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Abstract Transfer RNAs (tRNAs) contain various uniquely

modified nucleosides thought to be useful for maintaining

the structural stability of tRNAs. However, their signifi-

cance for upholding the tRNA structure has not been

investigated in detail at the atomic level. In this study,

molecular dynamic simulations have been performed to

assess the effects of methylated nucleic acid bases, N2-

methylguanosine (m2G) and N2-N2-dimethylguanosine

(m2
2G) at position 26, i.e., the hinge region ofE. coli tRNAPhe

on its structure and dynamics. The results revealed that

tRNAPhe having unmodified guanosine in the hinge region

(G26) shows structural rearrangement in the core of the

molecule, resulting in lack of base stacking interactions,

U-turn feature of the anticodon loop, and TWC loop. We

show that in the presence of the unmodified guanosine, the

overall fold of tRNAPhe is essentially not the same as that of

m2G26 and m2
2G26 containing tRNAPhe. This structural

rearrangement arises due to intrinsic factors associated with

the weak hydrogen-bonding patterns observed in the base

triples of the tRNAPhe molecule. The m2G26 and m2
2G26

containing tRNAPhe retain proper three-dimensional fold

through tertiary interactions. Single-point energy and

molecular electrostatics potential calculation studies

confirmed the structural significance of tRNAs containing

m2G26 and m2
2G26 compared to tRNA with normal G26,

showing that the mono-methylated (m2G26) and dimethy-

lated (m2
2G26) modifications are required to provide struc-

tural stability not only in the hinge region but also in the

other parts of tRNAPhe. Thus, the present study allows us to

better understand the effects of modified nucleosides and

ionic environment on tRNA folding.

Keywords tRNA � Modified nucleosides � N2-

methylguanosine (m2G) � N2,N2-dimethylguanosine

(m2
2G) � Molecular dynamic simulations

Introduction

Post-transcriptional modifications of RNA nucleotides

occur in all cells [1]. Such modifications are known to

provide structural stability across the wide range of tem-

perature in archaea as well as bacteria [2]. The nature of

nucleoside modification in tRNA is considerably varied

from, simple base or ribose methylation, base isomeriza-

tion, base reduction, base thiolation, and more complex

hypermodifications [3, 4]. An important characteristic of

tRNA is the presence of high content of modified nucleo-

sides of which methylation represents the principal post-

transcriptional modification during its maturation. The

modified nucleosides N2-methylguanosine (m2G) and N2-

N2 dimethylguanosine (m2
2G) are conserved at only two

locations: at position 10 proximal dihydrouridine stem and

at position 26 in the bend between the dihydrouridine

(D) stem and anticodon stem (Fig. 1), where they play a

vital role in the control and stabilization of the tertiary

L-fold structure of the tRNA [5, 6]. The N2-methyl-

guanosine and N2-N2 dimethylguanosine modifications in
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tRNA are found not only at position 26 but also at positions

6, 7, 9, 10, 18, and 27 in several organisms [7]. X-ray

crystallographic data of yeast tRNAPhe show that N2,N2-

dimethylguanosine functions as a molecular hinge,

adjusting the angular disposition of two stems within the

tRNA architecture [8–10]. The main function of N2,N2-

dimethylguanosine at position 26 is to maintain a certain

amount of rigidity/flexibility in this part of the tRNA [9].

The NMR study describes the Watson–Crick base pairing

between m2
2G26:A44 and its role in tRNA folding [11].

Incorporation of m2G was found to be iso-energetic with G

in the duplex context as well as in GNRA (N = any

nucleotide and R = purines) tetra loops [12]. The two

rotamers of m2G, s-cis, and s-trans have been found to be

equally stable in RNA duplex [12] and in tRNA [13, 14]. It

has been reported that the methylated guanosine present at

the 26th position of tRNA regulates the stacking interac-

tions and conformational dynamics [15].

It has also been proven that individual modifications

allow tRNA to perform its biological activities in proper

manner [16]. Nonetheless, it is usually thought that modi-

fications found outside the anticodon loop help maintain the

structural integrity of tRNA, while modifications within and

around the anticodon are suggested to play a direct role in

increasing translational efficiency and/or fidelity [17, 18].

Modified bases increase stability of tRNA structure by

providing extra hydrogen bonding, enhance base stacking,

and metal ion-binding interactions [19–26]. Previous stud-

ies on unmodified yeast tRNAPhe showed that Mg2? was

crucial in formation of tertiary structure, but removal of

posttranscriptional modified nucleotide significantly altered

the intrinsic stability of tertiary structure [27]. However, the

mode in which posttranscriptional modifications exert their

stabilizing effects on both secondary and tertiary structure is

not completely understood. The effect of nonstandard bases

on both structure and function can be verified after com-

paring the properties of ‘‘unmodified’’ tRNAs with the

corresponding native tRNAs [27]. The influence of hydra-

tion effect on the dynamics of tRNA and lysozyme has been

studied previously [28]. This study demonstrates that bio-

molecules with different chemical structures exhibit sig-

nificant different dynamic responses to the water hydration

[28]. Similarly, results of nucleic acids obtained using

explicit solvent molecular dynamic (MD) simulations has

been discussed thoroughly in a review published recently

[29]. Conformational motion during spontaneous translo-

cation has also been investigated using molecular dynamic

(MD) simulation technique [30].

Hence, in the present study, multiple molecular dynamic

simulations have been carried out in order to get structural

and dynamic information of three fully solvated tRNAs.

First, the level of convergence achieved by these trajecto-

ries is estimated by analysis of time-dependent root-mean-

square deviations (RMSD) from the starting structure.

Then, a detailed evaluation of the stability of the tertiary

interactions, including base triples, tertiary base pairs,

U-turn motifs of the anticodon loop and TWC loop,

including analysis of RMSF is presented.

Materials and Methods

Computational Procedures

The starting coordinates were extracted from the tRNAPhe

A-form crystal structure [8] having 2.7 Å resolution (NDB

code tRNA04; PDB code 6TNA). Transfer RNA molecule

containing a total of 76 nucleotide bases has been sur-

rounded by 75 Na? counter ions and 24599 SPC/E water

molecules filling a 98.436 9 77.891 9 119.727 Å recti-

linear box [31] with water density 1.0. Mg2? ions were

placed as observed in crystallographic symmetry [8].

Parameter files for Mg2? ions were obtained from AMBER

parameter database [32]. The MD simulations were per-

formed by means of Amber ff99bsc0 force field [33] as

implemented in AMBER 10 package, under periodic

boundary conditions by employing Particle Mesh Ewald

(PME) method [34] for the calculation of long-range

Fig. 1 Cloverleaf representation of yeast tRNAPhe secondary struc-

ture. Red color indicates modified nucleotides, and they are abbre-

viated as m2G, N2-methylguanosine; D, dihydrouridine; m2
2G,

N2,N2-dimethylguanosine; Cm, 20-O-methylcytidine; Gm, 20-O-
methylguanosine; Y, wybutosine; w, pseudouridine; m5C, 5-methyl-

cytidine; m7G, 7-methylguanosine; m1A, 1-methyladenosine. Some

of the residue numbers shown in green color (Color figure online)
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electrostatic interactions. MD trajectories were propagated

at 2.0-fs time step applying the shake algorithm [35] to all

hydrogen atoms with nonbonded cutoff of 9 Å. The non-

bonded pair list was updated every 10 steps. The trajec-

tories were calculated by maintaining constant temperature

of 300 K and pressure (1 atm) at 2-fs time step, according

to Berendsen coupling algorithm [36]. Equilibration pro-

tocol was kept similar to earlier MD simulation studies of

nucleic acids [37, 38]. The equilibration protocol consisted

of 5000 steps of steepest descent minimization followed by

20 ps of MD at 300 K applied for the relaxation of the

initial strain present between water molecules and tRNA

with m2
2G at the 26th position. In the next step, tRNA was

fixed, while water molecules and Na? counter ions were

allowed to relax at 100 K (10 ps), 200 K (10 ps), and

finally at 300 K for 960 ps, and thus equilibration protocol

was completed at 1 ns. Equilibrated system was further

subjected to 5000 steps of energy minimization using the

steepest descent method in order to remove bad contacts

between water molecules and tRNA. In further steps of

MD simulation, no positional constraints were applied to

the system, and the temperature was progressively

increased to 300 K in steps of 50 K with 1 ps at every time

step. Finally, system was subjected to production run of

10 ns at 300 K temperature and 1 atm constant pressure

using fully solvated and neutralized system. Similar pro-

tocol has been applied for tRNA with N2-N2 dimethyl-

guanosine (m2
2G), N2-methylguanosine (m2G) base

modifications, and unmodified guanosine at the 26th

position, respectively.

The amber force field parameters for the naturally

occurring modified nucleosides of tRNA were obtained

from SantaLucia laboratory [39]. Visualization and the

analyses of root-mean-square deviation (RMSD), root-

mean-square fluctuation (RMSF), and the percentage of

hydrogen bonding in tRNA were carried out using the

VMD and PTRAJ module of Amber Tool 10, respectively

[40]. Previously, various computational techniques have

been used to understand the conformational behavior and

dynamics of many complex, modified nucleosides [41–49].

Single-point energy calculations and molecular electro-

statics potential (MEPs) calculations were performed using

HF-SCF (6-31G** basis set) method as per previous study

[43].

The dynamic stability of the unmodified and modified

nucleic acid base pairs is important to retain the tertiary

structure of a macromolecule (Fig. 2) and is indeed one

of the best available criteria for valuing the quality of

MD trajectory. This stability has been estimated by

calculating hydrogen-bonding percentages (HB %) simi-

larly as explained by Auffinger and coworkers in 1999

[50].

Results

Stability of Intramolecular Hydrogen Bonds

The HB % are defined as the time over which a hydrogen

bond fulfills the two d(H….O)\ 2.5 Å and h (X–

H….O)[ 135� standard criteria divided by the total sim-

ulation time (10 ns) as per earlier study [50]. The HB %

results are described in Figs. 3, 4, 5, and 6.

Base Triples

Four base triples are found in the core of the tRNA, i.e.,

G45….[m2G10-C25], m7G46….[C13-G22], A9….[U12-

A23], and A21….[U8-A14A]. The G45…. m2G10-C25]

base triple (Fig. 3) is involved in the interaction of the

variable loop with the D stem, remains planar during the

molecular dynamic simulation of crystal structure and also

in the presence of guanosine (G), N2-methylguanosine

(m2G), and N2-N2 dimethylguanosine (m2
2G) at the 26th

position of tRNA, respectively. The interaction involving

the third base of the base triples is considered to be less

Fig. 2 Difference in conformation between unmodified guanosine

(G26) and modified guanosine (m2G26/m2
2G26) in tRNAs. Superpo-

sition of average structures obtained after MD simulations; unmodified

tRNA (unmodified guanosine; cyan), modified tRNA having m2G

(magenta), m2
2G (green) at the 26th position, and tRNAPhe crystal

structure with Mg2? (gray, PDB ID 6TNA) (Color figure online)
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stable for G compared with m2G, m2
2G, and crystal struc-

ture (Fig. 3a). It is worth noting that the base pairs forming

hydrogen bonds display different levels of stability. In the

core of tRNA, the A9….[U12-A23] (Fig. 4), A21….[U8-

A14] (Fig. 5) and m7G46….[C13-G22] (Fig. 6) base triple

lose their planarity (Figs. 4a, 5a, 6a) during MD simulation

in the presence of guanosine at the 26 position, while in the

presence of N2-methylguanosine (m2G) (Figs. 4b, 5b, 6b)

and N2-N2 dimethylguanosine (m2
2G) (Figs. 4c, 5c, 6c), it

prevents the loss of planarity. The presence of unmodified

guanosine at the 26th position could be responsible for the

loss of interaction between third base [A9] and base pair

[U12-A23] forming the base triple; instead, A9 establishes

a triple interaction with [C11-G24] base pair as observed

in Fig. 7. The newly formed base triple is characterized by

the hydrogen bond between (A9) N(6)H…O (6)(G24) and

(A9) N(7)…HN(4) (C11) (Fig. 7a). Such displacement

shifts m7G46 toward U12–A23 base pair and forms

hydrogen bond between (m7G46) O6…HN6 (A23). Ulti-

mately, the A21….[U8-A14] base triple involved in the

trans Hoogsteen base pair between U8-A14 resulted in

weak hydrogen bond with third base A21 as shown in

Fig. 5. Besides base–base interactions, two base-sugar

hydrogen bonds, i.e., (U8) O20-H…N1 (A21) and (U8)

O20…H-N6 (A21), have been found during MD simula-

tions. Such base-sugar hydrogen bond ((U8) O20-H…N1

(A21)) was also observed in tRNAAsp [50] and tRNAPhe

[51, 52] structures. This displacement of base triples in the

tRNA core is the important structural event observed

during molecular dynamic simulation in the presence of

guanosine at the 26th position, while in the presence of N2-

methylguanosine (m2G), N2-N2 dimethylguanosine (m2
2G)

and in crystal structure, no such displacement were

observed. Thus, tertiary interaction may be related to the

ionic environment of the tRNA and the presence of Mg2?

ions.

Fig. 3 The rearrangement of base triples G45….[m2G10-C25]. a The
base triples in the unmodified tRNA compared with b the base triples

in m2G containing tRNA, c the base triples in m2
2G containing tRNA,

and d the base triples in crystal structure with Mg2? ions. HB %

calculated from the 10-ns MD simulation for the base triples
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Tertiary Base Pairs

Besides the stem base pairs and base triples, extensive set

of tertiary interactions are present in phylogenetically

conserved bases of tRNAs, which are required to retain

their complex three-dimensional structure [6, 52]. One of

the important tertiary base pair present in tRNA is G26-

A44 interaction. The derivatives of Guanosine nucleosides

N2-methylguanosine (m2G) and N2-N2 dimethylguanosine

(m2
2G) have also been found at position 26, the junction

between the D-stem and the anticodon stem, where they

play a crucial role in stabilizing the continuity of interac-

tions from the D stem to the anticodon stem. Hence, the

basic idea lies in monitoring the effect of base pairing

(G26/m2G26/m2
2G26:A44) on structural stability of tRNA

during molecular dynamic simulation. The tertiary base

pairs are properly maintained during 10-ns MD simulation

trajectory of tRNAPhe crystal structure (Fig. 8d), as well as

tRNAs containing m2G (Fig. 8b) and m2
2G (Fig. 8c). The

O6….H-N6 hydrogen bond across the hinge region is

especially well preserved in crystal structure, m2G and with

some variations for m2
2G containing tRNA with HB % of

98, 98, and 87, respectively. The percentage of hydrogen

bond between N1-H….N1 is 97 for crystal structure, 97 for

m2G, and 89 for m2
2G. The difference in HB % of

m2
2G26:A44 may be due to the hydrophobic effect induced

by –CH3 group and also the orientation of methyl group,

which changes from planar to propeller type conformation.

The base pair between m2
2G26:A44 do not just prevent the

base pairing of G26 with C44 in the hinge region of tRNA,

but also controls the pairing mode with A44. Thus, N2,N2-

dimethylguanosine rules out the common sheared orienta-

tion between guanosine and adenosine. This has helped to

bind this pairing mode to the more stable imino-hydrogen

bonded form. There is a destabilization of loop due to loss

of hydrogen bonding between G26-A44. The percentage of

hydrogen bond, calculated between (G26) N1-H….N3

(A44) and (G26) O6….H-N6 (A44) is less than 10 %

(Fig. 8a) resulting in loss of base stacking and destabi-

lization of loop. It is worth noting that the percentage of

hydrogen bonds forming these tertiary base pairs displays

different levels of stability.

Fig. 4 The rearrangement of base triples A9….[U12-A23]. a The

base triples in the unmodified tRNA compared with b the base triples

in m2G containing tRNA, c the base triples in m2
2G containing tRNA,

and d the base triples in crystal structure with Mg2? ions. HB %

calculated from the 10-ns MD simulation for the base triples
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Effect of Hinge Region Modification

on the Anticodon Loop and TWC Loop

In tRNA structure, two base backbone interactions com-

prising the invariant U33 and W55 residues maintain the

U-turn of anticodon loop and thymine loop, respectively.

Proper conformation of U33 nucleoside is crucial not only

for a functional anticodon U-turn, but also for U-turn

motifs in RNA structures in general. The (U33) N3-

H…O2P (A36) hydrogen bond across the anticodon loop is

particularly well conserved in crystal structure and m2G

containing tRNA (Fig. 9). However, tRNA having m2
2G at

the 26th position does not maintain the U-turn motif for

initial 800 ps, which later gets stabilized as can be seen in

Fig. 9. Destabilization of the U-turn motif has been

observed in the anticodon loop of tRNA containing

unmodified guanosine at the 26th position during molecu-

lar dynamic simulation (Fig. 9). However, the similar

(W55) N3-H…O2P(A58) interaction across the thymine

loop breaks after 1400 ps due to dynamic rearrangements

observed in tRNA having guanosine (G) at position 26 as

compared to m2G and m2
2G containing tRNAs (Fig. 10).

This kind of stable hydrogen-bonding interaction is also

observed in crystal structure.

As per crystal structure analysis of yeast tRNAPhe, G18

and G19 of D stem are involved in the formation of tertiary

interactions with the bases W55 and C56 of the TWC

domain, respectively [53]. The Base pair G18-W55 stabi-

lizes the interaction between D loop and TWC loop which

could have a possible role in interloop opening mechanism

during protein synthesis process as discussed in previous

study [54]. The O4 of W55 forms bifurcated hydrogen-

bonding interactions with N2 and N1 of G18 in tRNAPhe

crystal structure [53] containing m2G and m2
2G as shown in

Fig. 11. The tRNA with unmodified guanosine (G) does

not hold such bifurcated hydrogen-bonding interactions

resulted in destabilization of the bond that holds the D

domain with TWC domain (Fig. 11). The tRNAAsp has an

Fig. 5 The rearrangement of base triples A21….[U8-A14]. a The

base triples in the unmodified tRNA compared with b the base triples

in m2G containing tRNA, c the base triples in m2
2G containing tRNA,

and d the base triples in crystal structure with Mg2? ions. HB %

calculated from the 10-ns MD simulation for the base triples
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unmodified guanosine (G) at the hinge region get stabilized

by G18-C56 instead of G18-W55, which may be due to a

structural rearrangement observed during molecular

dynamic simulation [50].

Root Mean Square Deviation (RMSD)

In order to get a rough estimate of the quality of the

molecular dynamic simulation trajectory, the backbone

root-mean-square deviation (RMSD) from the starting

structure was calculated using PTRAJ module of

AMBERTOOLS 10 and plotted using the commercially

available Sigma Plot 12.0 software. Figure 12 displays the

time dependent root-mean-square deviation for all the three

tRNA trajectories. The calculated RMSD of crystal struc-

ture remains in between 1.8 and 2.2 Å (Fig. 12). Root-

mean-square deviation of tRNA with m2G at the 26th

position fluctuates around 2.3 Å and do not drift towards

higher values during the simulation period (Fig. 12).

Mobility of core residues continues to be close toward

those derived from the crystal data. Transfer RNA having

m2
2G at the 26th position was also found to be stable with

the values ranging from 2.5 to 2.7 Å compared with the

tRNA containing guanosine (Fig. 12). The RMSD of tRNA

containing m2G is less compared to tRNA containing m2
2G

in the hinge region (Fig. 12). This could be because of the

steric interactions between dimethylated groups of m2
2G

with A44. The cyan color line corresponds to the RMS

deviations calculated for entire tRNA without any modifi-

cation in the hinge region (Fig. 12). Such fluctuations may

be due to displacement observed in base triples, resulting in

loss of base stacking interactions and U turn motif of

anticodon loop and TWC loop. RMSD fluctuations

revealed that the modifications at 26th position play an

important role to stabilize the tertiary structure of tRNA.

Root Mean Square Fluctuation (RMSF)

Per residue root-mean-square fluctuation for the entire

tRNA with and without modifications at the hinge region

(the 26th position) has also been calculated and shown in

Fig. 13. By observing fluctuations at the level of nucleotide

Fig. 6 The rearrangement of base triples m7G46….[C13-G22]. a The
base triples in the unmodified tRNA compared with b the base triples

in m2G containing tRNA, c the base triples in m2
2G containing tRNA,

and d the base triples in crystal structure with Mg2? ions.

HB % calculated from the 10-ns MD simulation for the base triples
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residues, one can find that the deviation is maximum for

the initial bases of acceptor arm, and some bases of anti-

codon stem loop and TWC loop (Fig. 13). The significant

deviation has been observed in the bases positioning from

the 26th to 34th of the anticodon stem loop. Such large

deviation in root-mean-square fluctuation may be due to

displacement observed in base triples, resulting in loss of

base stacking interactions and U turn motif of anticodon

loop (Fig. 13). Though, the analogous (W55) N3-

H…O2P(A58) interaction in the thymine loop disrupt after

1400 ps due to dynamical rearrangements, which may

cause large deviation in root-mean-square fluctuation in

TWC loop (base 58th to 61st). This result shows that the

overall preservation of structure in the acceptor arm and

D-stem of the tRNA has been maintained in the presence of

modified bases at the hinge region. This signifies the

movements in the TWC loop and anticodon stem which

mainly account for the drifts seen in all atom RMSF pro-

file. Compared with crystal structure data [8], fluctuations

in acceptor arm, D-arm, and anticodon loop remain fairly

close, but relatively larger variation is observed in thymine

loop.

Mg21 Ions Coordination in Yeast tRNAPhe

The two Mg2? ions present in the D loop of crystal

structure [8] coordinated by three consecutive phosphate

groups of residues 19, 20, and 21 (Fig. 14a, b). One of the

Mg2? ions interacts with phosphate oxygen atoms of 20

and 21 nucleotides, while the other is coordinated with

phosphate oxygen of base 19. Water molecule in its

coordination shell gets stabilized by forming hydrogen

bond with the phosphate oxygen of U59 base. During

molecular dynamic simulation, phosphate oxygen of G15,

G19, two water molecules, and oxygen atoms of residues

G20 and C60 fulfill the octahedral geometry of Mg2? ion

located in the D loop (Fig. 14a1) as observed in crystal

structure [8].

The magnesium ion located in the D loop (Fig. 14c) is

stabilized by hydrogen bonding through its coordination

sphere to four phosphate oxygen atoms of bases 8, 9, 11

and 12. This magnesium ion is held by total 6 hydrogen

bonds from its coordinated water molecules to phosphate

oxygen atoms of U8 and C12 nucleotides, respectively.

The coordination of Mg2? ion (Fig. 14b1) is in agreement

Fig. 7 The rearrangement of base triples A9….[U12-A23] and hydrogen-bonding interaction formed between adjacent base pairs, when a G at

the 26th position in tRNA, b m2G at the 26th position in tRNA c m2
2G at the 26th position in tRNA, and d crystal structure with Mg2? ions
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Fig. 8 Base pairing and HB % calculated from the 10-ns molecular

dynamic simulation for the tertiary base pair present in the hinge region

of tRNA, between a G26:A44, b m2G26:A44, c m2
2G26:A44 and

dm2
2G26:A44 in crystal structure with Mg2? ions. The plot monitoring

the hydrogen bond interactions between N1-H….N1 (blue) and

O6….H-N6 (red) for the respective tertiary base pairs (Color

figure online)
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with crystal structure (Fig. 14b) during molecular dynamic

simulation period.

The anticodon loop also contains a magnesium ion as

shown in Fig. 14d. This magnesium ion is coordinated by

phosphate oxygen of the 37th base and five oxygen atoms

from water molecules (Fig. 14d). The Mg2? ion forms

water-mediated bonds with residues 32 and 39 of anticodon

arm (Fig. 14d). Figure 14c1, d1 obtained from MD simu-

lation show three phosphate oxygen atoms and three water

molecules in the coordination sphere of Mg2? ion. These

magnesium ions show additional interactions with phosphate

oxygen atoms compared to crystal conformers [8]. During

MD simulation, some regions of tRNA (residue 55–62,

68–72) fluctuate more in the absence of Mg2? ions com-

pared to simulations performed in the presence of Mg2? ions

as can be seen in the RMSF graph (Fig. 13).

Single-Point Energy and MEPs Calculations of G/

m2G/m2
2G26:A44

The base-paired structures namely, G26:A44 (Fig. 15a),

m2G26:A44 (Fig. 15b), m2
2G26:A44 in the absence of

Mg2? (Fig. 15c) and m2
2G26:A44 crystal structure with

Mg2? ions (Fig. 15d) have been extracted from the final

MD simulated trajectories to investigate base-pairing

interactions and energy differences. These isolated base-

Fig. 9 Time course of

hydrogen bond between (U33)

N3-H…O2P (A36) describing

the U-turn feature of anticodon

loop. The cyan color line

corresponds to guanosine at

26th position of tRNA, the

green colored line corresponds

to N2-N2 dimethylguanosine

(m2
2G) at 26th position of tRNA,

the magenta color depicts N2-

methylguanosine (m2G) at 26th

position of tRNA while the gray

color depicts N2-

N2 dimethylguanosine (m2
2G) at

26th position in the presence of

Mg2? ions in crystal structure

(Color figure online)

Fig. 10 Time course of

hydrogen bond between (W55)

N3-H…O2P (A58) describing

the U-turn feature of thymine

loop. The cyan color line

corresponds to guanosine at

26th position of tRNA, the

green colored line corresponds

to N2-N2 dimethylguanosine

(m2
2G) at 26th position of tRNA,

the magenta color depicts N2-

methylguanosine (m2G) at 26th

position of tRNA while gray

color depicts N2-

N2 dimethylguanosine (m2
2G) at

26th position in the presence of

Mg2? ions in crystal structure

(Color figure online)

cFig. 11 Base pairing from the 10-ns molecular dynamic simulation

for the tertiary base pair present between a G18: W55 in tRNA with

unmodified guanosine (G) at 26th position, b G18: W55 in tRNA with

m2G at 26th position, c G18:W55 in tRNA with m2
2G at 26th position,

d G18: W55 in crystal structure. The plot monitoring the hydrogen

bond interaction between N(1)H….O(4) (blue) and N(2)H….O (4)

(red) for the respective tertiary base pair (Color figure online)
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paired structures are then subjected for single-point energy

calculation and MEPs by means of HF-SCF (6-31G** basis

set) similar to our earlier study [43]. The direct energy

comparison (Table 1) has been made between all the base

pair models instead of relative energies due to differences

in the atom numbers. The MEPs and calculated energies

(Table 1) show that m2
2G26:A44 with and without Mg??

ions (Fig. 15c, d) are relatively stable compared to

m2G26:A44 (Fig. 15b) and G26:A44 (Fig. 15a), respec-

tively. Two electrostatic potential tunnels have been

observed in case of m2G26:A44 (Fig. 15b). The N2-

methylguanosine (m2G26:A44) (Fig. 15b) prefers s-trans

or ‘‘proximal’’ conformation as observed in earlier studies

[13, 14]. Similarly, one potential tunnel has been found in

case of m2
2G:A in the absence of Mg2? ions. However, such

electrostatic potential tunnels have not been observed in

case of G26:A44 and m2
2G26:A44 in the presence of Mg2?

ions. The crystal structure of yeast tRNAPhe containing

m2
2G26:A44 does not show hydrogen-bonding interactions

at hinge region [8].

Discussion

Present 10-ns molecular dynamic simulations of tRNAPhe

with nucleosides m2G/m2
2G/G at the 26th position depict

most of the significant interactions contributing to the

stability and molecular architecture. From the biochemical

and biophysical points of view, molecular dynamic simu-

lations of tRNA molecule offer the opportunity to explore

the stability of base triples and tertiary base pairs, which

are primarily present in the core of the tRNA molecule

Fig. 12 Time course of the

RMS deviations from the

starting structure. The cyan

color line corresponds to

guanosine at 26th position of

tRNA, the green colored line

corresponds to N2-N2

dimethylguanosine (m2
2G) at

26th position of tRNA, the

magenta color depicts N2-

methylguanosine (m2G) at 26th

position of tRNA while gray

color depicts N2-

N2 dimethylguanosine (m2
2G) at

26th position in the presence of

Mg2? ions in crystal structure

(Color figure online)

Fig. 13 Comparison of per

residue root-mean-square

fluctuations (RMSF) for entire

tRNAs in the presence and the

absence to Mg2? over 10-ns

time scale
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Fig. 14 Mg2? ions (green)

coordination observed in crystal

structure (a–d) and molecular

dynamic simulation (a1–d1)
(Color figure online)
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[50]. We show that in the presence of unmodified guano-

sine, the overall tertiary interactions of tRNA are essen-

tially not the same as those of m2G and m2
2G containing

tRNAs. This difference in tertiary interactions results in

structural rearrangement, which may be due to intrinsic

factors associated with the weak hydrogen-bonding pat-

terns observed in the base triples of the tRNA molecule.

Interestingly, similar type of structural rearrangement of

base triples had also been observed in tRNAAsp in the

presence of guanosine at the 26th position [50]. The

interactions of tertiary base pairs found in the deep groove

exhibit different levels of stability, and could be respon-

sible for complete loss of interactions of the three base

triples to a reversible interchange of hydrogen-bonding

patterns for the G45…[G10-U25] [50]. Such liability in

MD simulation may be due to, U11-A24 base pair of the

D-stem which does not participate in the triple interaction

and results in structural rearrangement by introducing a

break in the stack of four base triples [50]. Byrne and

coworkers in 2010 also showed the formation of the base

triples composed of G10, C25, and G44, while A26 was

left unpaired in unmodified E. coli tRNAPhe [54]. The

unmodified tRNAPhe bound to MiaA (PDB IDs 2ZM5 and

2ZXU) shows a base triple between C11, G24 and G44

whereas a second base pair is formed between C25 and

G10 while A26 is left unpaired [54]. Neither of this base

triples arrangement is similar to that observed in the pre-

sent structure, thus signifying the remodeling of tRNA by

ribosomes or proteins resulted in conformational changes

which are facilitated by flexibility in the core of the tRNA

[54]. Owing to such liability observed in base triple

interactions may be partly related to the experimental dif-

ficulties involved in their detection.

Interestingly, during MD simulation tertiary base pairs

of tRNAs with m2G/m2
2G at the hinge region were found to

be more stable compared to that of unmodified guanosine

(Fig. 8). On the other hand, in the absence of Mg2? ions in

tRNAAsp, structural rearrangement of some tertiary inter-

actions observed in the base triples, in the U-turn motif of

anticodon loop and as well as in the TWC loop as per

earlier study [50]. The NMR derived anticodon loop of

unmodified Anticodon Stem Loop (ASL) of E. coli

tRNAPhe (PDB 1KKA) does not adopt the significant

U-turn feature, but instead has an unusual conformation in

which the anticodon loop has three nucleotides [55].

The calculated per residue RMSF shows large devia-

tions for the initial bases of the acceptor arm, some bases of

the anticodon stem loop and TWC loop. The fluctuation

seen in different parts of tRNA can be evaluated by com-

paring it with experimental results. The RMSF results are

in agreement with the calculated B-factor, which also show

considerable deviation for the anticodon loop and the

acceptor stem extremity [50]. In particular, residues of

TWC loop (W55, C56, and A57) were found to be more

Table 1 Energy differences

obtained by single-point energy

calculation over the base pair

models of G26/m2G26/m2
2G26:

A through ab initio HF method

Name of the molecule HF-SCF (6-31G** basis set) (kcal/mol) Figure

G: A -1,249,198.8705 Figure 15a

m2G: A -1,273,689.2519 Figure 15b

m2
2G: A -1,298,136.0733 Figure 15c

m2
2G: A with Mg?? ions -1,298,151.9509 Figure 15d

Fig. 15 Showing MEPs calculations of base pair models a G26:A44,

b m2G26:A44, c m2
2G26:A44, d m2

2G26:A44 crystal structure with

Mg?? ions extracted from the final MD simulated trajectories
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mobile (Fig. 13) than in the crystals [50]. The fluctuation

of D loop residues was in close agreement with the cal-

culated experimental values [8]. The MEPs tunnels

observed in case of m2G26:A44 and m2
2G26:A44 in the

presence and the absence of Mg2? ions revealed the

importance of these modified bases to maintain rigidity/

flexibility in the hinge region of tRNAPhe.

Conclusion

We have examined the dynamic features of solvated

tRNAPhe in the presence and the absence of modified bases,

N2-methylguanosine (m2G), N2-N2 dimethylguanosine

(m2
2G) present at the hinge region of tRNAPhe. Molecular

dynamic simulations result revealed the structural stability

in the presence of m2G and m2
2G at the 26th position of

tRNAPhe. The MD simulated tRNAPhe containing m2G and

m2
2G along with their crystal conformer retains complex

three-dimensional fold through tertiary interactions.

MD simulation of tRNA having unmodified guanosine

at the 26th position shows structural rearrangement in the

core of the tRNA molecule resulting in lack of base

stacking interactions, U-turn feature of anticodon loop and

TWC loop. The stability between residues 26, 44, and 45 is

important, as they are involved in the formation of tRNA

kink between D-stem and anticodon stem, allowing the

tRNA anticodon to bind at the mRNA codons as explained

in earlier report [56]. Thus, the modified nucleic acid bases

are involved in stabilization of the hinge region between

the anticodon and D stems as proposed previously based on

X-ray structure of yeast tRNAPhe [57–59]. Energy calcu-

lations and molecular electrostatic potential (MEPs) stud-

ies revealed the structural significance of tRNAs

containing m2G26 and m2
2G26 compared to tRNAs with

normal G. Hence, the modified nucleosides m2G26 and

m2
2G26may play their respective important roles to provide

structural stability at the hinge region of tRNAPhe for

smooth and in-phase protein biosynthesis process. Thus,

these results could be useful to understand the role of

methylated nucleosides on tRNA folding.
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