudler, E. A decade of riboswitches. Cell 2013, 152, 17–24. [CrossRef] [PubMed]
5. Breaker, R.R. Prospects for riboswitch discovery and analysis. Mol. Cell 2011, 43, 867–879. [CrossRef]
6. Jones, C.P.; Ferre-D’Amare, A.R. Long-Range Interactions in Riboswitch Control of Gene Expression. Annu. Rev. Biophys. 2017, 46,

455–481. [CrossRef]
7. McCown, P.J.; Corbino, K.A.; Stav, S.; Sherlock, M.E.; Breaker, R.R. Riboswitch diversity and distribution. RNA 2017, 23, 995–1011.

[CrossRef] [PubMed]
8. Breaker, R.R. Riboswitches and the RNA world. Cold Spring Harb. Perspect. Biol. 2012, 4, a003566–a003570. [CrossRef] [PubMed]
9. Weinberg, Z.; Wang, J.X.; Bogue, J.; Yang, J.; Corbino, K.; Moy, R.H.; Breaker, R.R. Comparative genomics reveals 104 candidate

structured RNAs from bacteria, archaea, and their metagenomes. Genome Biol. 2010, 11, R31–R47. [CrossRef]
10. Li, S.; Smith, K.D.; Davis, J.H.; Gordon, P.B.; Breaker, R.R.; Strobel, S.A. Eukaryotic resistance to fluoride toxicity mediated by a

widespread family of fluoride export proteins. Proc. Natl. Acad. Sci. USA 2013, 110, 19018–19023. [CrossRef] [PubMed]
11. Baker, J.L.; Sudarsan, N.; Weinberg, Z.; Roth, A.; Stockbridge, R.B.; Breaker, R.R. Widespread genetic switches and toxicity

resistance proteins for fluoride. Science 2012, 335, 233–235. [CrossRef]
12. Ren, A.; Rajashankar, K.R.; Patel, D.J. Fluoride ion encapsulation by Mg2+ ions and phosphates in a fluoride riboswitch. Nature

2012, 486, 85–89. [CrossRef] [PubMed]
13. Zhao, B.; Zhang, Q. Characterizing excited conformational states of RNA by NMR spectroscopy. Curr. Opin. Struct. Biol. 2015, 30,

134–146. [CrossRef]
14. Zhao, B.; Hansen, A.L.; Zhang, Q. Characterizing slow chemical exchange in nucleic acids by carbon CEST and low spin-lock

field R(1rho) NMR spectroscopy. J. Am. Chem. Soc. 2014, 136, 20–23. [CrossRef] [PubMed]
15. Zhao, B.; Guffy, S.L.; Williams, B.; Zhang, Q. An excited state underlies gene regulation of a transcriptional riboswitch.

Nat. Chem. Biol. 2017, 13, 968–974. [CrossRef]
16. Zhao, B.; Baisden, J.T.; Zhang, Q. Probing excited conformational states of nucleic acids by nitrogen CEST NMR spectroscopy.

J. Magn. Reson. 2020, 310, 106642–106648. [CrossRef] [PubMed]

http://doi.org/10.1016/S1074-5521(02)00224-7
http://doi.org/10.1016/S0092-8674(02)01134-0
http://doi.org/10.1038/nature01145
http://doi.org/10.1016/j.cell.2012.12.024
http://www.ncbi.nlm.nih.gov/pubmed/23332744
http://doi.org/10.1016/j.molcel.2011.08.024
http://doi.org/10.1146/annurev-biophys-070816-034042
http://doi.org/10.1261/rna.061234.117
http://www.ncbi.nlm.nih.gov/pubmed/28396576
http://doi.org/10.1101/cshperspect.a003566
http://www.ncbi.nlm.nih.gov/pubmed/21106649
http://doi.org/10.1186/gb-2010-11-3-r31
http://doi.org/10.1073/pnas.1310439110
http://www.ncbi.nlm.nih.gov/pubmed/24173035
http://doi.org/10.1126/science.1215063
http://doi.org/10.1038/nature11152
http://www.ncbi.nlm.nih.gov/pubmed/22678284
http://doi.org/10.1016/j.sbi.2015.02.011
http://doi.org/10.1021/ja409835y
http://www.ncbi.nlm.nih.gov/pubmed/24299272
http://doi.org/10.1038/nchembio.2427
http://doi.org/10.1016/j.jmr.2019.106642
http://www.ncbi.nlm.nih.gov/pubmed/31785475


Int. J. Mol. Sci. 2021, 22, 3234 12 of 12

17. Lee, J.H.; Jucker, F.; Pardi, A. Imino proton exchange rates imply an induced-fit binding mechanism for the VEGF165-targeting
aptamer, Macugen. FEBS Lett. 2008, 582, 1835–1839. [CrossRef] [PubMed]

18. Lee, J.H.; Pardi, A. Thermodynamics and kinetics for base-pair opening in the P1 duplex of the Tetrahymena group I ribozyme.
Nucleic Acids Res. 2007, 35, 2965–2974. [CrossRef]

19. Aoki, T.; Miyaoka, H.; Inokawa, H.; Ichikawa, T.; Kojima, Y. Activation on Ammonia Absorbing Reaction for Magnesium Chloride.
J. Phys. Chem. C 2015, 119, 26296–26302. [CrossRef]

20. Gallo, S.; Furler, M.; Sigel, R.K.O. In vitro Transcription and Purification of RNAs of Different Size. Chimia 2005, 59, 812–816.
[CrossRef]

21. Delaglio, F.; Grzesiek, S.; Vuister, G.W.; Zhu, G.; Pfeifer, J.; Bax, A. NMRPipe:a multidimensional spectral processing system based
on UNIX pipes. J. Biomol. NMR 1995, 6, 277–293. [CrossRef] [PubMed]

22. Lee, W.; Tonelli, M.; Markley, J. NMRFAM-SPARKY: Enhanced software for biomolecular NMR spectroscopy. Bioinformatics 2015,
31, 1325–1327. [CrossRef] [PubMed]

http://doi.org/10.1016/j.febslet.2008.05.003
http://www.ncbi.nlm.nih.gov/pubmed/18485899
http://doi.org/10.1093/nar/gkm184
http://doi.org/10.1021/acs.jpcc.5b07965
http://doi.org/10.2533/000942905777675589
http://doi.org/10.1007/BF00197809
http://www.ncbi.nlm.nih.gov/pubmed/8520220
http://doi.org/10.1093/bioinformatics/btu830
http://www.ncbi.nlm.nih.gov/pubmed/25505092

	Introduction 
	Results 
	Resonance Assignments of CrcB Motif in the Free, Apo, and Holo forms 
	Imino Proton Exchange Rate of CrcB Motif 
	Base-Pair Opening Dynamics of CrcB Motif by the Tris Base Catalyst 

	Discussion 
	Materials and Methods 
	Sample Preparation 
	NMR Experiments 
	Hydrogen Exchange Theory 

	Conclusions 
	References

