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ABSTRACT: Unmodiﬁed tRNAs provide essential insights
into the structural and functional role of the extensive and
diverse post-transcriptional modiﬁcations that naturally occur
in tRNAs. The X-ray crystal structure of the completely
unmodiﬁed Escherichia coli tRNAPhe showed preserved
anticodon stem loop (ASL) conformation compared with
that of the natively modiﬁed mature yeast tRNAPhe. On the
other hand, NMR studies reveal that both unmodiﬁed E. coli
and incompletely modiﬁed yeast tRNAPhe ASL structures
diﬀer from the canonical conformation by adopting altered
conformations resembling extended stems and shorter loops. In the present work, we performed molecular dynamics simulation
of the ASL domains of the unmodiﬁed counterparts of the yeast and E. coli tRNAPhe in explicit water with two recently revised
AMBER force ﬁelds for RNA, ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3, starting from the X-ray derived structures in the canonical
conformation. For a single ASL system, ﬁve independent simulations of 200 ns each were performed yielding 4000 ns (or 4 μs)
of simulation time in total. The ﬀ99bsc0χOL3 force ﬁeld was found to retain the X-ray-like conformational features during the
entire course of simulations of both the ASLs in the absence of natural modiﬁcations. In the case of the ﬀ99bsc0TORYIL force
ﬁeld, the observed deviations from the initial structures, conformational ﬂexibility, and destabilization in the canonical U-turn
structure and in the A-RNA-like conformational preferences for the backbone torsion angles were noticeably larger compared
with those obtained with the ﬀ99bsc0χOL3 force ﬁeld. The observed destabilization in the canonical anticodon stair-stepped
conformation was larger for the unmodiﬁed ASLs of yeast tRNAPhe compared with that of E. coli. However, none of the force
ﬁelds could reproduce the conformational characteristics reported in the solution NMR studies of unmodiﬁed E. coli and
incompletely modiﬁed yeast tRNAPhe ASL structures.

■

experimentally.8,22−32 Compared with the unmodiﬁed nucleic
acid residues in a similar environment, modiﬁed residues show
widely diﬀerent distributions of the glycosidic, sugar, and
backbone torsion angles.25,26,29,30,33−39
Logically, the role played by modiﬁcations in the structure
and function of an RNA molecule would be clearly
demonstrated if we could compare its structure and function
with those of its unmodiﬁed counterpart. This idea has driven
a lot of research over a considerable span of time, particularly
on tRNAs.30,33,40−48 Molecular dynamics (MD) simulations
provide a very convenient tool to address questions related to
structure and dynamics, and reports have described the results
obtained for diﬀerent tRNA systems.42,45,46,49−51 In one of the
ﬁrst such studies, Nagan and co-workers46 carried out all-atom
simulations of the dynamics of human tRNALys,3 anticodon

INTRODUCTION
A major function of nucleic acids is coding of genetic
information by a linear sequence of four canonical residues,
the molecular basis and consequences of which are quite wellunderstood. On the other hand, our understanding seems to be
much less complete about the second layer of coding in nucleic
acids in the form of modiﬁcations to the primary sequence.1−5
Experimental evidence suggests a widespread, if not
ubiquitous, occurrence of nucleoside modiﬁcations in
RNA.3,4,6−12 Apart from the well-known cases involving
tRNA, rRNA, and snRNA, it is becoming apparent that an
important role is played also by modiﬁcations of mRNA and
ncRNA.12−19 Some modiﬁcations in mRNA appear as dynamic
states of the molecule, varying in response to the signals
received by the cell from the environment, which may play a
regulatory role in gene expression.12,13,15,20,21
Unfortunately, there does not seem to be any universal rule
governing the role of modiﬁcations in RNA. The chemical
diversity is reﬂected in the diversity of structural eﬀects found
© 2019 American Chemical Society
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noted that Nagan and co-workers46 and Mathews and coworkers48 have used the original Cornell et al.73 and the
updated FF9974 force ﬁelds of the AMBER molecular
modeling package, respectively, whereas Nilsson and coworkers52 used the latest CHARMM36 force ﬁeld60,75 with
the current extension to include modiﬁed nucleotides.76
Notably, the force ﬁeld parameters for the modiﬁcations
used in these studies were not validated in any independent
simulation. In this scenario, application of recent, more welltested force ﬁeld versions with extended time scale of
simulations and in multiple independent copies may lead to
a more reliable picture of the mechanisms involved.
In light of the above considerations, we have undertaken
extensive all-atom MD simulation studies of the ASLs of the
unmodiﬁed yeast and E. coli tRNAPhe (Figure 1) in explicit

stem loop (ASL) domain for nine diﬀerent systems
constructed with various combinations of modiﬁed and
unmodiﬁed residues. The 17-residue wild-type ASL containing
all of the native modiﬁcations retained the canonical anticodon
stair-stepped structure during the reported relatively short
simulation time period of 4 ns. On the other hand, the
substitution of the modiﬁed residues with their unmodiﬁed
counterparts tended to produce structures that lost the
canonical anticodon stair-stepped conformation to diﬀerent
degrees. Recently, Mathews and co-workers48 studied the role
of modiﬁcations by simulating whole tRNA molecules of yeast
tRNAAsp, tRNAPhe, and tRNAiMet in their native and completely
unmodiﬁed forms for 333 ns in triplicate. In general, it was
observed that all three tRNAs, both modiﬁed and unmodiﬁed,
were stable during the entire course of simulations.48
Modiﬁcations were found to increase the rigidity of the
backbone of the ASL domain.48 However, modiﬁcations
tended to increase the dynamics of the three anticodon
residues.48 More recently, Nilsson and co-workers52 reported a
more comprehensive investigation on the inﬂuence of
modiﬁcations on the structure and dynamics of native and
completely unmodiﬁed tRNA molecules by carrying out an
extensive set of MD simulations of yeast tRNAPhe and tRNAinit,
Escherichia coli tRNAinit, and human tRNALys,3. The tRNA
molecules were subjected to two independent simulations of
300 ns each. This study showed an overall stabilizing eﬀect of
modiﬁcations in tRNA and only moderate changes in ASL
conformations compared with their respective crystal structures.
These simulation results acquire a lot of signiﬁcance for
interpreting and understanding the experimental data on the
structure and stability of tRNA (or their anticodon ASLs)
when the native modiﬁcations were substituted by their
unmodiﬁed counterparts. The unmodiﬁed or incompletely
modiﬁed ASLs of tRNAPhe, tRNALys,3, and tRNAGly in solution
studies were found to be destabilized and showed large
deviation from their canonical structure.30,33,41−44,52,53 It was
suggested that the structures corresponded more to extended
stems and shorter loops without evident U-turn conformation.30,33,41−44,52,53 Although there were some structural
diﬀerences between the crystal structures of the unmodiﬁed
E. coli tRNAPhe and the completely modiﬁed structure of yeast
tRNAPhe, the anticodon conformations were essentially the
same.42 Apart from representing the structures in diﬀerent
environments, that is, in solution or in the crystal lattice, the
NMR and X-ray models may diﬀer because of limitations of
both techniques itself including use of insuﬃcient NMR
restraints and/or inaccurate force ﬁeld for NMR structure
calculations.54 It is also tempting to hypothesize that the
diﬀerence may stem from a subtle diﬀerence in the stability of
the ASL fragments in solution and the entire molecule in
crystals (or in solution).55 Molecular simulations with
improved and well-validated force ﬁelds may help to better
understand the issue.
Unfortunately, the technique of MD simulation is still facing
major challenges such as inadequacies in conformational
sampling and force ﬁeld accuracy.56−71 The results from our
work and other groups have revealed that simulations involving
nucleic acids in general and RNA in particular, generate
conformations that are not observed experimentally, thus
motivating over the years a number of eﬀorts to revise the
AMBER and the CHARMM force ﬁelds to improve structural
and thermodynamic predictions.56−61,63−69,71,72 It should be

Figure 1. Tertiary structure of the ASL of the unmodiﬁed (A) yeast
tRNAPhe and (B) E. coli tRNAPhe. The lower panel shows the residue
sequences and their numbering.

water model. Two recently proposed reﬁnements of AMBER
nucleic acids force ﬁelds, the ﬀ99bsc0TOR YIL 67 and
ﬀ99bsc0χOL3,69 were used to propagate the dynamics. We
have carried out ﬁve independent 200 ns simulations for each
of the ASLs under study using each of the above-mentioned
force ﬁelds. In total, the simulations ran for 4000 ns (or 4 μs).
Our primary objective was to ﬁnd whether the simulations of
the unmodiﬁed ASL fragments in solution led to results that
corresponded more closely to the NMR observations.30,33,43,44,53 A second objective was to investigate the
extent of similarity/diﬀerence in the prediction of the
structural properties of the tRNA ASLs for the two variants
of AMBER FF9974 force ﬁeld for RNA, the ﬀ99bsc0TORYIL67
and ﬀ99bsc0χOL3,69 under study.

■

RESULTS AND DISCUSSION
Gross Structural Features. The time evolution of both
the root-mean-square deviations (RMSDs) and RGs for most of
the independent simulations of both the ASLs of unmodiﬁed
yeast and E. coli tRNAPhe showed retention of more ordered
and closed compact structures, similar to the initial structure,
throughout the 200 ns trajectories with the ﬀ99bsc0χOL369
force ﬁeld while the ﬀ99bsc0TORYIL67 force ﬁeld showed
3030
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Figure 2. Time evolution of all heavy atom RMSDs with respect to the energy minimized crystal structures (top row) and RGs (middle row) and
residue wise RMSFs (bottom row) for the ASLs of unmodiﬁed (A) yeast tRNAPhe and (B) E. coli tRNAPhe. The color codes (black, red, green, blue,
and cyan) represent ﬁve independent simulations of 200 ns each. The RMSD and RG values are running averages over 200 frames. The left and
right columns correspond to the ﬀ99bsc0TORYIL67 and ﬀ99bsc0χOL369 force ﬁelds, respectively.

reported by Mathews and co-workers48 and Nilsson and coworkers52 for the ASLs of unmodiﬁed yeast tRNAPhe was 3.84
± 0.14 and 2.2 Å (and 2.7 Å for simulation without crystal
water and Mg2+, 2.7 and 2.4 Å for two independent simulations
with crystal water and Mg2+), respectively. These observations
are close to our average RMSD (3.16 ± 0.26 Å) for this ASL
with AMBER ﬀ99bsc0χOL369 force ﬁeld and signiﬁcantly lower
compared with that (5.96 ± 0.45 Å) with ﬀ99bsc0TORYIL67
force ﬁeld. As expected, the root-mean-square ﬂuctuation
(RMSF) values showed that the ﬂuctuations originated mainly
from the anticodon loop domain (position 32−38), which was
comparable to the results reported by Nilsson and coworkers52 for unmodiﬁed yeast tRNAPhe, and 5′-terminal
residues (Figure 2A,B, bottom rows; Supporting Information,
Table S3).
A-RNA-Like Conformational Preferences. We have
studied the A-RNA-like conformational preferences by
calculating the population distributions of the sugar puckering,
the conformations around the glycosidic torsion angle (χ) and
the backbone torsion angles ranging from α to ζ for each of the
residues forming the ASL domains. Richardson et al.77 showed
that, among the 46 consensus clusters of RNA backbone suite
conformations, for the conformer “1a” which corresponded to
A-form-like RNA helices (A-RNA), the backbone torsion
angles ranging from α to ζ adopted the g−, t, g+, g+, t, and g−
conformations, respectively. In the “1a” type conformer, the
sugars were in the C3′-endo conformation, whereas the bases
were oriented in the ANTI conformation.
Both the mature yeast and unmodiﬁed E. coli tRNAPhe (PDB
IDs 1EHZ and 3L0U, respectively) are reported to be similar
from X-ray crystallographic observations.42,78 We found that

noticeable departure from the initial structure and loss in
compactness (Figure 2A,B, top and middle rows).
Considering both the average RMSD and RG values for the
ASL of the unmodiﬁed yeast tRNAPhe (RMSDs5.96 ± 0.45
and 3.16 ± 0.26 Å with the ﬀ99bsc0TOR YIL 67 and
ﬀ99bsc0χOL369 force ﬁeld, respectively; RGs12.26 ± 0.25
and 10.87 ± 0.17 Å with the ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3
force ﬁeld, respectively), we found signiﬁcant diﬀerences
between the ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3 force ﬁelds
(Supporting Information, Tables S1 and S2). Similarly, in the
case of the ASL of the E. coli tRNAPhe, both the average RMSD
and RG values with the ﬀ99bsc0χOL3 force ﬁeld were found to
be noticeably lower than those with the ﬀ99bsc0TORYIL force
ﬁeld (RMSDs3.23 ± 0.26 and 2.02 ± 0.21 Å with the
ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3 force ﬁeld, respectively;
R G s11.43 ± 0.07 and 10.99 ± 0.04 Å with the
ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3 force ﬁeld, respectively)
(Supporting Information, Tables S1 and S2). Interestingly, the
average RMSDs with both the ﬀ99bsc0TOR YIL and
ﬀ99bsc0χOL3 force ﬁelds for the ASLs of yeast tRNAPhe were
found to be higher than the corresponding average RMSDs for
the ASLs of E. coli tRNAPhe.
Mathews and co-workers48 from their MD simulations of
mature and unmodiﬁed yeast tRNAPhe with the FF9974 force
ﬁeld reported that in the absence of modiﬁcations there was an
increase in the average RMSD considering the backbone heavy
atoms of the ASL domain compared with that of the modiﬁed
yeast tRNAPhe. Similar observations were reported by Nilsson
and co-workers52 from the simulations of yeast tRNAPhe with
CHARMM36 force ﬁeld60,75,76 in the presence or absence of
crystal water molecules and Mg2+ ions. The average RMSDs
3031
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1EHZ)78 with an RMSD value of 3.85 and 3.04 Å, respectively,
considering the backbone heavy atoms (Figure 3B). Diﬀerences were also observed between the NMR and crystal
structure for the ASL of the unmodiﬁed E. coli tRNAPhe (PDB
IDs 1KKA and 3L0U, respectively).33,42 We found a high
RMSD value of 5.54 Å between the ASLs of these structures,
considering the backbone heavy atoms (Figure 3C). The
lowest energy conformer of the NMR structure of the
unmodiﬁed ASL of the E. coli tRNAPhe (PDB ID 1KKA) was
reported to adopt an altered hairpin-like conformation that
contained seven base pairs and a three-nucleotide loop and to
be distinctly diﬀerent from the U-turn motif, characterizing the
ASL of the crystal structure of the mature yeast tRNAPhe.33,78
These observations suggested the possibility of adopting
altered conformational trends that are diﬀerent from A-RNAlike conformations for the completely unmodiﬁed ASLs or
ASLs with lesser number of modiﬁcations. We noticed that
these observations were reﬂected in the conformations of the
backbone torsion angles of the residues of the ASLs of the
average NMR structure of the unmodiﬁed ASL of the E. coli
tRNAPhe (PDB ID 1J4Y) and incompletely modiﬁed ASLs of
the yeast tRNAPhe (PDB IDs 1LUU and 1LUX).30,33
Interestingly, these NMR structures formed similar conformations (Figure 3D).
The above-mentioned observations are not unique for the
NMR structures of the ASLs of unmodiﬁed and incompletely
modiﬁed E. coli and yeast tRNAPhe, respectively.30,33 Notably,
in the NMR study of the ASL of the tRNALys,3 with or without
the Ψ at position 39, it has been shown that the anticodon
loop was shortened to U34−U36 three-nucleotide loop and
distinctly diﬀerent from that of mature yeast tRNAPhe because
of the formation of additional intraloop C32−A38 and U33−
A37 base pairs.44,78 The A-RNA-like conformational preferences for the stem residues were found to be extended into the
loop residues.44 Chang and Nikonowicz53 also reported the
presence of 7 and 6 base pair stems and shorter loops in the
NMR structures of the ASLs of bacterial unmodiﬁed tRNAGly.
Similar observation on intraloop base pair formation has been
reported from the NMR study of unmodiﬁed yeast tRNAPhe.43
From the comparative study of the NMR structure of the ASL
of the unmodiﬁed tRNALys,3 and the crystal structure of the
mature mammalian tRNALys,3, it has been suggested that the
modiﬁcations were necessary for the formation of canonical
ASL with 7 nt loop and 5 base-pair stem.41,44

the RMSD from the least square superposition of the backbone
heavy atoms C5′, O5′, C4′, C3′, and O3′ of the ASLs is 1.38 Å
(Figure 3A). The trend for the conformations around all of the

Figure 3. Least square superposition of the backbone C5′, O5′, C4′,
C3′, and O3′ atoms for the ASLs. (A) X-ray crystal structures of the
mature yeast tRNAPhe (green) [PDB ID 1EHZ]78 and unmodiﬁed E.
coli tRNAPhe (magenta) [PDB ID 3L0U];42 (B) X-ray crystal
structure of the mature yeast tRNAPhe (green) and NMR structures
of the ASLs of the incompletely modiﬁed yeast tRNAPhe [PDB ID
1LUU in blue and PDB ID 1LUX in orange];30,78 (C) X-ray crystal
structure of the unmodiﬁed E. coli tRNAPhe (magenta) [PDB ID
3L0U]42 and NMR structures of the ASLs of the unmodiﬁed E. coli
tRNAPhe [PDB ID 1J4Y in cyan and PDB ID 1KKA in yellow];33 (D)
NMR structures of the ASLs of the incompletely modiﬁed yeast
tRNAPhe [PDB ID 1LUU in blue and PDB ID 1LUX in orange]30 and
NMR structure of the ASL of the unmodiﬁed E. coli tRNAPhe [PDB
ID 1J4Y in cyan].33

backbone torsion angles (α to ζ), pseudorotation angles (P),
and glycosidic torsion angles (χ) characterizing the A-RNAlike conformation77 was maintained by nearly all of the
residues of the ASL domains of both the mature yeast and
unmodiﬁed E. coli tRNAPhe.42,78 The absence of modiﬁcations
in the crystal structure of unmodiﬁed E. coli tRNAPhe did not
alter the A-RNA-like conformational properties of this tRNA.
Notably, the backbone torsion angle α34 between residues
U33 and G34 adopted the trans conformation, representing
the canonical U-turn in the case of X-ray crystallographic
structures of both the mature yeast and unmodiﬁed E. coli
tRNAPhe (Figure 3A).42,78
On the other hand, the NMR structures of the ASLs of the
yeast tRNAPhe modiﬁed at positions 32, 34, and 40 and in the
presence/absence of a modiﬁcation at position 37 (PDB IDs
1LUU and 1LUX)30 were found to be diﬀerent from that of
the crystal structure of mature yeast tRNAPhe (PDB ID

Figure 4. Populations (%) of the A-RNA-like conformation C3′-endo sugar puckering of the residues for the ASLs of unmodiﬁed (A) yeast and
(B) E. coli tRNAPhe with both the ﬀ99bsc0TORYIL67 (columns with solid orange color) and ﬀ99bsc0χOL369 (columns with orange diagonal cross)
force ﬁelds. The populations were averaged from ﬁve independent simulations of 200 ns each and the standard deviations are displayed as black
error bars. The absence of error bars indicates zero standard deviations.
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Figure 5. Populations (%) of the A-RNA-like conformation ANTI for base orientations of the residues for the ASLs of unmodiﬁed (A) yeast and
(B) E. coli tRNAPhe with both the ﬀ99bsc0TORYIL67 (columns with solid orange color) and ﬀ99bsc0χOL369 (columns with orange diagonal cross)
force ﬁelds. The populations were averaged from ﬁve independent simulations of 200 ns each and the standard deviations are displayed as black
error bars. The absence of error bars indicates zero standard deviations. Detailed average populations (%) of the conformational spaces for the base
orientations are in Supporting Information, Figure S1.

Figure 6. Populations (%) of the A-RNA-like conformations g+ (orange), g− (blue) and trans (purple) for backbone torsions (A) α, (B) β, (C) γ,
(D) δ, (E) ε, and (F) ζ of the residues for the ASL of unmodiﬁed yeast tRNAPhe with both the ﬀ99bsc0TORYIL67 (columns with solid color) and
ﬀ99bsc0χOL369 (columns with diagonal cross) force ﬁelds. The populations were averaged from ﬁve independent simulations of 200 ns each and the
standard deviations are displayed as black error bars. The absence of error bars indicates zero standard deviations. Detailed average populations (%)
of the conformational spaces for the backbone torsions are in Supporting Information, Figure S2.

noticeable dispersions of the distribution of sugar puckerings
were observed only for residues 32−34 of the anticodon loop
(Figures 4B and 5B, Supporting Information, Tables S4 and
S5, and Figure S1). These observations were in agreement with
that in NMR structures of both the ASLs of incompletely
modiﬁed yeast and unmodiﬁed E. coli tRNAPhe.30,33 In the
NMR structures of the ASLs of incompletely modiﬁed yeast
tRNAPhe, the residues from 33 through 37 were reported to
adopt C2′-endo conformation strongly, whereas mixed C3′endo/C2′-endo conformations were reported for the unmodiﬁed E. coli tRNAPhe.30,33 In our study, the residues 33−36

In our study, the average populations showed strong
preferences for the C3′-endo sugar puckerings (Figure 4,
Supporting Information, Table S4) and ANTI conformations
(Figure 5, Supporting Information, Table S5 and Figure S1)
for all of the residues of both the ASLs with both the force
ﬁelds under study. However, in general, in the ASLs of yeast
tRNAPhe mixed distributions of the C3′-endo/C2′-endo and
ANTI/SYN conformations were clearly visible from the large
dispersions for most of the residues of the loop domains and
residue 39 (Figures 4A and 5A, Supporting Information,
Tables S4 and S5 and Figure S1). In case of E. coli tRNAPhe,
3033
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Figure 7. Populations (%) of the A-RNA-like conformations g+ (orange), g− (blue) and trans (purple) for backbone torsions (A) α, (B) β, (C) γ,
(D) δ, (E) ε, and (F) ζ of the residues for the ASL of unmodiﬁed E. coli tRNAPhe with both the ﬀ99bsc0TORYIL67 (columns with solid color) and
ﬀ99bsc0χOL369 (columns with diagonal cross) force ﬁelds. The populations were averaged from ﬁve independent simulations of 200 ns each and the
standard deviations are displayed as black error bars. The absence of error bars indicates zero standard deviations. Detailed average populations (%)
of the conformational spaces for the backbone torsions are in Supporting Information, Figure S3.

of the loop domain of the ASLs of yeast tRNAPhe were found
to populate the C2′-endo sugar conformations in signiﬁcant
proportion in comparison to that of E. coli tRNAPhe, which
suggests conformationally less ordered ASL structure of the
unmodiﬁed yeast tRNAPhe compared with that of E. coli
tRNAPhe.
From the average populations of the conformations around
the backbone torsion angles per residue for the ASLs of both
the unmodiﬁed yeast and E. coli tRNAPhe (Figures 6 and 7,
Supporting Information, Tables S6−S11, and Figures S2 and
S3), it was evident that with the ﬀ99bsc0χOL369 force ﬁeld, the
backbone dihedral conformations, characteristic of the A-RNAlike conformation77 were largely populated with negligible
dispersion for most of the residues of both the ASLs. Modest
amounts of dispersion were observed for the average
populations of the conformations for the backbone torsion
angles of some of the residues around the anticodon loop
domains of both ASLs with the ﬀ99bsc0χOL3 force ﬁeld. In
contrast, with the ﬀ99bsc0TORYIL67 force ﬁeld, almost none of
the residues followed the A-RNA-like exact trend of conformational preferences for the backbone torsion angles. Rather, they
were found to be distributed among various conformations and
standard deviations were larger in comparison to that with the
ﬀ99bsc0χOL369 force ﬁeld.
U-Turn Structural Motif. One of the important structural
features of X-ray crystallographic structures of tRNA molecules
is the ubiquitous occurrence of the U-turn motif at the ASL
domain. The destabilization of the canonical U-turn structural
motif can be identiﬁed from the destabilization of the
conserved hydrogen bond between U33 base and N36

phosphate and/or U33 sugar and N35 base and/or the shift
of the preference for the trans conformation of the backbone
torsion angle α to other conformational spaces for the residue
at position 34.30,33,41,44
The characteristic U-turn structural motif was reported to be
present in the crystal structures of mature yeast and
unmodiﬁed E. coli tRNAPhe, mature mammalian tRNALys,3,
and in tRNAPhe present in crystal structures of ribosomal
complexes.41,42,79 It has been proposed that a combination of
modiﬁcations in the yeast tRNAPhe, mammalian tRNALys,3, and
E. coli tRNAPhe and Mg2+ ions in E. coli tRNAPhe modiﬁed with
i6A37 and E. coli tRNALys modiﬁed with mcm5s2U34 and t6A37
may stabilize the U-turn motif.30,41,80,81 It has been also shown
that the ASL modiﬁcations help to maintain the U-turn
conformation and ribosomal binding even in the presence of
unnatural U33 modiﬁcations in yeast tRNAPhe.82−84 However,
from the ribosomal binding assay study of the yeast tRNAPhe in
the presence or absence of U33 modiﬁcations only, Ashraf et
al.85 showed that the binding aﬃnity of the completely
unmodiﬁed ASL of the yeast tRNAPhe to the 30s ribosomal
subunit was comparable to that of mature yeast and E. coli
tRNAPhe.82−84 They hypothesized that the ASL modiﬁcations
were not contributing solely to the ribosomal binding but ﬁne
tune the U-turn motif or ASL structure to be functional under
stressed condition or in the presence of unusual modiﬁcations.
On the other hand, the characteristic U-turn motif was
reported to be absent in the NMR structure of the ASLs of the
yeast tRNAPhe with natural modiﬁcations at positions 32, 34,
and 40, and in the presence/absence of a modiﬁcation at
position 37.30 The U-turn was also absent in the NMR
3034
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structures of the ASLs of the unmodiﬁed E. coli tRNAPhe and
bacterial tRNAGly although the ASLs were proposed to be well
structured.33,53 Similarly, the NMR structure of the Ψ32
modiﬁed ASL of E. coli tRNAPhe also lacks the characteristics
U-turn.86 However, it was found to be present in the NMR
structure of fully modiﬁed ASL of E. coli tRNALys.81 Notably,
from the NMR study of the unmodiﬁed and undermodiﬁed
ASL of the human tRNALys,3, it appeared that the unmodiﬁed
ASL lacked the U-turn geometry and the presence of Ψ39
modiﬁcation alone was not contributing to stabilize the Uturn.44 It has been reported that s2U34 individually or in
association with Ψ39 was also unable to stabilize the
characteristic U-turn geometry in human tRNALys,3.44 NMR
data showed that the individual modiﬁcation at A37 of the
ASLs of human tRNALys and E. coli tRNAPhe was also not
suﬃcient for the stability of canonical U-turn.33,87
From the experimental observations, it appears that in the
solution structures of the tRNA ASLs, the destabilization of the
canonical U-turn structural motif is a common phenomenon in
the absence or incomplete occurrence of modiﬁcations in the
ASL domain.
We found that, with the ﬀ99bsc0χOL369 force ﬁeld, the α
torsion angle between the residues U33 and G34 preferentially
adopted the trans conformation favoring the U-turn motif,
whereas the g+ conformation was signiﬁcantly populated with
the ﬀ99bsc0TORYIL67 force ﬁeld, showing destabilization of
the U-turn motif, for both the ASLs under study (Figure 8A,B,
Supporting Information, Figure S4, Table S6). Nilsson and coworkers52 also reported the destabilization of U-turn in both
the modiﬁed and unmodiﬁed tRNAs.

distributions were populated from the concatenated trajectory
of 100 000 frames generated from ﬁve independent simulations
of 200 ns each. The NMR models of the ASLs of incompletely
modiﬁed yeast tRNAPhe (PDB ID 1LUU and 1LUX)30 and
unmodiﬁed E. coli the tRNAPhe (PDB ID 1KKA and 1J4Y)33
were considered for the comparison, whereas for the crystal
structures, the mature yeast tRNAPhe (PDB ID 1EHZ)78 and
unmodiﬁed E. coli tRNAPhe (PDB ID 3L0U) 42 were
considered. The population distributions clearly suggested
that the conformational preferences around these backbone
torsions of the ASLs of both the unmodiﬁed yeast and E. coli
tRNAPhe with the ﬀ99bsc0χOL369 force ﬁeld were in strong
agreement with the angular regions of these backbone torsions
in the crystal structures (Supporting Information, Figure S4).
This set of backbone torsions from the simulations with the
ﬀ99bsc0χOL3 force ﬁeld mostly populated the regions of these
torsions in the NMR models with the exception for the
backbone torsion α of the residue G34 of both the ASLs under
study.30,33 On the other hand, the angular regions of these
backbone torsions for conformational substates sampled by the
ﬀ99bsc0TORYIL67 force ﬁeld were found to be in general
diﬀerent from those of both the NMR models and crystal
structures.30,33,42,78
To study if the interconversion among the conformational
substates around the backbone torsion angle α of the residue
G34 is associated with that of its neighboring backbone torsion
angles, the time evolution characteristics of the backbone
torsion angles α, β, and γ of the residue G34 and its
neighboring torsions ε and ζ of the neighboring residue U33
with both the ﬀ99bsc0TORYIL67 and ﬀ99bsc0χOL369 force ﬁelds
for the ASLs of both the yeast and E. coli tRNAPhe were
compared qualitatively (Supporting Information, Figures S5−
S8). Less frequent interconversions among the conformational
substates were observed for most of the above-mentioned
backbone torsion angles with the ﬀ99bsc0χOL3 force ﬁeld
compared with those with the ﬀ99bsc0TORYIL force ﬁeld. The
ﬀ99bsc0χOL3 force ﬁeld was found to retain the conformational
preferences for these set of backbone torsion angles close to
the initial conformations in most of the simulation sets for the
ASLs of both the yeast and E. coli tRNAPhe (Supporting
Information, Figures S6 and S8). On the other hand, in
general, the ﬀ99bsc0TORYIL force ﬁeld showed a rapid
divergence of the initial conformations to other conformational
substates and sampled a wide range of angular regions
(Supporting Information, Figures S5 and S7). The time
evolutions showed a clear correlation among these set of
backbone torsion angles with the ﬀ99bsc0TORYIL force ﬁeld,
whereas such correlations were not so prominent with the
ﬀ99bsc0χOL3 force ﬁeld. The trans conformation for the
backbone torsion angle α of the residue G34 was found to be
preferentially adopted with the ﬀ99bsc0χOL369 force ﬁeld,
whereas conformational transitions were observed preferentially between g + and g − conformations with the
ﬀ99bsc0TORYIL67 force ﬁeld during the courses of most of
the 200 ns independent simulations of both the yeast and E.
coli tRNAPhe (Supporting Information, Figures S5−S8).
Base Stacking. The characteristic feature of canonical
anticodons is the perfectly stacked anticodon residues towards
the 3′-end, which can be deﬁned as a stair-stepped
conformation. Canonical stair-stepped anticodon conformations were detected in the crystal structures of mature yeast
tRNAPhe and tRNAAsp, mammalian tRNALys,3 and the ASL of E.
coli tRNALys in complex with the mRNA codons.41,88−91 In

Figure 8. Populations (%) of the g+ (orange), g− (blue), trans
(purple) and, others (green) conformations for the backbone torsion
α of the residue 34 for the ASL of unmodiﬁed (A) yeast and (B) E.
coli tRNAPhe with both the ﬀ99bsc0TORYIL67 (columns with solid
color) and ﬀ99bsc0χOL369 (columns with diagonal cross) force ﬁelds.
The populations were averaged from ﬁve independent simulations of
200 ns each and the standard deviations are displayed as black error
bars.

To study the local structural reconformations, the
population distributions of the backbone torsions α, β, and γ
of the residue G34 and its neighboring torsions ε and ζ of the
neighbor residue U33 of the ASLs of both the unmodiﬁed
yeast and E. coli tRNAPhe with both the ﬀ99bsc0TORYIL67 and
ﬀ99bsc0χOL369 force ﬁelds (Supporting Information, Figure
S4) were compared with those backbone torsions of
corresponding NMR models and X-ray structures. The
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Figure 9. Base-stacking ratios (%) between the bases of the consecutive residues from the 5′ to the 3′-end for the ASLs of unmodiﬁed (A) yeast
and (B) E. coli tRNAPhe with both the ﬀ99bsc0TORYIL67 (columns with solid orange color) and ﬀ99bsc0χOL369 (columns with orange diagonal
cross) force ﬁelds. The ratios were averaged from ﬁve independent simulations of 200 ns each and the standard deviations are displayed as black
error bars. The absence of error bars indicates zero standard deviation.

the solution. The A38 was also found to be bulged out
simultaneously with the G37 in yeast tRNAPhe with the
ﬀ99bsc0TORYIL force ﬁeld (Figure 9A, Supporting Information, Table S12). A similar destabilizing eﬀect was also
observed for the U39/C40 base-stacking ratio of yeast tRNAPhe
with both the force ﬁelds in the absence of natural
modiﬁcations PSU and 5MC at positions 39 and 40,
respectively (Figure 9A, Supporting Information, Table S12).
The above observations are in agreement with the reported
bulged out conformations for both the G37 and m1G37 of the
NMR structures of the ASLs of incompletely modiﬁed yeast
tRNAPhe.30 It has been assumed that the loss of modiﬁcation at
position 37 in yeast tRNAPhe promotes ﬂexibility in the ASL
domain.92 Modiﬁcation of G37 in the ASL of yeast tRNAPhe
was also reported to facilitate base stacking at the 3′-end and
formation of a functional conformation that binds to a cognate
codon inside the ribosome.93,94 Our results on the small extent
of stacking for A36/G37 in the yeast tRNAPhe with both the
ﬀ99bsc0TORYIL67 and ﬀ99bsc0χOL369 force ﬁelds (Figure 9A,
Supporting Information, Table S12) were in agreement with
the experimental data which suggested that even the natural
modiﬁcation yW37 in yeast tRNAPhe was not always in stacked
conformation.95,96
In the case of the unmodiﬁed ASLs of the E. coli tRNAPhe,
we observed large average base-stacking ratios for the residues
around A37 with both the ﬀ99bsc0TOR YIL 67 and
ﬀ99bsc0χOL369 force ﬁelds which showed the formation of a
continued stacked conformation of the A37 toward both the
5′- and 3′-side (Figure 9B, Supporting Information, Table
S12). The observed large base-stacking ratios with both the
force ﬁelds for the A36/A37 bases in the E. coli tRNAPhe
suggested that even in the absence of natural modiﬁcations at
position 37, the ASL structure of E. coli tRNAPhe was close to
that of mature yeast tRNAPhe (Figure 9B, Supporting
Information, Table S12). The relatively higher dispersion for
the average base-stacking ratio for A36/A37 with the
ﬀ99bsc0TORYIL force ﬁeld in comparison to the ﬀ99bsc0χOL3
indicate that A37 did not always remain stacked for this force
ﬁeld (Figure 9B, Supporting Information, Table S12).
Unlike the ASLs of yeast tRNAPhe, the observations from our
simulations were in accordance with the NMR structure of
unmodiﬁed ASLs of E. coli tRNAPhe in which bulged out
conformation of the A37 was not observed.33 In NMR
structures, A37 was not directly stacked upon A36 but

contrast, the anticodon residues were found to be mostly
unstacked in both the NMR structures of the ASLs of the
incompletely modiﬁed yeast and unmodiﬁed E. coli
tRNAPhe.30,33
In general, we found lower average base-stacking ratios with
large dispersion values for the G34/A35 and A35/A36 pairs of
the yeast tRNAPhe compared with that of E. coli tRNAPhe with
both the force ﬁelds. Also, we observed larger destabilization of
the canonical anticodon stair-stepped conformation and
structural variability of the upper-loop domain toward the 3′end for the unmodiﬁed ASLs of yeast tRNAPhe in comparison
to those for E. coli tRNAPhe (Figure 9, Supporting Information,
Table S12).
Interestingly, Nilsson and co-workers52 reported that, for the
CHARMM36 force ﬁeld,60,75,76 the diﬀerences between basestacking ratios for the anticodon residues considering the
unmodiﬁed and modiﬁed tRNAs were not consistent between
base steps and independent simulations. On the other hand,
simulations of modiﬁed and unmodiﬁed entire tRNA
molecules of yeast tRNAAsp, tRNAPhe, and tRNAiMet showed,
in general, lowering of stacking ratios between the anticodon
residues when modiﬁcations were present.48
Although our observation of very low average base-stacking
ratios for the U33/G34 pair of both the ASLs (Figure 9,
Supporting Information, Table S12) with both the force ﬁelds
was consistent with that characteristic of the U-turn
conformation, considering the preference for the trans
conformation of the backbone torsion angle α of residue 34
(Figure 8, Supporting Information, Table S6), only the
ﬀ99bsc0χOL369 force ﬁeld showed the stabilization of U-turn
in both the ASLs. On the other hand, the G34 was reported to
be stacked against the U33 in the NMR structure of
unmodiﬁed E. coli tRNAPhe.33
We observed another interesting feature for the average
base-stacking ratios between A36/G37 at the junction of the 3nt anticodon and upper-loop domain residues toward the 3′end (Figure 9, Supporting Information, Table S12). We found
a complete loss and considerably lower average stacking ratio
for the A36/G37 of yeast tRNAPhe with the ﬀ99bsc0TORYIL67
and ﬀ99bsc0χOL369 force ﬁelds, respectively. This was due to
the bulging out of the G37 into the solution. The large
standard deviation with the ﬀ99bsc0χOL3 force ﬁeld resulted
from exchange between ASL conformations in which the G37
base was stacked upon the 3-nt anticodon or bulged out into
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straddles A35 and A36.33 The UV-melting data for unmodiﬁed
and i6A37-modiﬁed ASLs of E. coli tRNAPhe suggested that in
presence of i6A37 there was a lack of increased thermal stability
which may be due to the bulged out conformation of i6A37.33
However, this modiﬁcation was predicted to promote stacking
with anticodon bases.97 On the other hand, bulged out
conformations were reported for the A37 of the crystal
structure of tRNAfMet.98,99 Nagan and co-workers,46 from their
simulation study of the ASLs of modiﬁed and unmodiﬁed
human tRNALys,3, pointed to the importance of modiﬁcations,
in particular ms2t6A37, to maintain the canonical anticodon
stair-step conformation.
In summary, the observed dispersions (Figures 4−9,
Supporting Information, Tables S4−S12 and Figures S1−S3)
in the backbone and glycosidic torsion angles, pseudorotation
angles, and the base-stacking ratios as well as the results for the
RMSDs, RGs, and RMSFs (Figure 2, Supporting Information,
Tables S1−S3) showed an enhanced conformational ﬂexibility
in both the ASLs of unmodiﬁed yeast tRNAPhe and E. coli
tRNAPhe, mainly in the anticodon loop domains, with the
ﬀ99bsc0TORYIL67 force ﬁeld in comparison to that with the
ﬀ99bsc0χOL369 force ﬁeld. The results also showed higher
conformational ﬂexibility for the ASLs of yeast tRNAPhe
compared with that for E. coli tRNAPhe. Our results from the
ﬀ99bsc0χ OL3 force ﬁeld were in agreement with the
comparative study of the X-ray crystal structure of unmodiﬁed
E. coli tRNAPhe with that of mature yeast tRNAPhe which
showed that an absence of modiﬁcations did not change the
gross structure of the ASL and preserved A-RNA-like
conformational preferences.42 The ﬀ99bsc0χOL3 force ﬁeld
was found to generate ASL structures largely similar to the Xray crystallographic observations (Figure 10B,D). In contrast,
the ﬀ99bsc0TORYIL force ﬁeld showed strong deviation from
the A-RNA-like conformational trends77 (Figure 10A,C).
We observed enhanced destabilization/ﬂexibility across all of
the structural parameters under study and for the anticodon
stair-stepped conformation for the ASLs of the yeast tRNAPhe
in comparison to that of the E. coli tRNAPhe with both the force
ﬁelds. This eﬀect might have originated from the removal of
natural modiﬁcations from the X-ray crystallographic structure
of the mature yeast tRNAPhe to model its unmodiﬁed
counterpart. In this regard, the inﬂuence of the presence of
Mg2+ ions in the initial structures is also unclear. The Mg2+
ions have been reported to stabilize the structure of the ASL of
yeast tRNAPhe.43,100 It has been also observed from in vitro
studies that the eﬀect of the lack of modiﬁcations on the
conformational ﬂexibility and thermal stability of tRNAPhe and
tRNAAsp from yeast and tRNAVal, tRNAPhe, and tRNAGln from
E. coli can be compensated by increased concentration of the
Mg2+ ions.55,101−109 Additionally, Leroy et al.110 showed that
divalent cations promoted the formation of native-like tRNA
structure. During MD simulations, issues related to the force
ﬁeld parametrization for the Mg2+ ion, such us the use of highly
charged ion in pairwise simulation model, ionic radii, and the
compensating eﬀect of the other ions were anticipated to be
the contributing factors to the unusual behavior of simulation’s
stability and folding of RNA structures.48,106,111 In a previous
study, the slightly distorted structure of the anticodon and
YYG residue was reported in the presence of Mg2+ ions during
the MD simulations of the ASLs of yeast tRNAPhe bound to the
UUC and/or UUA codons.112 The current set of Mg2+ ion
parameters111 was reported to be not aﬀecting the main
structural feature of add A-riboswitch and proposed to be

Figure 10. Least square superposition of the backbone C5′, O5′, C4′,
C3′, and O3′ atoms for the ASLs. (A) X-ray crystal structure of the
mature yeast tRNAPhe (green) [PDB ID 1EHZ],78 NMR structures of
the ASLs of the incompletely modiﬁed yeast tRNAPhe [PDB ID 1LUU
in blue and PDB ID 1LUX in orange],30 and the three representative
structures selected from cluster analysis of the concatenated trajectory
generated from ﬁve independent simulations of the unmodiﬁed ASLs
of the yeast tRNAPhe with the ﬀ99bsc0TORYIL67 force ﬁeld (gray);
(B) X-ray crystal structure of the mature yeast tRNAPhe (green) [PDB
ID 1EHZ],78 NMR structures of the ASLs of the incompletely
modiﬁed yeast tRNAPhe [PDB ID 1LUU in blue and PDB ID 1LUX
in orange]30 and the two representative structures selected from
cluster analysis of the concatenated trajectory generated from ﬁve
independent simulations of the unmodiﬁed ASLs of the yeast tRNAPhe
with the ﬀ99bsc0χOL369 force ﬁeld (gray); (C) X-ray crystal structure
of the unmodiﬁed E. coli tRNAPhe (magenta) [PDB ID 3L0U],42
NMR structures of the ASLs of the unmodiﬁed E. coli tRNAPhe [PDB
ID 1J4Y in cyan and PDB ID 1KKA in yellow],33 and the three
representative structures selected from cluster analysis of the
concatenated trajectory generated from ﬁve independent simulations
of the unmodiﬁed ASLs of the E. coli tRNA Phe with the
ﬀ99bsc0TORYIL67 force ﬁeld (gray); (D) X-ray crystal structure of
the unmodiﬁed E. coli tRNAPhe (magenta) [PDB ID 3L0U],42 NMR
structures of the ASLs of the unmodiﬁed E. coli tRNAPhe [PDB ID
1J4Y in cyan and PDB ID 1KKA in yellow],33 and the two
representative structures selected from cluster analysis of the
concatenated trajectory generated from ﬁve independent simulations
of the unmodiﬁed ASLs of the E. coli tRNAPhe with the ﬀ99bsc0χOL369
force ﬁeld (gray).

suitable for simulating nucleic acid systems with CHARMM
force ﬁeld.60 Recently, the applicability of this recently
developed force ﬁeld parameters for Mg2+ ion in simulating
tRNAs was tested by Nilsson and co-workers52 and van der
Spoel and co-workers.113 They observed a general stabilizing
inﬂuence of Mg2+ ions on the dynamics of the neighboring
residues. In the present set of simulations of the ASLs of yeast
tRNAPhe, two Mg2+ ions were included from the crystal
structure of the mature yeast tRNAPhe (Supporting Information, Figure S9A).78 In the crystal structure, the Mg2+ ion that
is close to the terminals of our simulation system is an outersphere ion113 and is located in the major groove. It is indirectly
coordinated with the O6 and N7 atoms of residue G42
through crystal water molecules (Supporting Information,
Figure S9B).78 The residue C25, the closest OP2 atom of
which is also indirectly coordinated with the Mg2+ ion through
crystal water molecules, is not included in our simulation
system. In the simulation system, only a fragment of the
binding site for this ion was included. This Mg2+ ion moved
away from the binding pocket to the bulk solvent immediately
after the production run started and never returned to its initial
location. The other Mg2+ ion that is located in the loop region
is an inner-sphere ion113 and directly coordinated with N7, N6,
and OP2 atoms of residue A38 and OP2 atom of residue
G37.78 The time evolution plots of the distances between this
Mg2+ ion and the closest atoms from the ASLs of the
unmodiﬁed yeast tRNAPhe for both the ﬀ99bsc0TORYIL67 and
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ﬀ99bsc0χOL369 force ﬁelds were included in the Supporting
Information (Figure S10). During the initial equilibration, this
Mg2+ ion moved toward the OP2 atom of A38 and stayed there
within ∼2.0 Å distance from the OP2 atom of A38 during the
entire course of each of the ﬁve sets of 200 ns production runs
with both the ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3 force ﬁelds.
However, in the present set of simulations, the presence of
Mg2+ ions was not suﬃciently stabilizing because the observed
structural deviations were larger for yeast tRNAPhe in the
presence of Mg2+ ions compared with those for the E. coli
tRNAPhe models simulated without the Mg2+ ions.
The contrasting observations detailed above also lead us to
the question of limitations in the accuracy of the current
AMBER force ﬁelds under use and/or in the interpretation of
experimental data. One possibility is that the ﬀ99bsc0χOL369
force ﬁeld may have been parameterized in a way that leads to
an overall strong preference for A-RNA-like conformation but
also allows crystallographically observed noncanonical conformations, for instance, trans conformation around the
backbone torsion angle α of the residue G34. On the other
hand, recently, Bermejo et al.54 showed, by analyzing 173 X-ray
and 98 NMR structures in the Protein Data Bank (PDB)
deposited during 2010−2014, that structures determined for
identical molecules of RNA by X-ray crystallography and NMR
spectroscopy can have signiﬁcant diﬀerences. Their study leads
to the development of the new RNA-ﬀ1 force ﬁeld for the
NMR structure calculation with the program Xplor-NIH.114,115
The development of RNA-ﬀ1 force ﬁeld based on new
statistical torsion angle potential was focused on modeling the
structures to correspond more closely to the X-ray
observations by overcoming the problem of steric clashes
and conformational ambiguities found in NMR structures.54 In
view of these recent developments, the problem at hand needs
further experimental and computational studies.

not follow the trend of conformational preferences for the
backbone torsion angles (α to ζ) characterizing A-RNA-like
conformation.77 On the other hand, the results with the
ﬀ99bsc0χOL3 force ﬁeld were found to retain, for both the
unmodiﬁed ASLs, conformational features that were observed
in crystallographic structures of native and unmodiﬁed tRNAs.
These observations suggest that further validations may be
required for the current force ﬁeld parameters for RNA,
presumably for marginally stable systems. They also lead us to
serious questions that have been recently raised regarding the
structure calculation procedure involving NMR data.54

■

MATERIALS AND METHODS
Initial Structures. The 17-mer ASLs (positions 27 to 43)
for the unmodiﬁed yeast and E. coli tRNAPhe (Figure 1) were
derived from the X-ray crystallographic structures of the
mature yeast tRNAPhe (PDB ID 1EHZ) solved at 1.93 Å
resolution78 and unmodiﬁed E. coli tRNAPhe (PDB ID 3L0U)
solved at 3 Å resolution.42 The natural modiﬁcations OMC,
OMG, YYG, PSU, and 5MC which were present at the
positions 32, 34, 37, 39, and 40, respectively, in the ASL of
mature yeast tRNAPhe were substituted by the corresponding
regular residues by rearranging the atom positions in PSU and
deleting the modiﬁcation groups from OMC, OMG, YYG, and
5MC to prepare the unmodiﬁed counterparts. In the initial
structure of the ASL of the unmodiﬁed yeast tRNAPhe, the two
Mg2+ ions from the crystal structure were included. The crystal
waters that were present at the ASL domains of both the tRNA
molecules were also included in the initial structures.
Force Field Parameters. All MD simulations were carried
out with both the AMBER ﬀ99bsc0TOR YIL 67 and
ﬀ99bsc0χOL369 force ﬁelds for RNA. The detailed descriptions
of these revised FF9974 force ﬁelds are summarized in Table
S13 of the Supporting Information. The recently developed
force ﬁeld parameters for Mg2+ ion111 were used during the
simulations of the ASLs of the yeast tRNAPhe. Na+ ions with
Aqvist parameters (radius 1.868 Å and well depth 0.00277
kcal/mol)116 were added to neutralize the overall system
charge.
MD Simulations. All of the MD simulations were carried
out with AMBER12117 using the SANDER and pmemd.cuda
modules. After adding the hydrogens to the initial structures of
the unmodiﬁed ASLs of yeast and E. coli tRNAPhe, the systems
were neutralized with 12 and 16 Na+ ions, respectively, using
the tLEAP program. Then, the ASLs were solvated in a
truncated octahedron TIP3P118 water box by maintaining a
minimum distance of 9 Å between any solute atom and the
edge of the solvent box. The resulting solvated ASLs of yeast
and E. coli tRNAPhe with 3154 and 3947 water molecules,
respectively, were energy minimized in two steps. In the ﬁrst
step, the atoms of the ASLs were restrained to their positions
by a positional restraining force of 500 kcal/mol·Å2, and the
systems were energy minimized by 5000 steps of steepest
descent followed by 5000 steps of conjugate gradient. Then,
the restraining forces were removed and the whole system was
further energy minimized by 10 000 steps of steepest descent
followed by 15 000 steps of conjugate gradient method. The
energy minimization steps were followed by two steps of
equilibration. First, the ASLs were heated from 0 to 300 K in
200 ps with a 2 fs time step using constant volume dynamics
and collision frequency of 1 ps−1 applying a positional
restraining force of 10 kcal/mol·Å2 to the atoms of the
ASLs. Second, constant pressure dynamics using Berendsen

■

CONCLUSIONS
We have carried out extensive MD simulations, 4000 ns (4 μs)
in total, for the solvated ASLs of the unmodiﬁed yeast tRNAPhe
and E. coli tRNAPhe with two recent variants of the AMBER
FF9974 force ﬁeld for RNA, namely, ﬀ99bsc0TORYIL67 and
ﬀ99bsc0χOL3.69 The trajectories generated from ﬁve independent simulations of 200 ns each for each of the ASL systems
were analyzed. The time evolution of the ASLs across the
conformational space were analyzed in terms of RMSDs, RGs,
RMSFs per residue, conformational preferences for the
backbone torsion angles, the pseudorotation angle (P), the
glycosidic torsion angle (χ) of the residues, and the extent of
stacking among the bases.
Previously, X-ray crystallography has revealed that the
structure of the completely unmodiﬁed E. coli tRNAPhe
preserved the ASL conformation that was characteristic of
the natively modiﬁed yeast tRNAPhe.42,78 Solution NMR
studies, on the other hand, revealed that both unmodiﬁed E.
coli and incompletely modiﬁed yeast tRNAPhe ASL structures
diﬀered considerably from the canonical conformation.30,33
Interestingly, compared with the ﬀ99bsc0χOL369 force ﬁeld, the
observations with the ﬀ99bsc0TORYIL67 force ﬁeld seemed to
conform more with the results reported from the NMR study
of the tRNA ASLs.30,33 However, on careful analysis, it turned
out that the distortions generated in the simulations with the
ﬀ99bsc0TORYIL force ﬁeld were not identical to the NMR
predicted ones. In particular, with the ﬀ99bsc0TORYIL force
ﬁeld, even the stem residues of both the unmodiﬁed ASLs did
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Table 1. List of Simulations
systems

force ﬁeld

run length (ns)

no. of independent runs

total run length (ns)

unmodiﬁed yeast tRNAPhe

ﬀ99bsc0TORYIL67
ﬀ99bsc0χOL369
ﬀ99bsc0TORYIL67
ﬀ99bsc0χOL369

200
200
200
200

5
5
5
5

1000
1000
1000
1000

unmodiﬁed E. coli tRNAPhe

barostat119 were carried out at 300 K for 1 ns using 2 fs time
step without any restraining force applied to the solute and
with the reference pressure of 1 atm and pressure relaxation
time of 2 ps. During the production runs, the second step of
the equilibration steps was followed and snapshots from the
trajectories were saved at every 10 ps. Langevin dynamics with
random velocity scaling, SHAKE algorithm120 to bonds
involving hydrogen atoms and particle mesh Ewald method121
were used for the equilibration and production runs. A longrange cutoﬀ of 8 Å was used to include nonbonded interactions
during all of the minimization, equilibration, and production
run steps. For each of the unmodiﬁed ASL systems, ﬁve
independent explicit solvent production runs of 200 ns each
were carried out yielding a total of 1000 ns (or 1 μs) of
simulation with each of the ﬀ99bsc0TOR YIL 67 and
ﬀ99bsc0χOL369 force ﬁelds under study (Table 1). Each of
the ﬁve independent simulations was started with the same
initial structure but diﬀerent initial velocities.
Data Analysis. The averages, standard deviations, and
standard error of the means were calculated using the ﬁve
independent trajectories as independent measurements. The
test of signiﬁcance was carried out by two-tailed paired t-test at
the signiﬁcance level of 0.05 (α = 0.05). Mass-weighted
RMSDs with respect to the energy minimized crystal structures
of the unmodiﬁed ASLs and radii of gyration (RGs)
considering all heavy atoms were calculated as functions of
time. The RMSFs for all heavy atoms with respect to the
average atomic positions were calculated per residue. We
followed the Saenger122 convention for atom names and
dihedral angle nomenclature. The pseudorotation angular (P)
space was divided into C3′-endo (270° ≤ P < 90°) and C2′endo (90° ≤ P < 270°) sugar-puckering regions following
Altona and Sundaralingam.123 The conformations around the χ
or glycosidic torsion angle were classiﬁed as ANTI (170°−
300°), SYN (30°−90°), and OTHERS while the g+ (60° ±
30°), g− (300° ± 30°), trans (180° ± 30°), and others were
the conformations around the backbone torsion angles α, β, γ,
δ, ε, and ζ. Pairs of bases were considered to be stacked
satisfying simultaneously the previously suggested distance
criterion (R) to measure the closeness between the bases’ ring
geometric centers and angular geometric criterion (Φ)
calculated between the base normals determined from the
mean-plane vectors of the bases following Gabb et
al.46,52,124−127 We considered (R ≤ 6 Å) and (140° ≤ Φ ≤
40°) as the distance and angular geometric criterion,
respectively. The ratio of the number of conformations with
stacked bases to the total number of conformations saved from
each trajectory was used to estimate the extent of base stacking
in percent. Cluster analysis was performed with the
concatenated trajectory of 100 000 frames generated from
ﬁve independent simulati ons wi th e ach of the
ﬀ99bsc0TORYIL67 and ﬀ99bsc0χOL369 force ﬁelds, for each of
the unmodiﬁed ASLs of yeast and E. coli tRNAPhe. The
average-linkage hierarchical agglomerative clustering algorithm128 implemented within the CPPTRAJ module of

AmberTools18129 was used following Galindo-Murrilo et
al.130 The terminal bases were omitted and a sieve of 10
frames and RMSD of backbone atoms (O3′, P, OP1, OP2,
O5′, and C5′) were considered to generate 5−10 clusters for
each of the ASLs with each of the force ﬁelds. Two or three
representative structures were selected from the dominant
clusters which explored >70% of the sampling time in
aggregate. The cluster characteristics are summarized in
Table S14 of the Supporting Information.

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsomega.8b02383.
Average mass-weighted RMSDs with respect to the
energy-minimized crystal structures of the unmodiﬁed
ASLs considering all heavy atoms, grand average and
results from t-test with both the ﬀ99bsc0TORYIL and
ﬀ99bsc0χOL3 force ﬁelds; average radius of gyrations
(RGs) considering all heavy atoms, grand average and
results from t-test with both the ﬀ99bsc0TORYIL and
ﬀ99bsc0χOL3 force ﬁelds; average RMSFs per residue
calculated considering all heavy atoms with respect to
that of the average atomic positions with both the
ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3 force ﬁelds; populations (%) of the C3′-endo sugar puckering (% N) per
residue for the ASLs of both the unmodiﬁed yeast and E.
coli tRNAPhe with both the ﬀ99bsc0TORYIL and
ﬀ99bsc0χOL3 force ﬁelds; populations (%) of base
orientations per residue for the ASLs of both the
unmodiﬁed yeast and E. coli tRNAPhe with both the
ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3 force ﬁelds; detailed
populations (%) of the conformational spaces for the
base orientations of the residues for the ASLs of
unmodiﬁed yeast and E. coli tRNAPhe with both the
ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3 force ﬁelds; populations (%) of the backbone torsion α per residue for the
ASLs of both the unmodiﬁed yeast and E. coli tRNAPhe
with both the ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3 force
ﬁelds; populations (%) of the backbone torsion β per
residue for the ASLs of both the unmodiﬁed yeast and E.
coli tRNAPhe with both the ﬀ99bsc0TORYIL and
ﬀ99bsc0χOL3 force ﬁelds; populations (%) of the
backbone torsion γ per residue for the ASLs of both
the unmodiﬁed yeast and E. coli tRNAPhe with both the
ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3 force ﬁelds; populations (%) of the backbone torsion δ per residue for the
ASLs of both the unmodiﬁed yeast and E. coli tRNAPhe
with both the ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3 force
ﬁelds; populations (%) of the backbone torsion ε per
residue for the ASLs of both the unmodiﬁed yeast and E.
coli tRNAPhe with both the ﬀ99bsc0TORYIL and
ﬀ99bsc0χOL3 force ﬁelds; populations (%) of the
backbone torsion ζ per residue for the ASLs of both
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the unmodiﬁed yeast and E. coli tRNAPhe with both the
ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3 force ﬁelds; detailed
populations (%) of the conformational spaces for the
backbone torsions α, β, γ, δ, ε, and ζ of the residues for
the ASL of unmodiﬁed yeast tRNAPhe with both the
ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3 force ﬁelds; detailed
populations (%) of the conformational spaces for the
backbone torsions α, β, γ, δ, ε, and ζ of the residues for
the ASL of unmodiﬁed E. coli tRNAPhe with both the
ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3 force ﬁelds; population distributions (frequency vs backbone torsion) of the
backbone torsions α, β, and γ of the residue G34 and ε
and ζ of the neighbor residue U33 of the ASLs of both
the unmodiﬁed yeast and E. coli tRNAPhe with both the
ﬀ99bsc0TORYIL and ﬀ99bsc0χOL3 force ﬁelds, compared
with the backbone torsions of corresponding NMR
models and X-ray structures; ﬂuctuation time series of
the backbone torsions (in degrees) α, β, and γ of the
residue G34 and ε and ζ of the neighboring residue U33
of the ASL of the unmodiﬁed yeast tRNAPhe with the
ﬀ99bsc0TORYIL force ﬁeld; ﬂuctuation time series of the
backbone torsions (in degrees) α, β, and γ of the residue
G34 and ε and ζ of the neighbor residue U33 of the ASL
of the unmodiﬁed yeast tRNAPhe with the ﬀ99bsc0χOL3
force ﬁeld; ﬂuctuation time series of the backbone
torsions (in degrees) α, β, and γ of the residue G34 and
ε and ζ of the neighbor residue U33 of the ASL of the
unmodiﬁed E. coli tRNAPhe with the ﬀ99bsc0TORYIL
force ﬁeld; ﬂuctuation time series of the backbone
torsions (in degrees) α, β, and γ of the residue G34 and
ε and ζ of the neighboring residue U33 of the ASL of the
unmodiﬁed E. coli tRNAPhe with the ﬀ99bsc0χOL3 force
ﬁeld; base-stacking propensities (%) between the bases
of the consecutive residues from the 5′ to the 3′-end for
the ASLs of both the unmodiﬁed yeast and E. coli
tRNA P h e with both the ﬀ99bsc0TOR Y I L and
ﬀ99bsc0χOL3 force ﬁelds; locations of the two Mg2+
ions in the crystal structure of the mature yeast tRNAPhe
(PDB ID 1EHZ) that were included in the simulation
systems of the ASL of the unmodiﬁed yeast tRNAPhe;
ﬂuctuation time series of the distances between the Mg2+
ion and closest atoms from the ASLs of the unmodiﬁed
yeast tRNAPhe for both the ﬀ99bsc0TORYIL and
ﬀ99bsc0χOL3 force ﬁelds; AMBER force ﬁelds used in
the present study; and cluster characteristics (PDF)
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