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Abstract

Riboswitches are conserved functional domains in mRNA that almost exclusively exist in

bacteria. They regulate the biosynthesis and transport of amino acids and essential metabolites,

such as coenzymes, nucleobases, and their derivatives by specifically binding small molecules.

Due to their ability to precisely discriminate between different cognate molecules as well as their

common existence in bacteria, riboswitches have become potential antibacterial drug targets

that could deliver urgently needed antibiotics with novel mechanisms of action. In this work,

we report the recognition mechanisms of four oxidization products (XAN, AZA, UAC, and

HPA) generated during purine degradation by an RNA motif termed the NMT1 riboswitch.

Specifically, we investigated the physical interactions between the riboswitch and the oxidized

metabolites by computing the changes in the free energy on mutating key nucleobases in the

ligand binding pocket of the riboswitch. We discovered that the electrostatic interactions

are central to ligand discrimination by this riboswitch. The relative binding free energies of

mutations further indicated that some of the mutations can also strengthen the binding affinities

of the ligands (AZA, UAC, and HPA). These mechanistic details are also potentially relevant

in designing novel compounds targeting riboswitches.
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Introduction

Riboswitches are structural motifs underlying an ancient mechanism for genetic regulation in

response to the cellular concentration of a metabolite or ion. Riboswitches mostly regulate

the expression of bacetrial genes involved in the biosynthesis, transport, or metabolism of

small molecules, without the involvement of a specialized protein receptor.1,2 These RNA

molecules are commonly found in the 5′-untranslated region (UTR) of mRNAs and are

known to regulate genetic expression by an allosteric rearrangement due to the binding

of small molecules.3,4 Riboswitches are attractive targets for new antibacterial drugs be-

cause currently known riboswitches are primarily bacterial and have evolved to bind small

molecules with a high affinity and specificity, which lessens the undesired off target interac-

tions with human molecules.5,6 The antibacterial drugs targeting riboswitches can offer new

opportunities to fight antimicrobial resistance, a major global health problem.7

A riboswitch (50–250 nucleotides in length) is a cis-acting regulatory element that is

comprised of two mutually interacting domains, namely the aptamer domain and the ex-

pression platform.8,9 The aptamer domain binds metabolites or ions with a high selectivity

and affinity, and is responsive to intracellular ligand concentrations.10 The expression plat-

form ensures the structural transformation in response to the changes in the aptamer domain

so as to modulate either binding of ribosome or transcription anti-termination. 8,11 Since the

discovery of the first riboswitch in 2002,2 nearly 45 distinct classes of riboswitches have been

discovered, experimentally validated, and modeled at the atomic resolution in complex with

their cognate ligands.12 Those riboswitches whose ligands were straightforward to identify,

have largely been associated with metabolic pathways, but whose target ligands have yet to

be identified are known as orphan riboswitch candidates.13,14 The orphan riboswitch candi-

dates have resisted experimental validation for many years,14,15 but their study has led to

the discovery of important biological processes once their ligands were identified.16 Thus,

it is of significance to probe molecular mechanisms involving conformational changes and

ligand recognition mechanisms in riboswitches.
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Figure 1: Structural details of the NMT1 riboswitch and ligand molecules stud-
ied in our work. (A) A cartoon representation of the tertiary structure of the NMT1
riboswitch. The different structural motifs (stems: P1, P2a, and P2b; and junctions: J1 and
J2) are uniquely colored and labeled. (B) A zoomed-view of the ligand binding pocket of the
NMT1 riboswitch. Several key nucleotides and the ligand are shown in sticks. The metal
ions (white) and water molecules (red) are shown by spheres. (C) The chemical structure of
each of the four ligands (XAN, AZA, UAC, and HPA) studied in our work.
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One such RNA motif is the NMT1 riboswitch, which was previously identified through

a comparative sequence analysis as a structured, noncoding RNA of unknown function.16,17

Very recently, this NMT1 riboswitch has been identified to bind xanthine (XAN) and

uric acid (UAC) to regulate genes associated with purine oxidation/degradation in purine

metabolism.17 The consensus sequence model of the NMT1 riboswitch derived from phylo-

genetic analysis suggested two stems adjoined to a large junction and also suggested that all

nucleotides in this junction are highly conserved.17,18 The structures of XAN and its con-

gener 8-azaxanthine (AZA) bound to the NMT1 riboswitch have been recently determined

(Figure 1A).19 These tertiary structures suggest 2 stems adjoined to a junction, which is

consistent with the predicted secondary structure model of this riboswitch.17,19 These struc-

tures also revealed a unique RNA architecture adopting a rod-like fold with an intriguingly

structured binding pocket that is critically depended on divalent metal ions.19 These crystal

structures further suggest that the highly conserved nucleotides in the junction region are

brought into proximity via pairing and stacking interactions which shape the binding pocket

specific for XAN.19 Specifically, these structures revealed that XAN inserts between a G-U

pair (G10-U40) in the major groove (Figure 1B) and is sandwiched between the base triples

A39-G35-C11 and A6-U41-A9 (Figure S1).19 Also, a Mg2+ ion is inner-sphere coordinated

to XAN and a non-bridging oxygen of a backbone phosphate group. Further, biochemical

studies suggest that mutations in the nucleotides involved in shaping the ligand binding

pocket of the NMT1 riboswitch significantly reduce the binding affinity of XAN.19

Biochemical studies have shown that XAN and AZA show comparable binding affinities

for the NMT1 riboswitch, XAN showed a K d ∼ 3.7 µM, while UAC showed an about 7-fold

lower binding affinity (K d ∼ 25 µM) (Table S1).17 Another biochemical study reported that

another compound (HPA) involved in the purine degradation pathway has no or significantly

lower binding affinity for the NMT1 riboswitch even though this compound is a close chem-

ical analogue of the riboswitch’s natural effectors (XAN and UAC).19 Further, it has been

shown that mutations in the riboswitch significantly affect their dynamics, affinity for ligands,
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and their regulatory efficiency.20 However, a structural understanding of how the NMT1 ri-

boswitch discriminates between its effector and their chemically related molecules found in

the cellular environment and the effect of mutations on the ligand binding affinity remains

unknown. Thus, it is of significance to probe the dynamics and the thermodynamic basis of

ligand binding to the NMT1 riboswitch for broadly understanding the role of riboswitches

as potential antibacterial drug targets and for identifying novel riboswitch-targeting com-

pounds. Here, MD simulations20–22 and the structure-based free energy calculation methods

are useful tools to probe the conformational dynamics and the ligand recognition mechanism

of RNA influenced by mutations.20,23 These computational methods have been extensively

adopted to explore the interaction mechanisms of biomolecules with small organic ligands

with sufficiently high accuracy.24–27

In this study, we have used MD simulations and alchemical free energy calculations,20,23

to gain insights into how the NMT1 riboswitch discriminates close chemical analog molecules

and the influence of sequence mutation on their recognition mechanisms. Because identifying

novel riboswitch-targeting compounds requires a clear understanding of how these RNA

molecules discriminate between their effector and chemically related molecules found in the

cellular environment. Therefore, we selected four ligands, including two natural ligands of the

NMT1 riboswitch (XAN and UAC), and two of their chemically related molecules, AZA and

HPA (Figure 1C). The dynamics and conformational changes in the NMT1 riboswitch were

investigated via a total of ∼30 µs MD simulations. The results of long MD simulations offer

additional insights into understanding the links between ligand binding and conformational

changes.
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Materials and Methods

Molecular Dynamics Setup

We obtained the atomic coordinates of the wild-type (WT) NMT1 riboswitch complexed

with XAN and AZA from the protein data bank (PDB IDs: 7ELR and 7ELS, respectively). 19

We constructed the initial structures of UAC and HPA bound to the NMT1 riboswitch by

using as a template the crystal structure of XAN (PDB ID: 7ELR).19 We used the Avogadro

software to generate atomic coordinates for UAC and HPA ligands.28 The structures of the

ligands studied in our work are shown in Figure 1C. We generated the atomic coordinates

of XAN, AZA, UAC, and HPA complexed with several mutants of the NMT1 riboswitch

(A6G, G10A, C11U, G35A, A39G, and U40C) using VMD.29 We then solvated each system

with explicit TIP3P30 water molecules in a periodic simulation domain. To neutralize each

system, we added Mg2+ and Cl- ions into the minima of the electrostatic potential computed

using the meadionize plugin in VMD.29 We further maintained bulk ionic concentration by

adding K+ and Cl- ions (150 mM KCl). The consideration of the protonation and the tau-

tomerization states of the ligands are based on previous experimental studies. For example,

experimental studies suggest that the pKa values of the ligands XAN and AZA are 7.7 and

4.8, respectively.19,31 These studies also suggest that a significant population of the ligands

XAN and AZA is deprotonated at physiological pH, and the ligand binding pocket of the

NMT1 riboswitch can tolerate neutral as well as the tautomeric form of the deprotonated

XAN and AZA.19 The chemical structure analysis also suggested that the ligand binding

pocket of the NMT1 riboswitch fulfils the requirements for binding of both the neutral and

anionic forms of XAN and AZA without a clear preference for one or the other form. More-

over, the isothermal titration calorimetry (ITC) experiments have demonstrated that the

neutral and anionic forms of these ligands (XAN and AZA) show comparable affinities for

the riboswitch.19 Therefore, we considered the neutral forms of these ligands in our simula-

tion setup. The final system sizes are given in Table S2, and the overall simulation setup
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is shown in Figure S2.

Before conducting all-atom MD simulations, we energy minimized each system via the

conjugate gradient minimization algorithm for 2000 steps. During the initial phase (30 ns)

of MD equilibration, we restrained (k = 10 kcal/mol.Å2) the terminal nucleotides and the

P-atoms in RNA. We removed the restraints for the P-atoms during subsequent MD simula-

tions. We carried out all conventional MD simulations using the CHARMM3632 force-field

for RNA and CHARMM General force-field (CGenFF)33 for ligands (XAN, AZA, UAC and

HPA). We have also used the CHARMM36 force-field with improved non-bonded parameters

(CHARMM36+NBFix) for magnesium cations in the nucleic acid systems.34 Even though

a magnesium cation is not covalently bonded with the surrounding water molecules or with

the atoms in nucleic acids, these improved nonbonded parameters keep the coordination

geometry of magnesium cations intact as long as the simulation time is shorter than the

typical exchange time for the first solvation shell, which is estimated to be ∼10 µs.35

We performed all the simulations with a 2-fs time-step in the NPT ensemble. We main-

tained the temperature and pressure at 310 K and 1 bar using the Langevin thermostat

and Nosé-Hoover barostat. We used periodic boundary conditions in all simulations and

computed the long-range electrostatic interactions using the Particle Mesh Ewald method. 36

We truncated van der Waals interactions with a cut-off of 12 Å and smooth switching taking

effect at 10 Å.

We subjected each simulation model (WT and mutant complexes) to one µs long MD

trajectory and saved configurations every 20 ps. We used the VMD software 29 for generating

input files. We performed visualization, analysis, and post-processing of the simulation

trajectories using VMD,29 CPPTRAJ,37 and Pymol.38 We used NAMDv3.0 for conducting

all simulations.39 The structures shown in our work are representative structures from the

dominant cluster of each peptide-RNA complex obtained by clustering the trajectories using

cpptraj.37 We applied DBSCAN40 clustering algorithm using 25 minimum number of points

(minpoints) with a 1 Å distance cutoff (ϵ) between these points.
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Alchemical Free Energy Calculations

Using the alchemical free energy simulation method,41 we computed the relative binding free

energies ∆∆G for mutations in riboswitch for each of the four riboswitch-ligand complexes.

Specifically, we designed a thermodynamic cycle (Figure S3) where the horizontal arms

of the cycle correspond to the binding of a ligand to the wild-type (WT) and mutated

riboswitch, and the vertical arms correspond to the alchemical transformation of a WT

nucleotide into a mutated nucleotide in a given riboswitch-ligand complex. Since the physical

binding of a ligand to the riboswitch (horizontal arms in Figure S3) is not the focus of this

study, we computed the free energy changes along the unphysical pathways in liganded (left

vertical arm in Figure S3, ∆Gcomp) and unliganded riboswitch in an aqueous environment

(right vertical arm in Figure S3, ∆Gfree) as ∆∆G = ∆Gcomp - ∆Gfree = ∆Gbind (ADE) -

∆Gbind (GUA).

We used a hybrid energy function (U) to represent a mixture of two endpoint states of

a particular vertical arm of the thermodynamic cycle (Figure S3), as applied in previous

studies.24–26,42–44 The molecular topology follows the single topology strategy. A coupling

parameter λ connects the end states by modifying the electrostatic, van der Waals energy,

and bonded terms. A change from λ = 0 to λ = 1 thus transforms GUA into ADE by

means of the mapping energy function: U = (1-λ) U(GUA) + λ U(ADE). The free-energy

derivative was calculated as ∂G/∂λ = 〈∂U/∂λ〉λ = 〈U(λ = 1) – U(λ = 0)〉λ, where the

brackets “〈 〉” represent averaging over an MD trajectory for a particular value of λ. Further,

we used 51 equally spaced λ windows distributed over 10.2 ns simulations for the alchemical

transformations of G to A, A to G, U to C, and C to U.

The free-energy derivative at each λ was calculated by computing the difference 〈U(λ = 1)

– U(λ = 0)〉λ. For each λ window, the MD simulation lasted for 200 ps, and the data from the

last 150 ps was used for averaging. We used the numerical integration (with the trapezoidal

method) for calculating the free-energy change for each alchemical transformation. We

divided the last 150 ps of the trajectory at each λ into two batches, and report the deviation
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of the free energy computed from both batches as the statistical error associated with the

calculated ∆Gcomp or ∆Gfree. We averaged the total free energy change (∆Gcomp, ∆Gfree) over

forward and backward simulations, and repeated in triplicate with different initial velocities,

yielding a minimum of 126 ns of simulation data per ∆∆G calculation (Tables S3-S7). We

have reported the uncertainities in the averaged ∆Gcomp and ∆Gfree as the standard error of

the mean and have calculated the error in the final ∆∆G by propagating the standard error of

the mean associated with the averaged ∆Gcomp and ∆Gfree values. We obtained a convergence

of the computed ∆∆G with a reasonable statistical uncertainty (<1 kcal/mol).25,26,42–44 We

report free energy calculations with an aggregate time of ∼1.89 µs.

Figure 2: Non-bonded interaction energy analysis. (A) The total electrostatic and van
der Waals interaction energies of different ligands (XAN, AZA, UAC, and HPA) with the
NMT1 riboswitch, and (B) the energy contribution of each nucleotide in the binding pocket
of the XAN-NMT1 complex. The standard error of the mean associated with the averaged
non-bonded interaction energies are shown as error bars. See also Figure S8.

Results

Dynamics of Riboswitch-Ligand Complexes

We performed 1 µs long simulations for all four ligand-bound riboswitch complexes in explicit

solvent (Table S2). Further, to assess the structural similarities between the X-ray and MD

structures, we monitored the root-mean-squared deviation (RMSD) relative to the initial

structures (Figure S4). In Figure S4, we show the evolution of RMSD of the atoms C3′,
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C4′, C5′, O3′, O5′, and P in NMT1 riboswitch when bound to ligands. The RMSD data

show that the MD structures of the NMT1 riboswitch bound to ligands are stable during

simulations as they do not significantly deviate from their initial structures (<4 Å) (see

Supporting Information). Further, root-mean-squared fluctuation (RMSF) data reveal larger

average fluctuations for nucleotides located in the P2b motif (nucleotides G23, U24, U25,

and A26) and the unpaired nucleotides in the J1 (nucleotides A7 and A8), P2a (nucleotide

C15), and J2 (nucleotide A34) structural motifs of the NMT1 riboswitch (Figure S5).

We also performed the interaction energy decomposition analysis to explore the effects

of non-covalent interactions on the affinities of the ligands. The interaction energy is the

sum of the electrostatic (elec) energy and the van der Waals (vdw) energy. For each MD

trajectory from our simulations, we used the NAMD energy plugin in VMD29 to calculate

the interaction energies. In these energy calculations, we used the force-field parameters

from MD simulations, the non-bonded cut-off used in conducting MD simulations, as well

as the Particle Mesh Ewald method36 for computing electrostatic interactions. It should be

noted that the non-bonded energy of a given ligand is not its absolute binding affinity, but

is an approximate indicator of the binding affinity emerging from non-covalent interactions

of the ligands with the atoms in the riboswitch.

In Figure 2A, we show the average interaction energy between all atoms of each ligand

and the NMT1 riboswitch. The average interaction energy of ligands XAN, AZA, UAC

and HPA with the NMT1 riboswitch is -63.68 ± 5.93 kcal/mol, -53.07 ± 4.95 kcal/mol, -49

± 5.27 kcal/mol, and -39.67 ± 4.71 kcal/mol, respectively. The magnitude of the average

interaction energy suggests that XAN (-63.68 ± 5.93 kcal/mol) has stronger interactions

with the NMT1 riboswitch, while HPA (-39.67 ± 4.71 kcal/mol) has weaker interactions.

The trend of the average interaction energy of these four ligands with NMT1 riboswitch

agrees well with the experimental studies,17,19 which have shown that the ligand XAN has

the highest affinity for the NMT1 riboswitch while the ligand HPA has significantly lower

binding affinity for the riboswitch. The contribution from the vdw interactions is similar for
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four ligands (∼ -22 kcal/mol). The contribution from electrostatic interactions is stronger

than that from the vdw interactions and varies as -41.46 ± 4.83 kcal/mol, -31.01 ± 4.26

kcal/mol, -27.13 ± 4.41 kcal/mol, and -16.72 ± 3.16 kcal/mol for four ligands XAN, AZA,

UAC, and HPA, respectively. Thus, the differences in the electrostatic interaction energies

suggest that the electrostatic interaction is the primary driving force for the recognition of

these ligands by the NMT1 riboswitch.

We also calculated the interaction energy of each nucleotide in the ligand binding pocket

with each ligand. As shown in Figure 2B, the ligand XAN produces interactions stronger

than 1.0 kcal/mol with six nucleotides, including A6, G10, G35, A39, U40, and U41.

Among these nucleotides, the interaction of XAN with G10 is the strongest. This nu-

cleotide contributes -17.91 ± 1.62 kcal/mol toward the overall interaction of XAN with the

riboswitch. Structurally, this interaction energy mainly arises from the hydrogen bonding

interactions between XAN and G10 (Figure 3A), primarily involving XAN@N1...G10@O6

and XAN@O2...G10@N1 with 75% and 69% occupancy of these interactions, respectively

(Figure S6). Further, these interactions are stabilized by two hydrogen bonds G10@N1...U40@O2

and G10@N2...U40@O2 between the nucleotides G10 and U40 with an occupancy of 72%

and 98%, respectively. Similar to G10, the nucleotide U40 forms two hydrogen bonds with

XAN, including XAN@N3...U40@O4 and XAN@O2...U40@N3 with an occupancy 68% and

80%, respectively. These interactions of U40 separately contribute a non-bonded interaction

energy of -14.25 ± 1.47 kcal/mol to the association of XAN with the riboswitch (Figure

2B). The interaction energies of XAN with A6 and G35 are -9.46 ± 0.96 kcal/mol and -14.21

± 1.29 kcal/mol, respectively, as structurally confirmed by the stacking interactions of XAN

with the nucelobases of A6 and G35 (Figure 3A and Figure S7). The ribose sugar of A6

also forms two hydrogen bonding interactions XAN@N7...A6@O2′ and XAN@O6...A6@O2′

with an occupancy of 68% and 63%, respectively (Figure S6). We observed that XAN

makes water mediated interactions with the magnesium ions M1 and M2 which are being

further stabilized by the phosphate groups in the RNA backbone (Figure 3A).
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Figure 3: Structural insights from MD simulations of the ligand-NMT1 com-
plexes. For each complex, shown is an initial structure (before MD) and an MD-derived
structure highlighting the representative conformation based on the dominant conforma-
tional cluster from the respective MD simulation. Selected RNA nucleotides and each ligand
are represented as sticks. The interaction patterns of the ligands with the key nucleotides in
the binding pocket of the NMT1 riboswitch are shown with dotted lines in the same color
as the ligands, and the remaining interactions are shown by white dotted lines. The metal
ions and water molecules are shown in white and red spheres, respectively. The fractional
occupancies of these interactions are shown in Figure S6.
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The ligand AZA binds in a similar way as XAN to the riboswitch but differs in the number

of hydrogen bonds and their occupancies (Figure 3B). The nucelobases G10 and U40 each

forms a hydrogen bond with AZA as AZA@N1...G10@O6 and AZA@O2...U40@N3 with the

occupancies of 98% and 88% (Figure S6), which contribute an interaction energy of -12.18

± 0.89 kcal/mol and -7.78 ± 0.86 kcal/mol (Figure S8), respectively. The nucleobases A6

and G35 stack with the ligand AZA and contribute the interaction energies -7.94 ± 0.99

kcal/mol and -12.35 ± 1.13 kcal/mol, respectively (Figures S7 and S8). The ribose sugar

of A6 also forms a hydrogen bond AZA@N7...A6@O2′ with an occupancy of 97% (Figure

S6). The ligand AZA also makes water mediated interactions with the magnesium ions.

Further, we observed that the ligand UAC makes an interaction network with riboswitch

similar to the ligand AZA but it does not make water mediated interactions with the ions

M1 and M2 (Figure 3B, C). The absence of interactions with the ions M1 and M2 are

being compensated by a water mediated interaction between UAC and G10, and a hydrogen

bond UAC@O8...A6@O2′ (Figure 3C). Therefore, the interaction energy of AZA and UAC

are similar (AZA: -53.07 ± 4.95 kcal/mol, and UAC: -49.11 ± 5.27 kcal/mol) (Figure 2A).

For the ligand HPA, we observed that its orientation in the binding pocket is different

than three other ligands (XAN, AZA, and UAC) (Figure 3). This is primarily because HPA

does not have a carbonyl oxygen (O2) unlike the ligands XAN, AZA, and UAC. Therefore,

this ligand (HPA) makes only a water mediated interaction with G10 and forms two hydro-

gen bonds HPA@N3...U40@N3 and HPA@N9...U40@O4 with the nucleobase U40 with an

occupancy of 68% and 66%, respectively (Figures 3D and (S6)). The interaction energies

of A6 and G35 are -3.19 ± 0.42 kcal/mol and -0.90 ± 0.27 kcal/mol, respectively (Figure

S8), which indicates that the stacking interactions of HPA with the nucleobase A6 and G35

are not stable during MD simulations (Figure S7).

Further, we assessed the interaction pattern of base triples formed in ligand binding

pocket of the NMT1 riboswitch. MD simulations suggest that the ligands are stacked between

base triples A6-U41-A9 and A39-G35-C11 (Figure S9). We observed that base triple A39-
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G35-C11 has similar interaction pattern in all four ligand-riboswitch complexes where G35

forms three hydrogen bonds with C11 and two hydrogen bonds with A39. These interactions

are stable in all four ligand-riboswitch complexes with an occupancy > 70% (Figure S10). In

base triple A6-U41-A9, we observed that the A9-U41 interactions in XAN, AZA, and HPA-

bound riboswitch complexes is similar to their interactions observed in X-ray structures.

The A9-U41 interactions are disrupted in UAC-riboswitch complex (Figure S9). In all

four ligand-riboswitch complexes, we observed that A9 establishes a new hydrogen bond

with A6 with an occupancy > 60% (Figure S10). The number of hydrogen bonds and

their occupancies in these base triples suggest that A39-G35-C11 is more stable compared

to A6-U41-A9 (Figure S10).

Effect of Mutations on Ligand Binding

To evaluate the effect of mutations on the binding ability of different ligands to riboswitch,

we have utilized a computationally rigorous TI methodology42–44 for computing the binding

affinities of the ligands (XAN, AZA, UAC, and HPA) toward the riboswitch in the mutated

and wild-type forms. Specifically, we have mutated six nucleobases (A6, G10, G35, A39,

U40, and U41C) which are crucial for the recognition of different ligands. These nucleobases

have stronger interaction energies with the ligands and contribute significantly toward the

overall binding energy of ligands. Our conventional all-atom MD simulations of the WT

NMT1 riboswitch bound to various ligands suggest that a network of electrostatic and

aromatic stacking interactions are involved in the recognition of these ligands. Also, the

interaction energy of each ligand with the NMT1 riboswitch suggests that the differences

in electrostatic interactions contribute toward the discriminatory ability of the riboswitch

for each ligand (Figure 2A). Thus, one can hypothesize that a purine to pyrimidine or a

pyrimidine to purine mutation will disrupt the ligand binding pocket and alter the binding

affinity of each ligand. Therefore, we have mutated purine nucelobases (G, A) to purine

nucleobases (A, G) and pyrimidine nucleobases (U, C) to pyrimidine nucleobases (C, U) to
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Figure 4: Energetics of riboswitch mutations in each ligand-riboswitch complex.
The relative binding free energy (∆∆G) of mutations in the NMT1 riboswitch when it is
bound to each ligand (XAN, AZA, UAC, and HPA). We calculated the error by propagating
the standard error of the mean associated with the averaged ∆Gcomp and ∆Gfree, and the
binding free energies are reported in kilocalories per mole (kcal/mol).
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quantify the binding contributions of electrostatic interactions. We then used an appropriate

thermodynamic cycle (Figure S3) to calculate the relative changes in the binding affinity

of ligands on mutations in the riboswitch. The computed free energy (∆G) resulting from

the thermodynamic integration calculations are listed in Table S3-S7.

In Figure 4, we show the calculated relative changes in the binding affinities upon mu-

tations in the NMT1 riboswitch. These calculations revealed the following key features: we

observed that the mutation G10A in the NMT1 riboswitch imposes the highest energetic

penalty of ∼6 kcal/mol for XAN and ∼4 kcal/mol for AZA, while the same mutation pe-

nalizes UAC and HPA each by ∼2 kcal/mol (Figure 4). The A6G mutation reduces the

binding affinity of XAN by ∼3 kcal/mol and the binding affinities of AZA, UAC, and HPA

each by ∼1 kcal/mol relative to the WT riboswitch (Figure 4). The mutation G35A reduces

the binding affinity of XAN (∆∆G = 2.06 ± 0.40 kcal/mol), AZA (∆∆G = 2.65 ± 0.32

kcal/mol), UAC (∆∆G = 1.51 ± 0.31 kcal/mol), and HPA (∆∆G = 1.16 ± 0.34 kcal/mol,

Figure 4) by ∼1-3 kcal/mol relative to the WT riboswitch.

The mutation A39G reduces the binding affinity of XAN (∆∆G = 2.00 ± 0.28 kcal/mol)

and UAC (∆∆G = 0.89 ± 0.34 kcal/mol) by ∼1-2 kcal/mol (Figure 4), while the same

mutation strengthens the binding affinity of AZA (∆∆G = -1.21 ± 0.21 kcal/mol) and

HPA (∆∆G = -0.54 ± 0.33 kcal/mol) by ∼1 kcal/mol relative to the WT riboswitch. The

mutation U40C penalizes the binding of the ligand XAN (∆∆G = 2.85 ± 0.38 kcal/mol)

and AZA (∆∆G = 1.40 ± 0.30 kcal/mol) by ∼1-3 kcal/mol whereas the same mutation

strengthens the binding affinity of UAC (∆∆G = -1.20 ± 0.36 kcal/mol) by ∼1 kcal/mol

(Figure 4). The same mutation (U40C) does not significantly affect the binding affinity of

the ligand HPA (∆∆G = 0.33 ± 0.29 kcal/mol). The mutation U41C reduces the binding

affinities of four ligands XAN (∆∆G = 1.39 ± 0.24 kcal/mol), AZA (∆∆G = 2.48 ± 0.21

kcal/mol), UAC (∆∆G = 1.31 ± 0.25 kcal/mol), and HPA (∆∆G = 0.96 ± 0.33 kcal/mol)

by ∼1-2 kcal/mol (Figure 4). Based on these results, we conclude that all six mutations

(A6G, G10A, G35A, A39G, U40C, and U41C) in riboswitch significantly reduce the binding

16



affinity of the ligand XAN while the mutation A39G strengthens the binding affinities of the

ligands AZA and HPA. Further, the negative sign of calculated ∆∆G on the U40C mutation

also suggests that this mutation strengthens the binding affinity of the ligand UAC toward

the riboswitch.

Figure 5: Structural changes in the XAN-NMT1 complexes on mutations. In pan-
els (A) through (F), we show the interaction pattern of the ligand XAN with the nucleotides
in the ligand binding pocket of the riboswitch after A6G, G10A, G35A, A39G, U40C, and
U41C mutations, respectively. The fractional occupancies of these interactions are shown in
Figure S13. The interactions between XAN and the riboswitch are highlighted by green dot-
ted lines. The ions and water molecules are depicted by white and red spheres, respectively.

Impact of Mutations on the Dynamics of the Riboswitch and Its

Interaction Network With the Ligands

We also performed 1 µs long conventional MD simulations for all mutated ligand-bound

riboswitch complexes in explicit solvent (Table S2). The RMSD data show that the struc-

tures of the mutated riboswitch-ligand complexes are stable during simulations as they do

not significantly deviate from their initial structures (<5 Å) (Figure S11). To evaluate

the influence of mutations on the residue-level flexibility of the NMT1 riboswitch, we com-
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puted the ∆RMSF, the difference of the averaged RMSF per residue of mutated riboswitch

and the averaged RMSF per residue of WT riboswitch when bound to the ligands. The

∆RMSF data suggested that the flexibility of the nucleotides is significantly affected by

the mutations (Figure S12). The mutations stabilize the nucleotides (C15 and A37) in

P2a and nucleotides (A24, A25, and A26) in the P2b structural motif of riboswitch when

bound to ligands. Apart from the P2a and P2b structural motifs the flexibility of the re-

maining structure of the riboswitch is increased by the mutations, especially in the P1 and

J1 structural motifs. These ∆RMSF data suggest that even modest sequence alterations

in nucleotides have a dramatic impact on the flexibility and the structural stability of the

NMT1 riboswitch.

In Figures 5 and 6, we show the representative structures from the dominant cluster of

each mutated ligand-riboswitch complexes, which was obtained by a clustering analyses (see

methods) of conformations sampled via conventional MD simulations. In Figure 5, we show

the structures from the mutated XAN-riboswitch complexes, and in the panels (A) through

(F), we show the interaction patterns of key nucleotides with the ligand XAN upon muta-

tions in different nucleotides. We observed that the A6G mutation results in disruption of

interactions between the ligand XAN and riboswitch (Figure 5A). This mutation (A6G)

also induces the formation of a hydrogen bond between XAN and the nucleobase U41, as

XAN@N3...U41@O2 with an occupancy of 98% (Figure S13). The ligand XAN changes

its orientation and forms one hydrogen bond with each of the nucleobases A10 and U40,

and forms two hydrogen bonds with the nucleobase U41 after the G10A mutation (Figure

5B). For the G35A mutation, the interactions of the ligand XAN are intact with the nu-

cleobases G10 and U40 (Figures 5B and S13) but the interactions of XAN are disrupted

upon A39G mutation. This mutation (A39G) also induces the formation of an interac-

tion XAN@N1...U40@O2P with an occupancy of 45% (Figure S13). The mutation U40C

and U41C disrupt the interactions of XAN with riboswitch and decrease the occupancy of

hydrogen bonds relative to the WT (Figures 5F and S13).
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Further, we observed that the stacking of nucleobase A6 with ligand XAN is disrupted

upon mutations A6G, A39G, and U40C, and stacking of nucleobase G35 with XAN is dis-

rupted upon mutations A6G, G35A, and A39G (Figure S14). The hydrogen bonds in base

triple (A39-G35-C11) remain intact upon mutations (A6G, G10A, A39G, U40C, and U41C)

except after mutation G35A, where hydrogen bonds are disrupted between A35-C11 and

A35-A39 (Figures S15 and S16). The interactions in base triple A9-A6-C11 are disrupted

upon all six mutations in XAN-riboswitch complexes (Figure S15).

Figure 6: Structural changes in the ligand-riboswitch complexes on mutations.
Structural insights from the (A) AZA-NMT1, (B) UAC-NMT1, and (C) HPA-NMT1 com-
plexes upon mutations. The fractional occupancies of the interactions depicted are reported
in Figures S18, S23, and S28.

In the AZA-riboswitch complex, we observed that the interactions of AZA in ligand

binding pocket are disrupted upon mutations (A6G, G10A, G35A, U40C, and U41C) except

in the case of A39G mutation (Figures S17 and S18). After the A39G mutation, the

ligand AZA forms four hydrogen bonds (Figure 6A) with the nucleobases G10 and U40, as

observed in the crystal structure (Figure 1B). The ligand AZA also forms a hydrogen bond

with the ribose sugar of A6 and a water-mediated interaction with G39, thereby stabilizing

it in the ligand binding pocket of the riboswitch (Figures 6A and S18). The stacking

interactions of AZA with the nucleobases A6 and G35 are intact after mutations except on

U41C mutation, where stacking of A6 and AZA is disrupted (Figure S19). We observed

that the mutation A39G disrupts only one hydrogen bond between G35 and G39, leaving
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most hydrogen bonds in base triples (A9-A6-C11 and A39-G35-C11) intact (Figures S20

and S21).

In the UAC-riboswitch complex, we observed that the interactions of UAC in the lig-

and binding pocket are disrupted upon mutations (A6G, G10A, G35A, A39G, and U41C)

(Figure S22) except in the case of U40C mutation (Figure 6B). After the U40C mutation,

the ligand UAC changes its orientation but it still forms a stable network of interactions with

the riboswitch (Figures 6B and S23). The ligand UAC forms two hydrogen bonds with

nucleobase C40 and a hydrogen bond with G10 after the U40C mutation (Figure 6B). The

nucleobases A6 and G35 make stable stacking interaction with UAC with a >95% occupancy

(Figure S24). This mutation (U40C) disrupts hydrogen bonds between A6 and U41 but

leaves most hydrogen bonds in base triples (A9-A6-C11 and A39-G35-C11) intact (Figures

S25 and S26).

In the HPA-riboswitch complex, we observed that the interactions of HPA in the lig-

and binding pocket are disrupted upon mutations (A6G, G10A, G35A, U40C, and U41C)

(Figure S27) except in the case of A39G mutation (Figure 6C). After the A39G mutation,

the ligand HPA forms a stable network of interactions with the riboswitch (Figures 6C,

S28, and S29). After this mutation, the interaction network in base triples (A9-A6-C11 and

A39-G35-C11) is similar to the interaction pattern in AZA-riboswitch complex after A39G

mutation (Figures S20, S30, and S31). The above explained network of hydrogen bonds

and stacking interactions between the ligand HPA and the riboswitch upon A39G mutation

leads to a stable HPA-riboswitch complex compared to the WT complex.

Discussion

Biochemical studies have established that the ligands XAN and AZA exhibit comparable

binding affinities for the NMT1 riboswitch, while the ligand UAC demonstrates approx-

imately 7-fold lower binding affinity.17,19 Interestingly, a compound called HPA, which is

20



part of the purine degradation pathway, either has no binding affinity or significantly lower

affinity for the NMT1 riboswitch (Table S1).17,19 Although the experimental structures

of the XAN-NMT1 and AZA-NMT1 complexes have provided molecular details of ligand

recognition by the NMT1 riboswitch,19 the structural and thermodynamic basis governing

the discrimination of natural ligands (XAN and UAC) and their chemical analogues (AZA

and HPA) by the NMT1 riboswitch remains unknown. In addition, the structural effects

of mutations (in the NMT1 riboswitch) known to alter the ligand binding affinity remain

unresolved. We address these questions via MD simulations combined with the alchemical

free-energy calculations. Specifically, we report on dynamics of the NMT1 -ligand complexes,

non-bonded interaction energy between the ligands and the NMT1 riboswitch, and free en-

ergy changes on mutations in the riboswitch. We also suggest mutations that can potentially

enhance the affinity of the riboswitch toward the ligands (AZA, UAC, and HPA). We also

point out that we did not perform free energy calculations for ligand transformations in this

study. Our focus is not to examine the actual binding process of the ligands, but instead to

gain insights into the interactions between these ligands and the NMT1 riboswitch as well

as to understand the impact of mutations in ligand recognition by the riboswitch.

First, we computed the average non-bonded interaction energy of the riboswitch with

the ligands (XAN, AZA, UAC, and HPA) to explore the effects of non-covalent interactions

on the affinities of ligands. The magnitude of average non-bonded interaction energy sug-

gest that the ligand XAN has a stronger interaction energy followed by the ligands AZA,

UAC, and HPA with the riboswitch. This trend of non-bonded interaction energy agrees

well with the experimental studies where it has been suggested that XAN has a stronger

interaction energy followed by ligands AZA, UAC and, HPA, respectively.17,19 We observed

that the contribution from the vdw interaction energy is similar for four ligands (∼ -22

kcal/mol, Figure 2A) which is contributed by the stacking interactions of ligands with the

nucleotides A6 and G35. These stacking interactions are stable and consistent in all four

complexes thereby leading to a similar magnitude of vdw interaction energy. These data
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suggest that the nucleotides A6 and G35 are critical to the recognition of ligands by the

NMT1 riboswitch which is consistent with the experimental observation that altering these

nucleotides significantly affects the binding affinities of the ligands.19 The contributions from

the electrostatic interactions vary for various ligands XAN (∼ -41 kcal/mol), AZA (∼ -31

kcal/mol), UAC (∼ -27 kcal/mol), and HPA (∼ -17 kcal/mol) (Figure 2A). Our simulations

suggest that the ligand XAN has a higher number of stable hydrogen bonding interactions

with the riboswitch compared to the ligands AZA, UAC, and HPA (Figures 3 and S6),

thereby leading to a stronger electrostatic interaction energy for the ligand XAN (Figure

2A).

Further, we calculated the free energy changes for mutations in six key nucleotides (A6,

G10, G35, A39, U40, and U41) located in the ligand binding pocket of the NMT1 riboswitch.

We selected these six nucleotides on the basis of their non-bonded interaction energy con-

tributions for each ligand (Figure 2B). Our free energy calculations suggest that all six

mutations (A6G, G10A, G35A, A39G, U40C, and U41C) in the NMT1 riboswitch reduce

the binding affinity of the ligand XAN where the mutation G10A has the highest energetic

penalty (∼ 6 kcal/mol). Our structural analysis of the XAN-riboswitch complex after G10A

mutation suggests that the repulsive interactions between amine group of A10 and the N3

atom of XAN disrupt the interaction network formed by stacking and hydrogen bond interac-

tions (Figure 5B). This disruption of the interaction network in the ligand binding pocket

of the riboswitch leads to a reduced binding affinity for the ligand XAN. Our alchemical

free energy calculations suggest that the mutation A39G strengthens the binding affinity

of the ligands AZA and HPA for the NMT1 riboswitch. The ligands AZA and HPA upon

A39G mutation in the riboswitch, form a stable network of hydrogen bonding interactions

(Figure 6) thereby leading to an increment in their binding affinities (Figure 4). Further,

we observed that the U40C mutation increases the binding affinity of the NMT1 riboswitch

for the ligand UAC (Figure 4), which corroborates with the stable hydrogen bonding net-

work of the UAC-NMT1 complex (Figure S23). An experimental study19 suggests that
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mutating some nucleotides (G10A and U40C) in the ligand binding pocket of the NMT1

riboswitch affects the binding of the ligands (XAN and AZA) although no Kd values for

any such mutations were reported (Table S1). Therefore, the calculated relative binding

free energies of mutations in the riboswitch cannot be directly compared with the currently

available experimental data.

Furthermore, we observed that the structural details on binding of XAN and UAC to

the NMT1 riboswitch emerging from our simulations agree well with a previous biochemi-

cal study,17 which reported approximately 7-fold lower binding affinity for UAC (K d ∼ 25

µM) in comparison to XAN (K d ∼ 3.7 µM) (Table S1). Additionally, our observations

of decreased overall binding affinity (∼2.85 kcal/mol) of XAN on the U40C mutation are

consistent with the experimental data reporting no binding,19 while the increased binding

affinity of UAC (∼-1.20 kcal/mol) on the U40C mutation lacks corresponding experimental

evidence for the NMT1 -UAC complex. Overall, our study provides structural insights into

the binding of the ligands XAN and UAC to the NMT1 riboswitch, corroborating existing

experimental findings and shedding light on the impact of riboswitch mutations on ligand

recognition. From our results, it is evident that the U40C mutation disrupts the crucial

hydrogen bonding interactions necessary for the binding of the ligand XAN. However, this

mutation results in the establishment of a stable hydrogen bonding network that increases

the binding affinity of UAC. These findings provide an explanation for the computation-

ally observed increment in the UAC binding affinity caused by the U40C mutation in the

NMT1 riboswitch. However, further experimental investigations are required to validate our

findings involving the effects of mutations on binding of the ligands AZA, UAC, and HPA.

We also note that previous studies,20,45–47 employing both computational and experimental

approaches, have also demonstrated that mutations in the Guanine riboswitch can induce

the formation of new hydrogen bonding interactions with the ligands. The formation of

new hydrogen bonding interactions has been shown to contribute significantly to the overall

binding affinity of the ligands for the Guanine riboswitch.
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The experimental structures of the riboswitch bound to the ligands XAN and AZA sug-

gested that these ligands insert between a wobble base pair (G10-U40) and make a base

triple which is sandwiched between the base triples A9-U41-A6 and A39-G35-C11.19 The

base triples A9-U41-A6 and A39-G35-C11 form the “floor” and the “roof”, respectively,

for the ligand in the binding pocket (Figure S1). Previous studies suggested that base

triples play an integral role in ligand recognition by riboswitches and disruption of inter-

actions in base triples leads to a reduction in the binding affinity.48–50 In MD simulations

we observed that the hydrogen bonding interactions in these base triples are stable in all

four ligand-riboswitch complexes (Figures S9 and S10). The stacking of these base triples

further stabilizes the ligand in the binding pocket. Our calculated averaged vdw interaction

energy is also similar for all four ligands (∼ -22 kcal/mol) but differs in the electrostatic

energy (Figure 2A). Therefore, these observations suggest that the differences in the bind-

ing affinities of ligands for the NMT1 riboswitch are primarily driven by the electrostatic

interactions.

Previously, Sund et al.51 via alchemical calculations have demonstrated that the Ade-

nine riboswitch specifically uses the electrostatic preorganization to discriminate different

analogues of Adenine. In our mutational studies, we have observed that upon mutations

A39G and U40C in the NMT1 riboswitch, the ligands AZA, UAC, and HPA show higher

binding affinities for the mutated riboswitch by forming new hydrogen bonds. Our obser-

vations from MD simulations corroborate with the previous computational studies by Hu

et al.52 and Chen et al.,20 as they also suggested correlations between the binding affinities

of ligands and the role of electrostatic interactions, but we have now quantified these in-

teractions. Therefore, our findings highlight the thermodynamic basis of ligand recognition

by the NMT1 riboswitch. While we have not probed the kinetics of ligand binding in this

riboswitch, both kinetics and thermodynamics have been suggested to play a role in ligand

recognition by other riboswitches.53
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Conclusions

In this work, we have reported the structural and thermodynamic basis governing the dis-

crimination of natural ligands (XAN and UAC) and their chemical analogues (AZA and

HPA) by the NMT1 riboswitch, and have also investigated the energetics of mutations in

the riboswitch that affect its binding to these ligands. We found that the ligands (XAN,

AZA, UAC, and HPA) interact with the NMT1 riboswitch through stacking and hydro-

gen bonding interactions. The base triples (A9-U41-A6 and A39-G35-C11) play an integral

role in ligand recognition by forming stacking interaction with the ligand. However, our

non-bonded interaction energy data revealed that the energetic contribution of vdw interac-

tions is similar for all four ligands and the energetic contribution of electorstatic interactions

varies for these ligands, thereby suggesting that the NMT1 riboswitch uses electrostatic in-

teractions to discriminate between ligands XAN, AZA, UAC, and HPA. These observations

also corroborate with previous studies that suggested that riboswitches use electrostatic

interactions to discriminate between natural ligands and their chemical anlogues.51,52 Our

alchemical free energy calculations demonstrate that the mutations in the NMT1 riboswitch

significantly affect the interactions of ligands with several conserved nucleotides (A6, G10,

G35, A39, U40, and U41) in the binding pocket. More importantly, the mutations A39G

and U40C induce the formation of new hydrogen bonding interactions of AZA, UAC, and

HPA with the NMT1 riboswitch which strengthens their binding ability. This observation is

further supported by previous studies20,52 which have suggested that the changes in binding

affinities of the ligands on mutations in the riboswitch are driven by the loss or gain of the

electrostatic interactions. Our mechanistic findings are also potentially relevant in designing

novel compounds targeting riboswitches.

25



Data and Software Availability

All methodological details for all data generated in this study are available in the Methods

section including PDB codes of input files, simulation conditions, error analysis. The input

files for conventional MD simulations and TI calculations for mutations in the NMT1 -XAN

complex are available at github: (https://github.com/amit9869/JCIM_XAN.git). The

free energy data averaged over forward and backward transformations for each mutation in

complex and solution are also provided (Tables S3-S7). The simulation and visualization

software29,38,39 and the force-field for RNA32 used to carry out calculations are openly avail-

able. The CHARMM general force-field33 used for the ligands (XAN, AZA, UAC, and HPA)

is available in supporting information.

Supporting Information

Additional data and analyses, steps for system setup and MD simulations, thermodynamic

cycle for estimating the relative binding free energy of mutations in the riboswitch, RMSD

and RMSF of the ligand-riboswitch complexes, fractional occupancies of all key interactions,

structural insights from MD simulations of the ligand-riboswitch complexes
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