ORIGINAL SCIENTIFIC PAPER

ROATICA Croat. Chem. Acta 2019, 92(2), 241-247
CT Published online: October 6, 2019
A DOI: 10.5562/cca3550

Mutation-Induced Conformational Changes and Energetics
for Binding of FMN Ligand in Flavin Mononucleotide
Riboswitch by Molecular Dynamics Simulations

Padmaja D. Wakchaure,*?2 Bishwajit Ganguly®2*

1 Computation and Simulation Unit (Analytical Discipline and Centralized Instrument Facility), CSIR—Central Salt and Marine Chemicals Research Institute,
Bhavnagar—-364002, Gujarat, India
2 Academy of Scientific and Innovative Research, CSIR-CSMCRI, Bhavnagar—364002, Gujarat, India

* Corresponding author’s e-mail address: ganguly@csmcri.res.in

RECEIVED: July 17,2019 #* REVISED: August 17,2019 #* ACCEPTED: August 31, 2019
THIS PAPER IS DEDICATED TO PROF. KATA MLINARIC-MAJERSKI ON THE OCCASION OF HER 70T BIRTHDAY

Abstract: Riboswitches are the type of regulatory elements present in the untranslated region of mRNA and specifically bind to the natural
ligand to regulate gene expression. This binding specificity can be affected by even single point mutation incorporated in the core of the
riboswitch. In this work, we have examined the mutations at the binding site residue in Flavin Mononucleotide (FMN) riboswitch structure with
30ns molecular dynamics simulations. The interaction of ligand (FMN) with riboswitch has been characterized using root mean square deviation,
hydrogen bonding analysis, and the calculated binding affinities. Mutation at A48G and G62U show the enhanced binding energy however, the
mutation at A85G, are energetically unfavorable compared to the wild type. This work gives valuable insight into the structures and energetics

of the mutated FMN riboswitch to design new hits for biological applications.
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INTRODUCTION

IBOSWITCHES are RNA elements present in 5" untrans-

lated regions in mRNA that regulates the expression
of downstream genes in response to specific metabolites.[]
Riboswitches are emerging as a new target for antibiotics
design.!? In recent literature, there are several reports on
ligand design for different types of riboswitches for various
applications.B]  Among these different types of ri-
boswitches, ligands such as roseoflavin and 5FDQD binding
to Flavin mononucleotide (FMN) riboswitch found to be
useful for antibacterial activity in vivo.l*-9] Ligands like ri-
bocill”l and flavin analogs!? were reported for targeting the
FMN riboswitch. X-ray crystal structure study shows a but-
terfly fold made up of two domains P2-P6 and P3-P5 joined
together by L2-L6 loops.®! Isoalloxazine moiety in FMN is
sandwiched between Adenine (A) 48 and A85. The uracil
ring in isoalloxazine shows hydrogen bonding with A99.
Only one of the three hydroxyl groups in the ribityl-

phosphate chain in FMN forms hydrogen bonds with
Guanine (G) 11 and phosphate group forms magnesium
(Mg) bridged interaction with G33. In addition to these
interactions, the phosphate group in FMN forms hydrogen
bonds with G10, G11, G32, G62, and G84. Itis reported that
the non G:C base-pairing composition in riboswitch
sequence affects the FMN dissociation rate constant.l®]
Gene expression in downstream genes can be tuned by
mutating the base pairings in the binding site. In this study,
non G:C base pairs were mutated in P3-P6 regions.
Mutation of A85:U94 base pair with G:C base-pair have
shown the highest binding affinity of riboswitch with the
ligand. A few binding site residues like Cytosine(C)30, G47,
and G70 have also been studied by mutation and G47 found
to be critical in aligning the adjacent adenine confirmation
for stacking with FMN ligand which is essential in FMN
binding.l19 All these experimental studies show that base
pair composition, as well as a single base mutation in the
binding site, has a direct influence on ligand binding
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parameters. Molecular dynamics (MD) simulation have
been extensively used for studying the influence of
mutations on binding parameters of ligands to protein and
RNA structures.['1-15] We have examined the contribution
of 12 residues in the binding site for stabilizing the FMN
ligand.l’¢l In present work, we have examined the influence
of five binding site mutations on FMN ligand binding and
stability of riboswitch structure. The residues A-85 and A-
48 which sandwich the FMN ligand are replaced with
guanine base. The replacement of A-85 with G resulted in a
purine-purine base pairing which is an important class of
base pairing in RNA structure. The close similarity in the
structural motif of A & G bases would not induce any
deleterious steric effect in the riboswitch; however, the G
base can provide additional functional groups like -NH and
-CO group for favorable interaction with the ligand
molecule. The residue G-62 has been replaced with uracil
(U) to examine the effect of replacing the purine with
pyrimidine moiety. Further, the residues G-84 and G-33 are
replaced with A, in such cases, the number of hydrogen
bond donor and acceptors would be less than the G and the
MD study would reveal the effect of such changes in the
mutated FMN riboswitch upon interaction with ligand mol-
ecules. This study gives insights on important ligand binding
interactions required for ligand stabilization for the design
of new ligands for better binding affinity with FMN
riboswitch.

COMPUTATIONAL
METHODOLOGY

System Preparation

Atomic coordinates were obtained from RCSB-Protein Data
Bank (PDB)!7! for FMN complex with riboswitch 2YIE.[8]
Initial preparation was performed in PyMol!*9! and addition
of hydrogen and mutations were done in Discovery
studio.l2% The ligand topology files were prepared with the
ACPYPE-Antechamber Python Parser interface and AM1-
BCC charges were used.[21.22]

Molecular Dynamics Simulation

All energy minimization and molecular dynamics simula-
tions were performed in GROMACS-4.5.5 package with
Amber99sb_ParmBSCO force field.[23-271 All the systems
were kept in cubic periodic boundary condition box of size
nearly 101.9 A x 101.9 A x 101.9 A extending 10 A from the
complex. Each complex was solvated with explicit water
with TIP3P water model. The crystal structure of FMN
riboswitch contains 13 Mg?* ions and we considered the
same number of Mg2* ions for simulations. To neutralize
the charges, 100 sodium and 20 chloride ions were added

in the simulation box. All bond lengths were constrained
with LINear Constraint Solver (LINCS) algorithm.[28] The
electrostatic interactions were evaluated with particle-
mesh Ewald (PME) scheme.l??] Short-range electrostatic
interaction and van der Waals interactions were considered
with 10 A cutoff. The complex was minimized with the
steepest descent method. The first phase of equilibration
was performed with NVT ensemble for 200 ps at 300 K
temperature conditions with the v-rescale thermostat.
Second equilibration step performed at 1atm pressure with
NPT ensemble with Berendsen barostat. The last produc-
tion run was performed for 30ns for each mutated
riboswitch-ligand complex at NPT ensemble. The trajecto-
ries were analyzed and data were plotted using Origin
software.B% The binding energies were calculated for the
geometries obtained from the final trajectory of MD simu-
lations. The binding energies were evaluated with universal
force field31 in GAUSSIAN 091321 in the gas phase using the
following equation.

AE = E(RNA ligand complex) — [E(RNA) + £(ligand)] (1)

The relative binding energies were calculated with
respect to wild type to examine the effect of the mutation
on the binding energy of FMN ligand with riboswitch.

RESULTS AND DISCUSSION

To study the preferential binding of FMN to wild type FMN
riboswitch and mutated FMN riboswitch structure, we have
performed the structural analysis with calculating root
mean square deviation (RMSD), root means square fluctu-
ations (RMSF), the radius of gyration and hydrogen bond
interactions. The binding energy analysis was performed
with the Universal force field which has also been
employed for studying similar biomolecular systems.[33-35]

Structural Stability of Riboswitch

The root mean square deviation (RMSD) was calculated rel-
ative to the starting structure during the production phase
to understand the effect of mutations on conformational
stability. It is observed that RMSD profiles are quite similar
to its starting structures and ensures that the trajectories
are stable during the simulation for all complexes. The
average RMSD observed for wild type 3.1 A, for A-85
mutated complex (A85G) 3.1 A, for G62U 3.2 A, for A48G
and G84A 3.1 A and for G33A 3.4 A, respectively. The plots
for RMSD versus time for wild type and all mutated
complex is shown in Figure 1. For the wild type riboswitch,
the RMSD values are similar up to 17 ns and decreased up
to 21 ns and then subsequently increased.
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Figure 1. The root mean square deviation (RMSD) values are plotted versus simulation time for wild type and A85G, G62U,

A48G, G84A, G33A mutants.

The root mean square fluctuations (RMSF) have
been calculated for all complexes to study the flexible re-
gions. For all complexes, wild type, as well as the mutants
RMSF profile were found to be very similar (figure SI sup-
porting information) and the regions at the two ends of the
aptamer domain like residues 2-3, 51-61, 110-113 in the
riboswitch structure are flexible in nature. To study the
folding profile, the radius of gyration (Rg) values have been
calculated for 30ns MD simulation run (figure Sll supporting
information). The radius of gyration was found to be simi-
lar for wild type and mutant complexes. This indicates that
riboswitch structures do not undergo major conforma-
tional changes during simulation.

Hydrogen Bonding Analysis
A total number of hydrogen bonds between ligand and
riboswitch have been calculated for all the complexes
(Figure 2). It is clear from the profiles that the mutation
A85G and G84A caused the decrease in the total number of
the hydrogen bonds as compare to G62U, A48G, and G33A.
The average number of hydrogen bond found to be 8.41 for
wild type and for mutations A85G, G62U, A48G, G84A, and

G33A it is found to be 6.50, 7.60, 7.89, 7.54 and 8.11
respectively.

For further elucidation of interactions between ligand
and binding site residues we prepared the trajectories

Table 1. Interactions involved in ligand binding with wild
type as well as mutated riboswitch structure.

Residue Crystal str. A85G  G62U A48G G84A G33A
G-10 2-HB 3-HB 2-HB 1-HB 3-HB 2-HB
G-11 3-HB 1-HB  2-HB  1-HB  2-HB  1-HB
G-32 1-HB - 1-HB - - 1-HB
G-33 () (a) (a) (a) (a) (a)
A48 T, T, T, T, T, T,

1-HB 1-HB  1-HB  1-HB 1-HB  1-HB

G-62 1-HB 1-HB - 2HB 1-HB 1-HB
G-84 1-HB 1-HB  1-HB - 1-HB -

T,

A-85 T-TU T T T T-TU 1-HB

A-99 1-HB - 2-HB  2-HB  2-HB  2-HB

@ Mg mediated interaction.
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Figure 2. The total number of hydrogen bonds formed between FMN ligand with binding site residues for wild type and all

mutated riboswitch complexes.

E

Figure 3. The wild type FMN riboswitch and mutated riboswitch are superimposed and shown in pink and blue color respec-
tively. Ligand FMN is showed as sticks whereas residues are shown as lines. (A) A-85; (B) G-62; (C) A-48; (D) G-84; (E) G-33.
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from the 30 ns run and studied the binding site interactions
for all complexes. (Table 1, Figure 3). From Table 1, itis clear
that except the G-62 mutation all other mutated residues
can maintain the hydrogen bonding with FMN ligand as the
wild type.

In Figure 4A, the residue A-85 in wild type and mu-
tated G-85 showed as stacking with isoalloxazine ring in
FMN ligand (Figure 3A). We have calculated the distance
versus time between the N10 in FMN and C5 in A85 to study
the interaction between FMN and A85 for wild type and
mutant A85G (Figure 4A and 5A). This indicates that these
two rings come close to each other during the simulation
and appears to be the result of n-m interaction between
FMN and A85. The electrophilic nature of N10 in FMN aug-
ments such stacking interactions.B3¢ In the mutant G62U,
the uracil loses the hydrogen bonding made by guanine
with the phosphate group in FMN ligand (Figure 3B). In the
wild type, the residue A-48 has m-mt stacking interaction
with isoalloxazine ring in FMN ligand (Figure 3C). In the mu-
tant A48G, the distance between the C5A in FMN and N3 in
A-48 is plotted with respect to time (Figure 4B and 5B), and

(green color residue Figure 3D) whereas, during the simula-
tion, it does not exhibit this interaction (pink color residue
and FMN in Figure 3D). However, when we mutated G-84
with A-84, it loses the interaction with the oxygen of the
phosphate group but forms a new hydrogen bond with a
hydroxyl group in the ribityl-phosphate chain in FMN. The
residue G-33 forms a magnesium mediated interaction with
FMN ligand after mutation with A-33 it maintains the mag-
nesium mediated interaction (Figure 3E).

Binding Energy Analysis
The binding energy was calculated for wild type and all
mutated ligand-riboswitch complexes with the Universal
force field summarized in Table 2. The calculated results
indicate that the mutation of adenine at 48 position with
guanine and mutation of G-62 with U-62 found to enhance

Table 2. Relative binding energy for wild type and all
mutated complexes calculated with uff force field. (Values
in kcal mol?).

it is clear from the graph that this distance is shortened af- Typeofenergy WT. A85G G62U A48G  GS84A G33A
ter such A to G mutation. G-84 forms- a hydrogen bond with Bindingenergy 00 304 656 657 14 150
the oxygen of the phosphate group in the crystal structure

A B
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Figure 4. (A) Distance between the N10 in FMN and C5 in A-85 plotted versus time for wild type and mutant A85G; (B) Distance
between the C5A in FMN and N3 in A-48 with respect to time for wild type and mutant A48G.

FMN

A

Figure 4. The atom numbers are indicated for A85G and A48G (A) N10 in FMN and C5 in G-85; (B) C5A in FMN and N3 in G-48.

DOI: 10.5562/cca3550

Croat. Chem. Acta 2019, 92(2), 241-247


https://en.wikipedia.org/w/index.php?title=Isoalloxazine&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=Isoalloxazine&action=edit&redlink=1

246 P. D. WAKCHAURE and B. GANGULY: Mutation-Induced Conformational Changes ...

ROATICA
CT
A

the binding energy. The mutation at G-84 and G-33 also
found to enhance the binding energy as compared to the
wild type. However, the mutation of A-85 found to be lower
in binding energy than the wild type. These results suggest
that the mutations performed contribute largely to
stabilize the ligand binding with FMN riboswitch (Table 2).

CONCLUSION

In this work, we have examined the effect of a single
mutation on the structural stability of FMN riboswitch with
molecular dynamics (MD) simulations. We have chosen to
mutate the binding site residues, A85G, G62U, A48G, G84A,
and G33Ain FMN riboswitch. The results obtained from MD
simulations show similar profiles for RMSD, RMSF, and
radius of gyration calculations for wild type and mutants.
The average number of hydrogen bonds between the
ligand and binding site residue are decreased for the
mutated complexes in all cases. The results obtained from
energy calculations suggest that the single point mutation
in riboswitch structure affects the ligand binding energy.
The relative binding energy for mutated FMN bound
complexes at A48G and G62U was found to enhance the
binding ability as compared to wild type FMN riboswitch.
The mutant A85G showed the lowest number of average
hydrogen bonds (6.50) as compared to wild type (8.41) and
other mutants, and the binding energy was also found to
weaker in this case. Overall, these results suggest that the
mutation of adenine with guanine is favored to improve the
binding affinity of the FMN with FMN riboswitch and this is
due to more number of polar functional groups in the later
residue. These results shed light on the role of mutants to
enhance the binding affinity of ligands with FMN riboswitch
and that can serve in the preparation of new ligands with
better efficacy for antibacterial applications.
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Figure SI Root mean square fluctuations (RMSF) verses time (ps) is plotted for wild type and all
mutated riboswitch-ligand complexes.
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Figure SII Radius of gyration (Rg) verses time (ps) is plotted for wild type and all mutated

riboswitch-ligand complexes.





