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ABSTRACT: Using static and dynamics DFT methods we show that the Mg2+/F−/
phosphate/water cluster at the center of the fluoride riboswitch is stable by its own and,
once assembled, does not rely on any additional factor from the overall RNA fold. Further,
we predict that the pKa of the water molecule bridging two Mg cations is around 8.4. We
also demonstrate that the halide selectivity of the fluoride riboswitch is determined by the
stronger Mg−F bond, which is capable of keeping together the cluster. Replacing F− with
Cl− results in a cluster that is unstable under dynamic conditions. Similar conclusions on
the structure and energetics of the cluster in the binding pocket of fluoride-inhibited
pyrophosphatase suggest that the peculiarity of fluoride is in its ability to establish much stronger metal-halide bonds.

■ INTRODUCTION

Effective molecular recognition is prodromic for specificity and,
in turn, functionality. This concept applies to practically all
fields of science, from selectivity in catalysis, to sensoring in
nanotechnology, to life processes. In this respect, the regulation
of gene expression controlled by riboswitches is among the
most recent novelties in the field. Riboswitches are short
mRNA segments in the 5′-untranslated region, deputed to
control gene expression by their expression platform, in
response to the selective binding of a metabolite to their
aptamer region; see Scheme 1.1

Currently, over 20 classes of riboswitches have been
validated, targeting purines and analogues,2−7 amino
acids,8−10 more complex metabolites,11−17 or even simple
Mg2+ cations.18 Barring few exceptions,19 metabolites recog-
nized by the aptamer domain of riboswitch molecules are either
neutral or positively charged, thus not preventing or even

favoring the interaction of the metabolite with the negatively
charged RNA backbone. Remarkably, a simple negatively
charged fluoride anion has been recently added to the list of
ligands targeted by riboswitches.20

Fluoride sensing riboswitches, characterized by a crcB
structural motif and common to bacterial and archaeal species,
have been shown to regulate the expression of genes that
encode fluoride exporters.21 Beside their capability to target the
small fluoride anion with good efficiency, they remarkably reject
other small anions, including chloride. A crystallographic
structure has been recently solved for the fluoride-bound
form of riboswitch from Thermotoga petrophila, whose affinity
for fluoride (Kd of 135 ± 9 μM under 5 mM Mg2+) and halide
selectivity (no chloride binding observed in the presence of
KCl) has been experimentally proved (PDB ID: 4ENC).22 This
structure evidenced that, in the middle of a pseudoknot
scaffold, the fluoride is the central unit keeping together a small
cluster of three Mg2+ cations, see Figure 1, whose coordination
sphere is completed by oxygen atoms of five inwardly pointing
backbone phosphate groups (some of them bridging two Mg2+

ions) from two distinct segments of the riboswitch sequence,
and by water molecules, one of them bridging two of the Mg2+

ions.
The high fluoride selectivity and the structure of the

recognition site in the fluoride riboswitch raises a series of
questions. Among them are the following: (i) Is the small
Mg2+/F−/phosphate/water cluster at the center of the
riboswitch a stable entity on its own? (ii) Considering that
water molecules bridging metal cations are known to be quite
acidic,23−28 what is the acidity of the water molecule bridging
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Scheme 1. (a) Inhibition or (b) Activation of Gene
Expression Mediated by Metabolite Binding to Riboswitches
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two Mg2+ cations in the F-cluster at the center of the fluoride
riboswitch? (iii) What is the origin of the halide selectivity? In
this paper, we provide a clear answer to the above three
fundamental questions, based on static and dynamic density
functional theory (DFT) calculations. On the basis of
analogous theoretical methods, we investigated the interaction
of nucleic acid bases with metals29 and we could recently
decompose the binding of the preQ1 metabolite by the
Lactobacillus rhamnosus class II preQ1 riboswitch.30

■ COMPUTATIONAL METHODS
Static Calculations. All the static DFT calculations (simply

referred as DFT in the following) were performed with the Gaussian09
package.31 The B3LYP functional,32 with the addition of the D3
empirical dispersion term proposed by Grimme,33 was used for all the
calculations. The electronic configuration of the systems was described
with the triple-ζ TZVP basis set.34 Solvent effects, water, were
included with the continuum solvation model CPCM.35 Two different
protocols were followed in the geometry optimizations. The first
corresponding to standard gas-phase optimization, the second
corresponding to in solvent optimizations, with water modeled with
the CPCM model. The reported in solvent free energies were built
through single point energy calculations on the B3LYP/TZVP
optimized geometries using the M06 functional36 and the triple-ζ
TZVP basis function on all the atoms and the more extended def2-
TZVPD basis set,37 which include diffuse functions for oxygen,
nitrogen and halides.
Dynamics Calculations. All the molecular dynamics DFT

calculations (referred are DFT-MD in the following) were performed
using the Born−Oppenheimer scheme as implemented in the CP2K
Quickstep code.38 The electronic structure calculations were carried
out using the Perdew−Burke−Ernzerhof exchange and correlation
functional,39 with the addition of the D3 empirical dispersion term.33

The CP2K program employs a mixed basis set approach with
Gaussian-type orbitals (GTO) and plane waves (PWs).38 GTO
functions are used to expand the molecular orbitals and the charge
density in real space, whereas PWs are used for the representation of
the charge density in reciprocal space. An energy cutoff of 300 Ry is
used for the plane-waves basis set. The GTH-DZVP double-ζ basis set
with a polarization function, in conjunction with the Goedecker−
Teter−Hutter pseudopotentials,40 was used for all the atoms.
To start the DFT-MD simulations, the Gaussian09 optimized

clusters were soaked in 267 water molecules in a cubic box of 20 Å3.
Water molecules clashing with the cluster atoms were removed. The

systems were first equilibrated at 300 K for 1 ps in the NVT ensemble,
by fixing the heavy atoms of the cluster, followed by another 1 ps
equilibration by relaxing also the position of the heavy atoms of the
cluster. A production run was then carried out for 10 ps in the NVT
ensemble. The equations of motion were integrated using a time step
of 0.5 fs. Temperature was controlled using a canonical-sampling-
through-velocity-rescaling thermostat.41 Movies of the dynamics are
reported as Web-Enhanced Supporting Information. For the sake of
clarity, solvent water molecules were removed when preparing the
movies.

■ RESULTS AND DISCUSSION
DFT Modeling of the F-Riboswitch. To address the

structural stability of the Mg2+/F−/phosphate/water cluster at
the center of the fluoride riboswitch, we performed a series of
geometry optimizations, both in the gas-phase and in water,
modeled with a continuum solvation model, of different
clusters of increasing size, from 87 atoms in the smallest
model 1, to 141 atoms in the largest model 13. As in the
crystallographic structure a water molecule is H-bonded to the
Mg-bridging water, we considered different models in presence
(entries 5−8 in Table 1, labeled as W models) or in the absence

(entries 1−4 in Table 1) of this additional water molecule.
Further, considering that in the crystallographic structure a K+

ion from the K-acetate buffer is placed 4 Å away of the
fluoride,22 we increased the systems to include this K+ ion and
the phosphate group bound to it (entries 9−12 in Table 1,
labeled as WK models). Finally, the largest system we
considered includes the riboses connecting the phosphates
coordinated to the Mg atoms (entry 13 in Table 1, labeled as
WKS model). To mimic the constraint of the crystallographic

Figure 1. Schematic representation of the fluoride riboswitch in a
rainbow spectrum, from 5′ end (blue) to 3′ end (red). Yellow and
purple spheres, Mg2+ and F − ions of the central cluster. Pink sphere,
the K+ ion.

Table 1. Description of the Mg2+/F−/Phosphate/Water
Cluster Models and Mean Unsigned Deviation, MUD in Å,
of the Optimized Model from the X-ray Distances of Figure
1

sizea CRb solvc MUDa
d MUDF

e MUDO
e Fout

f

1 − Rlx gas 0.49 0.18 2.00 0.21
2 − Frz gas 0.28 0.19 0.35 0.03
3 − Rlx water 0.24 0.19 0.20 0.04
4 − Frz water 0.25 0.21 0.21 0.01
5 W Rlx gas 0.18 0.16 0.12 0.04
6 W Frz gas 0.21 0.17 0.17 0.04
7 W Rlx water 0.22 0.18 0.15 0.04
8 W Frz water 0.23 0.20 0.15 0.01
9 WK Rlx gas 0.20 0.18 0.12 0.03
10 WK Frz gas 0.23 0.20 0.16 0.02
11 WK Rlx water 0.23 0.20 0.16 0.05
12 WK Frz water 0.22 0.20 0.12 0.01
13 WKS Rlx water 0.20 0.18 0.10 0.08

aIndicates if the crystallographic water molecule H-bonded to the Mg-
bridging water is included in the model (W), if the K+ ion is also
included (WK), and if the riboses connecting the phosphates are also
included (WKS). bIndicates if the position of the C3′ and C5′ atoms
of the ribose was relaxed or frozen in the geometry optimization.
cIndicates if solvent effects were included in the geometry
optimization. dMUDa is the mean unsigned deviation of the Mg−F,
Mg−O (bridging water) and Mg−Mg distances from the crystallo-
graphic values. eMUDF and MUDO is the mean unsigned deviation of
the Mg−F and Mg−O (bridging water) distances from the
crystallographic values. fFout is the deviation of the displacement of
the F atom out of the plane of the three Mg atoms, from the
crystallographic value.
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structure, in some of the models (labeled as “Frz” in Table 1)
the ribose C3′ and C5′ atoms were frozen. In all cases the
models were truncated to have an overall neutral charge. The
mean unsigned deviation (MUD) of key interatomic distances
and of the displacement of the F atom out of the plane of the
three Mg atoms (Fout) in the optimized models, from the X-ray
values, are reported in Table 1.
The main conclusions deriving from these calculations can be

summarized as follows: (i) Geometry optimization in the gas-
phase of the simple Mg2+/F−/phosphate/water cluster, in the
absence of the water H-bonded to the Mg-bridging water,
models 1−2 in Table 1, results in a clear deformation of the
cluster, with the Mg-bridging water basically unable to keep
together the two Mg cations effectively, as indicated by the
rather large MUDO. Inclusion of the solvent with the
continuum solvation model CPCM, models 3−4 in Table 1,
results in a stable cluster, with an overall MUDa of 0.24−0.25 Å.
(ii) Addition to the model of the crystallographic water
molecule H-bonded to the Mg-bridging water results in overall
stable clusters, with MUDa in the 0.18−0.23 Å range, models
5−8 in Table 1. (iii) Enlarging the model to include the K+

cation together with the bound phosphate, models 8−12 in
Table 1, does not improves significantly the agreement with the
X-ray structure. This indicates a minor impact of K+ in
determining the cluster structure, consistently with the
experimental evidence that the K+ ion does not interact with
the fluoride.22 (iv) Inclusion of the riboses connecting the
phosphates bound to the Mg atoms has again minimal
structural impact on the optimized geometry, model 13 in
Table 1.
Figure 2 shows the optimized structure of models 7, 11 and

13, superimposed to the X-ray structure, highlighting the good
overlap between the completely DFT optimized models and
the crystallographic structure, independent of the model size.
Quantitatively, increasing the size of the model results in a

slightly better agreement with the experimental structure,
RMSD on the heavy atoms of 0.58, 0.68, and 0.44 Å for models
7, 11 and 13, respectively. The somewhat higher RMSD of
model 11 is due to a movement of the dangling phosphate
bound to the K+ ion. Removing it from the fitting the RMSD of
model 11 is 0.57 Å, similar to that of model 7. This
displacement of the dangling phosphate in model 11 is
recovered when the riboses connecting the phosphates are
included, as in model 13. As for the average displacement of the
C3′ and C5′ atoms in the optimized structures from the
crystallographic structure, it amounts to 0.73 ± 0.56 Å, in
model 7, and it is reduced to only 0.38 ± 0.32 in model 13. As
for the displacement of the F atom out of the plane of the three
Mg atoms, all models excellently reproduce the experimental
value of 0.31 Å in the native crystallographic structure 4ENC
(deviations clearly lower than 0.1 Å), with the exception of the
wrong model 1. Finally, in both models 11 and 13 the K+ ion is
pushed roughly 1 Å away from the mean coordination plane of
the fluoride. Overall, the above analysis indicates that even the
simpler model 7, without the K+ atom and the riboses
connecting the phosphates, is substantially able to replicate the
crystallographic structure to a very good extent, with deviations
from the experimental structure comparable to those of the
more extended models 11 and 13.
However, during the gas phase DFT optimization of model

5, we observed the transfer of one proton from the Mg-bridging
water molecule to the H-bonded water, see Figure S1, and the
best agreement with the crystallographic structure, with a

MUDa of 0.18 Å. Intrigued by this finding, and having in mind
that a water molecule coordinated to two metal ions can be
quite acidic,23−28 we decided to optimize the geometry of
models 1−13, this time with a hydroxyl group bridging the Mg
cations. In this case, the overall model is negatively charged.
Deviation from the experimental structure is reported in Table
2.
The first result is that with a bridging hydroxide all the DFT

optimization protocols resulted in a stable cluster. While it is
not surprising that a hydroxyl group is able to keep together the
cluster, the overall agreement with the crystallographic
structure, with a MUDa 0.17−0.20 Å, is comparable to that
calculated in the presence of a Mg-bridging water molecule,
with a MUDa 0.18−0.23 Å.
As for a comparison between the different models, inclusion

of K+, models 9−12, as well as of the riboses connecting the
phosphates, model 13, does not impact significantly the
structure, as already found for the models with a Mg-bridging
water molecule, compare entries 5−13 in Tables 1 and 2.
Further, also in the presence of a Mg-bridging hydroxyl group,
the displacement of the fluoride from the Mg atoms plane

Figure 2. Superimposition of the optimized structure of models 7, 11
and 13 of Table 1, stick and ball, with the crystallographic structure of
the Mg2+/F−/phosphate/water cluster in 4ENC, green wireframe.
Selected DFT and X-ray distances in Å, X-ray values in round
parentheses.
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reproduces excellently the experimental value. Overall, these
results indicate that the crystallographic structure is also
perfectly consistent with a Mg-bridging hydroxide.
DFT-MD Simulations of the F-Riboswitch. To test the

cluster stability under dynamic conditions, we collected 10 ps
long DFT-MD simulations, both considering water and
hydroxide as Mg-bridging ligand, model 7 in Tables 1 and 2,
as well as considering the analogous models in the presence of
K+, model 11 in Tables 1 and 2. In this case, the dangling
phosphate bound to the K+ was removed from the model. In all
cases the cluster was soaked in a simulation box with about 250
water molecules, see the Computational Methods. Focusing on
the cluster with a Mg-bridging water, the overall structure
remains stable along the whole simulation, with the two Mg-
water distances on the average 2.27 ± 0.13 Å, see Figure 3a.
Similar small fluctuations were observed for the Mg−F
distances, see again Figure 3a, with an average value of 2.14
± 0.12 Å, and for the displacement of the fluoride out of the
Mg atoms plane, 0.28 ± 0.09 Å. Inclusion of the K+ cation has
minimal impact on the dynamic behavior of the system, with
average values for the Mg-water and Mg−F distances of 2.22 ±
0.10 and 2.12 ± 0.11 Å. The only anomaly in the dynamics is
the isolated peak in the Mg2−F distance around 4 ps, see
Figure 3b, while the Mg−O distances remains clearly stable
along the whole trajectory, see again Figure 3b. To check if this
peak is indicative of dynamic instability, we elongated the MD
trajectories both in the absence as well as in the presence of the
K+ cation up to 20 ps, see Figure S2, but no other sign of
instability was observed. This indicates that the simple Mg2+/
F−/phosphate/water cluster is a remarkably stable structure on
its own that, once achieved, does not need higher-order

stabilizing effects, like the whole RNA backbone structure, to be
held in place. The corresponding plots for the cluster bearing a
hydroxide Mg-bridging group, with average values for the Mg−
OH and Mg−F distances of 2.06 ± 0.08 and 2.11 ± 0.10 Å in
the absence of the K+ ion, and 2.02 ± 0.07 and 2.10 ± 0.10 Å in
the presence of the K+ ion, show similar stability, and thus we
do not discuss them in details, see Figure S3 for a plot.

DFT Prediction of the Acidity of the F-Riboswitch. At
this point, we investigated the potential acidity of the Mg-
bridging water molecule, as indicated in eq 1.

‐ + → ‐ +− +[F cluster(H O)] H O [F cluster(OH)] H O2 2 3
(1)

Since the absolute prediction of the pKa of an aquaion by DFT
is prone to several sources of error,42 we calibrated a protocol
by fitting the DFT calculated pKa of a series of mono aquaions
with charge +1 to +3 to the experimental pKa. The developed
protocol was validated in the prediction of the pKa of a water
molecule in a dinuclear Ni-complex, used as model of the
dinuclear Ni-cluster in urease,43 see the Supporting Information
for details. According to these calculations, the predicted pKa of
the riboswitch, estimated as the average of the predicted pKa in
selected models, see Table 3, is 8.4, which is clearly lower than
11.4, the experimental pKa of [Mg(H2O)6]

2+.44 While it would
be purely speculative to imagine any functional role for this
quite acidic Mg-bridging water, we remark that at the
physiologic pH = 7, a pKa of 8.4 corresponds to having a
sizable fraction of the riboswitch with a Mg-bridging hydroxyl
group.

Table 2. Description of the Mg2+/F−/Phosphate/Hydroxide
Cluster Models and Mean Unsigned Deviation, MUD in Å,
of the Optimized Model from the X-ray Distances of Figure
1

sizea CRb solvc MUDa
d MUDF

e MUDO
e Fout

f

1 − Rlx gas 0.18 0.18 0.08 0.01
2 − Frz gas 0.17 0.17 0.10 0.08
3 − Rlx water 0.18 0.18 0.06 0.05
4 − Frz water 0.19 0.19 0.08 0.03
5 W Rlx gas 0.18 0.18 0.11 0.01
6 W Frz gas 0.18 0.18 0.07 0.04
7 W Rlx water 0.18 0.18 0.05 0.03
8 W Frz water 0.18 0.19 0.06 0.02
9 WK Rlx gas 0.19 0.18 0.07 0.03
10 WK Frz gas 0.19 0.19 0.07 0.02
11 WK Rlx water 0.19 0.19 0.06 0.02
12 WK Frz water 0.20 0.21 0.07 0.02
13 WKS Rlx water 0.19 0.19 0.07 0.06

aIndicates if the crystallographic water molecule H-bonded to the Mg-
bridging hydroxide is included in the model (W), if the K+ ion is also
included (WK), and if the riboses connecting the phosphates are also
included (WKS). bIndicates if the position of the C3′ and C5′ atoms
of the ribose was relaxed or frozen in the geometry optimization.
cIndicates if solvent effects were included in the geometry
optimization. dMUDa is the mean unsigned deviation of the Mg−F,
Mg−O (bridging hydroxide) and Mg−Mg distances from the
crystallographic values. eMUDF and MUDO is the mean unsigned
deviation of the Mg−F and Mg−O (bridging hydroxide) distances
from the crystallographic values. fFout is the deviation of the
displacement of the F atom out of the plane of the three Mg atoms,
from the crystallographic value.

Figure 3. Time evolution of the Mg−O and Mg−F distances during
the DFT-MD simulation of the Mg2+/F−/phosphate/water cluster (a),
and of the same distances during the DFT-MD simulation of the same
cluster in the presence of a K+ ion (b).
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DFT and DFT-MD Simulation of the Cl-Riboswitch.
Finally, we focused on the halide selectivity of the riboswitch,
by investigating Cl− binding. Optimization of the Mg2+/Cl−/
phosphate/water cluster (with a computational protocol
corresponding to models 7, 11 and 13 of Tables 1 and 2)
results in a fairly stable structure with no evident deformation
of the system, see Figure S4. The Mg-bridging water is firmly
held in place even in the cluster corresponding to the small
model 7, MUDO 0.20 Å (versus 0.16 Å in the F-cluster, entry 7
Table 1), while the MUDCl of 0.68 Å reflects the longer Mg−Cl
versus Mg−F bonds, on the average 2.56 versus 2.07 Å,
respectively. Similar stability is found for the Mg-bridging
hydroxide clusters, see again the Supporting Information. This
may suggest that the riboswitch could be able to fold and
coordinate the Cl− ion. To test the cluster under dynamic
conditions, also in this case we performed DFT-MD
simulations of the clusters corresponding to models 7 and
11. Analysis of the Mg−Cl and Mg-bridging water distances in
the absence of the K+ ion indicates a clear instability of the
Mg2+/Cl−/phosphate/water cluster under dynamic conditions,
see Figure 4a. Indeed, after 1 ps of rather stable behavior, severe
fluctuations occurs in both the Mg3−O and Mg1−Cl bonds,
with the Mg1 atom almost flying away from the cluster, see the
snapshot in Figure 5, other two snapshots are reported in
Figure S5.
Inclusion of K+ in the dynamics results in a more stable

behavior of the cluster. Nevertheless, large fluctuations of the
Mg3-water (around 2.2 and 5.5 ps) and Mg3−Cl (around 5
and beyond 6 ps) distances, see Figure 4b, together with an
average value of the Mg-water distances of 2.39 ± 0.22 Å, as
compared to the value of 2.22 ± 0.10 Å in the corresponding
dynamics of the F-cluster, can still be taken as clear signals of
some structural instability of the Cl-water cluster also in the
presence of the K+ ion.
The DFT-MD simulation of the Cl-clusters presenting a Mg-

bridging hydroxide group results in quite stable Mg−OH
distance, with an average value of 2.04 ± 0.07 in the absence of
K+, and of 2.05 ± 0.07 Å in the presence of K+, see Figure S6.
Differently, the Mg−Cl distances show large fluctuations,
particularly in the absence of K+, with average values of 2.81 ±
0.26 and 2.71 ± 0.16 Å, see again Figure S6. The higher
stability of the cluster in the presence of a Mg-bridging
hydroxide is not surprising, due to the clearly stronger Mg−OH
bond compared to the Mg-water bond. Indeed, the dynamic
simulation of the Mg-bridging water Cl-clusters highlighted the
longer Mg−O distances as points of weakness. Although a
limited number of short simulations does not allow for
definitive conclusions, the larger fluctuations or even the
disruption of the Cl-cluster in some of the simulations contrasts
with the clear stability of the F-cluster up to 20 ps. This
illuminates that the selectivity of the riboswitch in favor of F−

(or better the inability of the riboswitch to bind halides other
than F−) is related to the structural instability of the core Mg2+/
heavier halide/phosphate/water cluster.
DFT Estimation of the F−Mg and Cl−Mg Bond

Energy. To quantify the difference of F− versus Cl− binding,

Table 3. Predicted pKa of Selected Models of the Central
Cluster of the F-Riboswitch, Together with the Average
Value

model 7 8 11 12 13 avg

pKa 8.6 8.6 9.1 7.4 8.1 8.4

Figure 4. Time evolution of the Mg−O and Mg−Cl distances during
the DFT-MD simulation of the Mg2+/Cl−/phosphate/water cluster
(a), and of the same distances during the DFT-MD simulation of the
same cluster in the presence of a K+ ion (b).

Figure 5. Selected frame from the DFT-MD simulation of the Cl-
cluster at 2.18 ps. Key distances in Å.
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we evaluated the halide substitution energy in water, using the
largest considered model 13, as indicated in eq 2.

‐ + → ‐ + + Δ− − GRibosw F Cl Ribosw Cl F sub (2)

where Ribosw-F and Ribosw-Cl are the Mg2+/X−/phosphate/
water clusters (X = F, Cl). According to the DFT protocol
adopted in this work, the left side of eq 2 is favored by 47.1
kcal/mol, indicating that the fluoride bound cluster is clearly
more stable, despite the remarkably stronger solvation of the
free F− would favor its substitution by Cl−.45 To unravel if the
instability of the Cl-cluster is due to internal strain,
consequence of the longer Mg−Cl bonds that stress the
phosphate and water bridges connecting the Mg atoms, or it is
consequence of the intrinsic weakness of the Mg−Cl bond
compared to the Mg−F bond, we decomposed ΔGSub
according to the hypothetical thermodynamic cycle of Figure 6.

The first vertical step of the cycle of Figure 6 corresponds to
rigidly fragmenting the optimized F-cluster into the RiboswF

+

fragment and the F− ion, where RiboswF
+ indicates the cluster

(without the F− ion) in the exact geometry it has in the
optimized F-cluster, while the second vertical step of the cycle
corresponds to rigidly combining the optimized Cl-cluster from
the RiboswCl

+ fragment and the Cl− ion, where RiboswCl
+

indicates the cluster (without the Cl− ion) in the exact
geometry it has in the optimized Cl-cluster. The top horizontal
step of the cycle corresponds to deform the geometry of the
fragment corresponding to the halide free cluster from the
geometry it has in the F-cluster to the geometry it has in the Cl-
cluster. The thermodynamic cycle of Figure 6 allows to
decompose ΔGsub as in eq 3.46

Δ = Δ + Δ = Δ − Δ + ΔG G G G G GSub Def Int Def Int/F Int/Cl
(3)

where ΔGDef, is the energy difference between the geometries
of the RiboswX

+ fragment in the Ribosw-F and Ribosw-Cl
clusters, while ΔGInt is the difference in the interaction energy
between the free halides and the RiboswX

+ fragments, ΔGInt/F
and ΔGInt/Cl. According to calculations, ΔGDef amounts to only
4.7 kcal/mol, which indicates that strain in the phosphate and
water bridges connecting the three Mg cations marginally
destabilizes the Cl-cluster. On the other hand, the interaction
energy between the Ribosw+ and the X− fragments amounts to
64.3 and 21.9 kcal/mol for F− and Cl−, for a ΔGInt of 47.1 kcal/
mol, indicating that the difference in stability between the F-
and Cl-clusters can be almost totally ascribed to the different
strength of the Mg−Cl and Mg−F bonds.
To have better insight into this difference, we calculated the

Mg−X bond dissociation energy, BDE, in the [Mg(H2O)5X]
+

complexes (X = F, Cl), as indicated in eq 4.

→ + ++ + −[Mg(H O) X] [Mg(H O) ] X BDE2 5 2 5
2

(4)

According to calculations, the Mg−F bond, with a BDE of 37.3
kcal/mol, is 19.6 kcal/mol stronger than the Mg−Cl bond, with
a BDE of 17.7 kcal/mol, despite solvation stabilizes more F−

than Cl−,45 further confirming that the instability of the Cl-
cluster is dominated by the intrinsic weakness of the Mg−Cl
bond.

DFT Modeling of the F-Inhibited Pyrophosphatase.
Intrigued by these results, we decided to investigate the
structure and the energetics of an analogous three metals
cluster held together by a fluoride anion, as present in the
crystallographic structure of fluoride-inhibited pyrophosphatase
(PDB ID: 1E6A).47 Similarly to the cluster at the center of the
fluoride riboswitch, the binding pocket of the fluoride-inhibited
pyrophosphatase system consists of the fluoride anion
coordinated by three metal ions, specifically two Mn2+ and
one Na+ ion. The coordination sphere of the three metal ions is
completed by the carboxylate side chain of four Asp residues
and by five water molecules. In addition, the natural
pyrophosphate (POP) substrate is bound to this binding
pocket in the crystallographic structure. For these reasons, we
decided to investigate structure and energetics of the F-
centered cluster in this protein, using the same protocol used to
investigate the cluster at the center of the fluoride riboswitch.
We cut two different models from the crystallographic

structure. Besides the two Mn2+ (each considered in the hextet
spin state), the Na+ and the F− ions, the first model includes
the four metal bound Asp side chains (up to the Cβ), one POP
ligand and the four water molecules completing the metals
coordination sphere in the crystallographic structure. The
position of the Cβ atom of the Asp side chains was frozen to
mimic the experimental structure. Further, considering that
three of the four Asp residues are close in sequence, amino
acids 115, 117 and 120, the larger second model comprises the
pyrophosphatase polypeptide backbone atoms from Asp115 to
Asp120, including the Cβ atom of Asn116 and Ile119, and the
full ring of Pro118. Considering the larger size of this model,
and the presence of the whole Asp115 to Asp120 backbone, no
atom position was constrained. Optimization was performed in
water, modeled with the continuum solvation model CPCM.
Optimization of the first model results in fairly stable cluster

with no evident deformation of the system, see Figure 7a, with
a RMSD from the crystallographic structure of 0.85 Å. The
fluoride ion is firmly held in place, with a MUD on the F-metal
distances of 0.20 Å. Optimization of the larger model also
results in a good agreement with the experimental structure,
despite no constraint on the atoms position, with an overall
RMSD of 0.63 Å on the heavy atoms, see Figure 7b. This
suggests that the considered models are both able to capture
the structure of the cluster. Replacing F− with Cl− has instead a
strong impact on the cluster structure. Despite the constraint
on the position of the Cβ atoms, optimization of the small
model of the Cl-cluster results in clear deformation of the
cluster, with the Cl− ion losing its coordination from one of the
Mn2+ ions and from the Na+ ion, see Figure S7, and a RMSD of
1.17 Å from the crystallographic structure. Differently,
optimization of the larger model results in an overall stable
cluster, with a RMSD of 0.60 Å from the crystallographic
structure, and with the M−Cl distances (M = Mn, Na) about
0.5 Å longer than the corresponding M−F optimized distance.
This elongation of the M−X bond is similar to what we found
in the case of the fluoride riboswitch.

Figure 6. Thermodynamic cycle used to decompose the different
stability of the F- and Cl-clusters.
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To shed light on the energetics connected to the binding of
the halide at the center of the cluster, we calculated the halide
substitution energy, according to eq 2, using the optimized
geometry of the larger F- and Cl-clusters. According to the
protocol we used, binding of F− is favored by 25.9 kcal/mol,
indicating that also in the case of the pyrophosphatase cluster,
the binding of the fluoride is remarkably favored. To clarify the
relative weight of the Mn−X versus the Na−X bond, we
calculated the M−X bond dissociation energy in the [Mn-
(H2O)5X]

+ and [Na(H2O)4X] complexes, as indicated in eq 4.
According to these calculations, the Mn−F and Na−F bonds,
with a BDE of 36.0 and 11.7 kcal/mol, are 12.5 and 7.1 kcal/
mol stronger than the Mn−Cl and Na−Cl bond, with a BDE of
23.5 and 4.6 kcal/mol, respectively, indicating that the
instability of the Cl-cluster is basically distributed on the
Mn−Cl and Na−Cl bonds to almost a similar extent.

■ CONCLUSIONS
In conclusion, our analysis of the core Mg2+/halide/phosphate/
water cluster of the fluoride riboswitch from T. petrophila
allowed to clearly explain the following: (i) The core cluster is a
stable entity on its own, under both static and dynamic
conditions. Once assembled, this structure does not need any
additional stabilizing factor from the overall RNA molecule. (ii)
Replacing the Mg-bridging water molecule with a hydroxyl
group results in a structure perfectly consistent with the
experimental data, although it should be considered that this
requires having an overall negatively charged cluster, in the

negatively charged environment provided by the RNA skeleton.
(iii) The Mg-bridging water molecule is quite acidic, with a
predicted pKa around 8.4. (iv) Replacing the fluoride with a
chloride in the DFT geometry optimization leads to minor
structural changes, which indicates that binding of heavier
halides could be structurally feasible. However, the DFT-MD
simulations indicated that the Cl-cluster is unstable under
dynamic conditions, with the substantial rupture of Mg−Cl and
Mg-water bonds. (v) Binding of a fluoride in the core cluster of
the riboswitch is clearly stronger than binding of a chloride, and
this difference can be mainly ascribed to the difference in the
Mg−F and Mg−Cl bonds strength. (vi) Calculations on the F-
centered cluster of fluoride-inhibited pyrophosphatase show
that also in this case fluoride has a much better ability than
chloride to hold together the cluster, both from a structural and
energetic point of view.
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