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ABSTRACT We have studied the effect of codon-anticodon interaction on the structure and dynamics of transfer RNAs
using molecular dynamics simulations over a nanosecond time scale. From our molecular dynamical investigations of the
solvated anticodon domain of yeast tRNAPhe in the presence and absence of the codon trinucleotides UUC and UUU, we find
that, although at a gross level the structures are quite similar for the free and the bound domains, there are small but distinct
differences in certain parts of the molecule, notably near the Y37 base. Comparison of the dynamics in terms of interatomic
or inter-residual distance fluctuation for the free and the bound domains showed regions of enhanced rigidity in the loop
region in the presence of codons. Because fluorescence experiments suggested the existence of multiple conformers of the
anticodon domain, which interconvert on a much larger time scale than our simulations, we probed the conformational space
using five independent trajectories of 500 ps duration. A generalized ergodic measure analysis of the trajectories revealed that
at least for this time scale, all the trajectories populated separate parts of the conformational space, indicating a need for even
longer simulations or enhanced sampling of the conformational space to give an unequivocal answer to this question.

INTRODUCTION

Transfer RNA (tRNA) molecules play a major role in the
translation of genetic messages. One very important step in
this process is the recognition of codons. Despite being a
quite large molecule, tRNAs use only three of its bases to
directly interact with the codon nucleotides in the recogni-
tion process. A question that frequently arises is whether
tRNA maintains a relatively rigid and passive structure in
these interactions, or whether it has a dynamic structure that
is modulated by different types of interactions (Labuda and
Pörschke, 1980).

For the particular problem of the effect of codon-antico-
don interaction on transfer RNA structure and dynamics,
there are several conflicting experimental reports. From
experiments with equilibrium dialysis it was concluded that
formation of codon-anticodon complex triggers a conforma-
tional change in the tertiary structure of tRNAPhe from E.
coli, exposing the T-�-C-G for binding to a base-comple-
mentary oligonucleotide C-G-A-A (Schwarz et al., 1976).
Codon-dependent conformational changes were also de-
tected in tRNAPhe from yeast with fluorescent markers in
the dihydrouridine loop and the anticodon loop (Y base;
Robertson et al., 1977). UV absorbance measurements with
tRNALys from Escherichia coli showed similar results
(Möller et al., 1979).

A more complex phenomenon was revealed by tempera-
ture-jump measurements using the fluorescence of the Y
base of yeast tRNAPhe as a natural label. Because the Y base

is located at position 37 adjacent to the anticodon triplet, its
fluorescence is sensitive to any changes in the conformation
and the binding state of the anticodon loop. From the
fluorescence study, it was inferred that tRNA may exist in
solution in two conformations (Labuda and Pörschke,
1980). In fact, this same conclusion was also drawn by
Ehrlich et al. (1980), who reported observations on a Mg2�-
dependent change in conformation in the tRNA anticodon
loop as measured by the change in fluorescence intensity of
the Y37 base. The binding of the codon UUC to tRNAPhe

occurs with more preference to one of these conformations.
This seemed also to be the case for isolated anticodon loops
in solution (Bujalowski et al., 1986). In another fluores-
cence study, Claesens and Rigler (1986) reported the obser-
vation of three possible states of the Y37 base: with low,
intermediate, and high rotational mobilities. Though under
normal physiological conditions Y37 was found in the low
mobility state, the conformation with freely mobile Y37
was found to be the predominant one in the presence of
codons.

A host of NMR studies, on the other hand, showed that
the interaction of codon trinucleotides with the anticodon
resulted in only minor perturbations in the structure of the
RNA or the isolated anticodon domain (Geerdes et al.,
1978; Davanloo et al., 1979; Clore et al., 1984).

Surprisingly, there has been very little theoretical inves-
tigation of this interesting and important problem. Although
the modified nucleoside at the 37 position is not essential
for tRNAPhe function, experimentally it has been repeatedly
demonstrated that its presence has a stabilizing effect on
codon binding (Pongs and Reinwald, 1973; Wilson and
Roe, 1989). Recently, Neto and coworkers have carried out
quantum chemical calculations to compare the electrostatic
potentials at the codon position in the presence and absence
of Y37 (Werneck et al., 1998). They observed that in
comparison to the substitution by a guanine base, the elec-
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trostatic potentials on the planes containing the complemen-
tary codon bases UUC indicate a stabilization when the Y37
base is present. At the same time, they found from a semi-
empirical calculation significant conformational variations
in the side chain of the Y base when the first uracil of codon
UUC bound to A36 of the anticodon GAA (Neto et al.,
1998). A hydrogen bond formation between one of the side
chain carboxylic oxygens and one of the A36 amino hydro-
gens was suggested to impart additional strength to A�U
interaction so that fidelity of the recognition between codon
and anticodon improved. Sharp et al. (1990), however,
found the electrostatic potentials around the anticodon re-
gion of the elongator transfer RNAs, tRNAPhe and tRNAAsp,
to be very similar, although they have quite different base
sequences.

Whereas quantum chemical calculations for systems in
vacuum do not account for an important role for water
molecules in the solvation shell around the codon-anticodon
complex, molecular dynamics simulations, as carried out in
the present work, take care of most of the relevant interac-
tions. Furthermore, it also gives us information about the
dynamics of the system of our interest. There is a rich
history of application of molecular dynamics method to
study tRNA molecules, conceivably because of the early
availability of high resolution structures. Initial investiga-
tions of the intramolecular dynamics of tRNAPhe molecule
in vacuum by computer simulation were made by Harvey
and coworkers (1984). Subsequent works by this group
(Harvey et al., 1985; Prabhakaran et al., 1985) and others
(Nilsson and Karplus, 1986) found that the main features of
the crystal structure were preserved in the dynamics. In the
latter work, the region studied was limited to 19 nucleotides
from G26 to A44 in the anticodon domain of the yeast
tRNAPhe molecule. It also established the fact that truncat-
ing the molecule at the anticodon stem region does not
introduce any serious artifact in the structure or dynamics.
On the other hand, this offered the considerable advantage
of looking at an important region of the molecule at a
fraction of the computational effort. Recently, Westhof and
coworkers also reported a series of studies on the dynamics
of fully solvated tRNAAsp molecules and anticodon do-
mains (Auffinger et al., 1995, 1997).

Extracting relevant information from the wealth of data
created by a molecular dynamics simulation is an area
where active work is going on. Here, we look first at the
root mean square (r.m.s.) deviations of the entire anticodon
domain and the stem and the loop parts from the crystal
structure in the presence and absence of UUC and UUU
codon trinucleotides. In more detail, the residue-specific
r.m.s. deviations and fluctuations were also determined
from the dynamics. These quantities indicate quite clearly
the general effect of codon binding on the anticodon struc-
ture and fluctuations. Behavior of the system at atomic
detail was obtained from contour plots of the r.m.s. fluctu-
ations of interatomic distances. Interest in this type of anal-

ysis has increased recently with the realization that it helps
us to locate quite easily rigid subunits within a macromol-
ecule, which in turn gives the opportunity to reduce the
number of degrees of freedom that are relevant in the
dynamics of the system (Genest, 1998). Here, we have
constructed and compared such plots for the heavy atoms in
the anticodon domain and also for the residue-averaged
distances and found suggestive differences between the
characteristics of the free and codon-bound anticodons.

Temperature-jump fluorescence spectroscopic observa-
tions suggested two conformational states of the anticodon
domain of the tRNA molecule one of which preferentially
binds the codon strand. It was postulated that these two
states are the 3�-stacked as well as the 5�-stacked confor-
mations. However, both x-ray crystallographic and NMR
observations report the existence of only the 3�-stacked
conformation. Molecular dynamics simulation also does not
show any tendency of the system to change to a 5�-stacked
form at least for a nanosecond time scale. It seems reason-
able therefore that conformational alterations detected by
the changes in fluorescence of the Y37 base are much less
severe than supposed.

Regarding the two conformations (very likely involving
the Y37 base) which interconvert with a timescale of the
order of 1 ms, although it is not yet possible to explore such
a slow transition with conventional molecular dynamics
simulations, we attempted to detect their existence with
multiple simulations by utilizing the method of generalized
ergodic measure (Straub and Thirumalai, 1993). Consider-
ing two independent trajectories, � and �, we define an
energy metric by first calculating the cumulative average of
the energy Ui of the ith residue for both the trajectories

ui
��t� �

1
t�

0

t

dsUi
��s� (1)

and then calculate the metric by summing over all the N
residues as

du�t� �
1
N �

i�1

N

�ui
��t� � ui

��t��2. (2)

Since ui(t) tends toward a limiting value, du(t) should vanish
for long times if the conformations visited by the trajecto-
ries mix on the time scale of the simulations. If du(t) for long
times does not vanish, then it follows that the two trajecto-
ries explore distinct conformational substates. Our results
show that in the time scale of the present simulation, all the
trajectories explore a different part of the phase space. It
appears necessary, therefore, to enhance the phase space
explorative capability of the dynamics protocol.
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Computational details

The secondary structure of the yeast tRNAPhe anticodon
domain from position 28 to 42 is given in Fig. 1. It is usual
to consider two subdomains within this sequence: the stem
region with a helical base-paired structure (residues 28–31
and 39–42) and a loop region consisting of the residues
32–38. The anticodon domain carries modified nucleotides
at positions 32 (mC), 34 (mG), 37(Y), 39(�), and 40(5mC).
We developed charges and bond, angle and torsional pa-
rameters for these modified bases starting from existing
CHARMM parameters for nucleic acids (version 6.5, De-
cember 1995; MacKerell et al., 1995).

The initial structure was taken from a 2.7 Å resolution
crystal structure of yeast tRNAPhe (PDB ID: 6TNA; Suss-
man et al., 1978; Holbrook et al., 1978). The UUC and UUU
tri-ribonucleotides were generated in the A-RNA form and
manually docked to the tRNA anticodon region keeping the
tRNA fixed in the crystal structure. The corresponding
bases were subsequently brought to each other within hy-
drogen bonding distance and orientation by using distance
constraints and energy minimization.

In the present calculation, Mg2� located within the anti-
codon loop was not included because, in the preliminary
runs, it was observed to give rise to a slight distortion in the
structure of the anticodon nucleotides and the Y37 residue.
The effect might have arisen due to the particular parame-
ters chosen, or it might be that in the crystal this effect was
suppressed by the presence of other ions and neighboring
molecules. Instead, we used Na� ions to neutralize the
negative charges on the phosphates. The Na� ions were
placed on the bisector of the O-P-O angle, in the same plane
and at a distance of around 3.5 Å from the phosphorus atoms.

All simulations were carried out using the program
CHARMM (Brooks et al., 1983) version 25. After generat-
ing hydrogen atoms in the crystal structure using the

HBUILD facility in CHARMM (Brunger and Karplus,
1988), the structure was subjected to 200 steps of steepest
descent and 500 steps of ABNR energy minimization to
eliminate short contacts. This structure was considered to be
the reference structure for r.m.s deviation calculations in
subsequent analyses. The molecule was then centrally
placed within a 24 Å radius sphere of TIP3P water (Jor-
gensen et al., 1983) and all water molecules closer than
2.8 Å from RNA atoms were removed. The procedure was
repeated several times, rotating the water sphere and remov-
ing the overlapping waters. The entire complex was again
subjected to 200 steps of steepest descent and 500 steps of
energy minimization keeping the RNA and the ions fixed.
Keeping the RNA fixed, the water and ions were then
thermally equilibrated at 300 K using Langevin dynamics
for 20 ps with deformable stochastic boundary condition
(Brooks and Karplus, 1983). The buffer region for Langevin
dynamics was chosen as a shell with an inner radius of 22 Å
and outer radius of 24 Å. Identical procedures were carried
out for the codon-bound forms.

The RNA was then gradually relaxed in two steps using
harmonic constraints of 20 and 10 kcal mol�1Å�2 for 4 ps
each of Langevin dynamics at 300 K, after which the
complex was subjected to unrestrained dynamics except for
the end basepairs. For the end basepairs, hydrogen bonding
was enforced with distance constraints of 10 kcal mol�1Å�2

to prevent fraying. The stability of the simulations were
judged from the absence of drift in the temperature and
energies during the simulation.

In the dynamics, a time step of 2.0 fs was used and the
SHAKE algorithm (Ryckaert et al., 1977) was applied to
constrain the bond lengths involving hydrogen atoms to
their equilibrium positions. The nonbonded pair list was
updated using the heuristic algorithm in CHARMM with a
14 Å cutoff. The nonbonded interaction energies and forces
were smoothly shifted to zero at 12 Å. For electrostatic
calculations, a relative dielectric constant of 1.0 was used.

For multiple dynamics, we used five different runs of
500 ps duration. They differed from one another in the seeds
used to generate the velocity assignments at the beginning
of the equilibration step, i.e., after thermalization of the
solvent. From the r.m.s. deviation profiles (Fig. 2), it is
apparent that after an initial trend of divergence, they kept
a steady deviation from the initial structure.

Average structure in each case was calculated over 1000
coordinate frames collected from 800 ps to 1 ns of the
trajectory, after suitably orienting each of the frame. The
final structures were subjected to 20 steps of steepest de-
scent and 50 steps of ABNR energy minimization.

RESULTS AND DISCUSSION

Gross features

The question of stability and reliability of a molecular
dynamics simulation was dealt with recently on the context

FIGURE 1 Secondary structure of yeast tRNAPhe anticodon domain
investigated in the present simulation study.
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of simulation of tRNAAsp anticodon domain (Auffinger et
al., 1995). This work, in fact, provided a reexamination of
the issue demonstrated earlier by Elofsson and Nilsson
(1993) about the sensitive dependence of the dynamics on
the initial conditions and simulation protocols. By looking
at the r.m.s. deviations from the crystal structure for multi-
ple simulations which were otherwise identical except for
the initial velocity assignments, Auffinger et al. (1995)
found that the structural deviations diverged appreciably
from one another with time and the divergence was more
pronounced for shorter ranges of nonbonded interaction
between the solute and the solvent. Notably, the Ewald
summation method produced trajectories which were least
divergent for the time scale studied.

Although adoption of Ewald summation method in treat-
ing nonbonded interaction is generally considered to give
better convergence, comparisons have shown equally stable

characteristics for cutoff-based methods (Norberg and Nil-
sson, 2000). In the five shorter simulations with our system,
we also found quite stable behavior. The average r.m.s.
deviations were clustered around the value of 1.37 Å (Fig.
2). The r.m.s. deviation for the longer simulation for the free
domain also did not show any increase for later time. We
found that the global r.m.s. deviation quickly increased to a
steady value within 100 ps and kept around that value for
the entire simulation period (Fig. 3).

A related issue of interest, which arose from the diver-
gence of almost identical simulations, is the consideration
of chaos in biomolecular dynamics. Although the treatment
of Auffinger et al. (1995) was not rigorous enough to
determine how chaotic the dynamics was, a number of later
reports measured the rate of divergence of two infinitesi-
mally close trajectories and estimated the role of various
factors on this rate (Zhou and Wang, 1996; Braxenthaler et
al., 1997). Utilizing a random matrix approximation, we
also showed recently that a longer cutoff in nonbonded
interactions per se did not reduce the chaotic nature of the
dynamics (Lahiri and Nilsson, 1999). However, fluctuations
were shown to play a major role and interestingly, it appears
that shorter cutoffs lead to an increased level of fluctuation
in the dynamics of biomolecules (Saito, 1994).

The radius of gyration of the anticodon domain is ob-
served to increase more slowly (Fig. 4). This is in contrast
to NMR observations (Clore et al., 1984), where a relative
shrinking of the molecule in solution was observed in com-
parison to the crystal structure. One may note that the
vacuum simulation reported by Harvey et al. (1984) also
observed the radius of gyration of the molecule diminishing
from a value of 23.4 Å for the crystal structure to an average
of 22.6 Å during the course of a 24-ps dynamics run. The
shrinkage was attributed both to increased packing of atoms
and to bending motions that close the angle between two

FIGURE 2 Time evolution of the r.m.s deviations of the free anticodon
domain obtained from trajectories of simulations which were otherwise
identical except differing in the initial velocity assignments.

FIGURE 3 Time evolution of the r.m.s. deviation of
the free anticodon domain for 1.5 ns of simulation.
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arms of the molecule. We also surmised that the increase in
packing may be enhanced due to the absence of any solvent
to exert outward forces on the surface atoms. The increase
in the radius of gyration in our simulations might result
from just such an outward attraction by the solvent atoms.

To investigate how far the binding of codons influences
the global structure, we plotted the time evolution of the
r.m.s. deviations of the anticodon domain bound to the UUC
and UUU triplets (Fig. 5). The r.m.s. deviation profiles are
seen to be similar to the free anticodon, although the devi-
ations appear to be larger. Considering the anticodon to be
composed of two substructures, one stem region and another
loop, one may also consider the r.m.s. deviations of the parts
separately. It turns out that the r.m.s. deviation of the stem
regions remain almost the same for the free and bound
anticodon domains (data not shown). However, in the pres-
ence of the codons, the r.m.s. deviations of the loop regions
are considerably larger than the free anticodon (Fig. 6).
Because the similarity of the magnitude of r.m.s. deviations

did not rule out the structures eventually being considerably
different from one another, we checked the r.m.s. deviations
between the stem parts of the free and complexed anticodon
with structures averaged over the last 200 ps from 1 ns runs.
The results (table 1) very clearly demonstrated that the stem
region retains very similar global conformation whether in
the free state or bound to the codon trinucleotides. The loop
region, on the other hand, shows considerable difference
between the free and the bound systems.

When one looks at the deviations and fluctuations at the
level of nucleotide residues and compares with the initial
structure, one finds the following major common features
(Fig. 7). The deviation is maximum for all the cases studied
at position 32 corresponding to the base methylcytosine, the
contribution of the base part being greater than that from the
backbone part for this residue. There are significant devia-
tions also in the positions of the bases Y37 and �39. The
end basepairs also deviate a bit with a large amount of
fluctuation. In terms of mobility, the positions with the
lowest amount of motion are the two nucleotides mC32 and
U33. The wobble base mG34 is marked by its large amount
of fluctuation. To judge the reliability of these calculations,
we examined the ensemble of r.m.s. deviations and fluctu-
ations averaged over residues obtained from five shorter
simulations which gave us also an idea about the spread of
these values in different simulations with almost identical
initial conditions (data not shown). It was found that even

FIGURE 4 Time evolution of the radius of gyration of the free anticodon
domain.

FIGURE 5 Time evolution of the r.m.s. deviations of the anticodon
domain bound to the UUC and UUU codon trinucleotides.

FIGURE 6 Time evolution of the r.m.s. deviations of the loop part of the
anticodon domain in the free form (solid curve) as well as bound to the
UUC codon (dotted curve) and the UUU codon (dash dotted curve) over
200 ps.

TABLE 1 r.m.s. deviation (in Å) between the average
structures from the last 200-ps runs with free anticodon (AC)
and with anticodon bound to UUC and UUU codons

AC � UUC AC � UUU

Stem 0.45 0.62
Loop 1.12 1.18
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though the individual simulations did not yield identical
results, the patterns were qualitatively quite similar.

A prominent feature in the comparison of the r.m.s.
deviations and fluctuations averaged over residues between
the free anticodon domain and the same complexed with
UUC and UUU is the noticeable deviation in the Y base for
the codon bound forms with respect to the free anticodon
(Fig. 8). The Y base also shows increased mobility in the
case where the anticodon is complexed with UUC codon.

Since a major role in base stacking is played by hydro-
phobic interactions, a comparison of the solvent-accessible
areas (Lee and Richards, 1971) in the anticodon region may
give an idea about the change in interactions in the presence
and absence of codons. From Table 2, it is apparent that in
the presence of codons, almost all the bases show a decrease
in solvent accessibility, the base A36 being almost totally
isolated from solvent. However, it is also interesting to note
that interactions with the codons increases the exposed
surface area of Y37 if one disregards the presence of the
codon. This implies that one of the effect of the codon

strand on Y37 is to draw it out more toward the solvent. The
conformation, which normally would be disadvantageous,
may get stabilized by stacking and/or other interactions with
the codon bases.

In Table 3, we have presented the results of the global
inter-base parameter analysis for the four successive nucle-
otides mG34-Y37 in the anticodon loop according to the
Curves algorithm of Lavery and Sklenar (1988, 1989); for

FIGURE 7 R.m.s. deviations (top) and r.m.s. fluctuations (bottom) av-
eraged over residues for the free anticodon domain. The curves are respec-
tively for the entire residue (solid square), the bases (solid triangle), and
the backbone (solid circle).

FIGURE 8 Comparison of r.m.s. deviations (top) and r.m.s. fluctuations
(bottom) averaged over residues for the free anticodon domain (solid
square) and anticodon domain bound to UUC (solid circle) and UUU
(solid triangle) codon trinucleotides.

TABLE 2 Comparison of the solvent-accessible surface
areas (in Å2) of the bases of the three anticodon residues and
the three-ringed part of the Y37 base from 200-ps averaged
structures of the free anticodon and the anticodon complexed
with UUC and UUU codons

Base AC AC � UUC AC � UUU

G34 132.9 86.9 (131.5) 48.6 (133.9)
A35 58.4 8.1 (65.0) 14.1 (46.3)
A36 38.8 2.8 (47.7) 4.4 (41.3)
Y37 120.6 86.3 (154.5) 82.0 (136.3)

The values within parentheses give the solvent-accessible area when one
disregards the presence of codons. Probe radius � 1.6 Å.
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the calculation, the entire single-stranded loop region was
considered. Although the quantities in general do not show
a consistent change when the parameters for the free anti-
codon are compared with the codon-bound forms, one finds
that the twist between the bases A35 and A36 is consider-
ably reduced in the presence of codon strands. A similar
reduction in twist occurs also for the bases A36 and Y37.
Fig. 9 gives stereo representations of the averaged structures
for the anticodon part from simulations involving the free
anticodon and the codon-bound forms showing clearly the
relative disposition of the bases mG34-Y37 in the individual
structures.

Fluctuations in interatomic distances

To look at the stability of the codon trinucleotides over the
simulation range, we have plotted in Fig. 10, a and b, the
time course of the distances between hydrogen bonding
donor and acceptor atoms of the corresponding residues of
the codon and anticodon parts. It was found that except for
the last 200 ps in the case of wobble base pairing with UUU
codon, the hydrogen bonding distances were well main-
tained throughout the simulation.

Fluctuations in interatomic distances were recently used
to detect rigid (or quasi-rigid) subunits in proteins and
nucleic acids (Nichols et al., 1995; Genest, 1998). Principal
component analysis of the fluctuations in the distance ma-
trix was recently suggested to be a better method to detect
collective motions in a macromolecule (Abseher and
Nilges, 1998). More recently, Matsumoto et al. (1999) ob-
served from a normal mode analysis of the dynamics of
transfer RNA that the anticodon domain as a whole behaves
quite rigidly.

The evolution of the distance matrices were obtained
from dynamics trajectories and the average distances as well
as fluctuations were calculated over 600 ps. In Fig. 11, we
present contour maps of the fluctuations in the elements of
the distance matrix comprised of all the heavy atoms of the
free anticodon domain. One should note here that the pre-
cise shapes of the contour maps depend on the numbering of
atoms (Table 4). Since at physiological temperatures, no
region in a macromolecule can be considered absolutely
rigid, for finding a quasi-rigid component one has to select
a tolerance level of fluctuations beyond which one does not
consider the distances to be rigidly preserved. We select this
level of quasi-rigidity at 0.23 following a previous investi-
gation of the dynamics of double helical nucleic acid oli-
gomers (Genest, 1998).

Analysis of Fig. 11 shows the result to be very similar to
the dynamics observed for double stranded nucleic acid
oligomers (Genest, 1998). Along the main diagonal we find
a region of little fluctuation corresponding to atoms which
are closely numbered and bonded to each other. Fifteen
segments can be easily distinguished in this diagonal, cor-
responding to the 15 residues in the anticodon domain.
Looking along the other diagonal, four clearly defined re-
gions of low fluctuation can be observed. These correspond
to the first four basepairs in the domain (C28-G42, A29-
U41, G30–5mC40, and A31-�39). Although Fig. 11 is
obtained from the dynamics of the free anticodon domain,
similar results were obtained for complexes with UUC and
UUU codons.

In Fig. 12 we compare the interatomic distance fluctua-
tions for the heavy atoms in the residues from mC32 to A38
for the free anticodon and with UUC and UUU codons.
From the shaded regions in the contour plots which reveal
distance fluctuations from 0 to 0.23, we find that there exists
several islands of low fluctuation apart from the main di-
agonal. For the case of the free anticodon, one interesting
feature comes from a subset of atoms in the low-mobility
residue mC32 (atom numbers from 85 to 105). As seen in
Fig. 12, a subset of atoms belonging to this residue form
quasi-rigid structures with groups of atoms belonging to the
neighboring low-mobility U33 residue (atom numbers from
106 to 125) and interestingly with some atoms (numbers
around 204 and 225) belonging to the Y37 base. In the case
of the anticodon loop bound to the codons, however, the
quasi-rigid regions between mC32 and Y37 are absent.
Since the rigid character of mC32 with U33 is maintained in
all the three cases, it seems likely that in the presence of
codons, the Y37 base fluctuates more with respect to mC32.
It was observed from the contour map of average inter-
atomic distances (not shown) that the distances between
atoms in the Y37 residue and mC32 residue become greater
with codon binding, consistent with the increased devi-
ation of the Y37 residue from the crystal structure. This
increased distance may be part of the reason for the in-
creased fluctuations.

TABLE 3 Global interbase parameters for the crystal
structure and the average structures obtained from molecular
dynamics simulations of the free anticodon and anticodon
complexed with UUC and UUU codons

Base Shift (Å) Slide (Å) Rise (Å) Tilt (°) Roll (°) Twist (°)

Crystal structure
34/35 �1.11 �0.89 3.43 �8.78 13.84 38.93
35/36 �0.20 �1.97 3.28 6.49 7.85 16.09
36/37 �0.08 �0.46 3.52 �6.97 11.50 48.68

Average structure of the anticodon
34/35 �1.80 0.12 3.03 �2.27 11.68 43.51
35/36 0.17 �1.17 3.64 �4.71 7.66 33.63
36/37 �0.78 0.47 3.44 0.78 1.41 47.04

Average structure of anticodon � UUC
34/35 �1.38 �0.43 3.32 �0.98 12.47 43.98
35/36 �0.86 �0.86 3.61 5.83 0.43 25.43
36/37 �1.29 0.39 2.75 4.07 7.29 41.70

Average structure of anticodon � UUU
34/35 0.22 �0.61 3.26 �10.78 19.42 41.13
35/36 �0.59 �0.75 3.42 �1.53 1.60 27.68
36/37 0.49 �0.02 3.42 �6.75 27.48 39.82
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FIGURE 9 Stereo representation of the average
structures of the free anticodon (top), the anticodon
bound to the UUC codon (middle), and the anticodon
bound to the UUU codon (bottom). The codon strands
are not shown.
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Another region of low fluctuation is comprised of subsets
of atoms in the residue U33 and part of the next residue
mG34 on one hand and A35 and A36 (atom numbers around

155 to 175) on the other hand. This quasi-rigid region most
probably originates from stable hydrogen bonding interac-
tions. In fact in the simulations, H3 of U33 was observed to

FIGURE 10 (A) Time evolution of
the hydrogen bond distances between
the codon and the anticodon bases for
the anticodon-UUC complex. From the
top the distances correspond to
N1(mG34)-N3(C3), N2(mG34)-O2(C3),
O6(mG34)-N4(C3), N1(A35)-N3(U2),
N6(A35)-O4(U2), N1(A36)-N3(U1), and
N6(A36)-O4(U1). (B) The same for the
anticodon-UUU complex. From the top
the distances correspond to N1(mG34)-
O2(U3), O6(mG34)-N3(U3), N1(A35)-
N3(U2), N6(A35)-O4(U2), N1(A36)-
N3(U1), and N6(A36)-O4(U1),
respectively. The codon nucleotides are
numbered 1–3, with the first one base-
pairing with A36 and the last one with
mG34.
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make long-lived hydrogen bonds with either O1P or with
O5� of A36. U33 H2� was also found to have hydrogen
bonding with A35 N7. This also corresponds with the ob-
servation that U33 has a very low r.m.s. fluctuation. What
seems interesting is that this stability in the interatomic
distances in this region becomes more pronounced and
spread-out in the presence of codon strands.

Comparison of residue-averaged distance fluctuation ma-
trices also revealed interesting features (Fig. 13). The dis-
tances between residues U33 and mG34 on one hand and
residues Y37, A38, and �39 on the other appeared to
fluctuate much more than when the codons are present.

FIGURE 11 Interatomic distance fluctuation map for the heavy atoms in
the free anticodon domain. Both x- and y-axes correspond to atom num-
bers.

TABLE 4 Atom numbers corresponding to base and
backbone atoms in the anticodon domain

Residue

Atom number

Sugar-phosphate backbone Base

C28 1–5, 14–17 6–13
A29 18–25, 36–39 26–35
G30 40–47, 59–62 48–58
A31 63–70, 81–84 71–80
mC32 85–92, 101–105 93–100
U33 106–113, 122–125 114–121
mG34 126–133, 145–149 134–144
A35 150–157, 168–171 158–167
A36 172–179, 190–193 180–189
Y37 194–201, 229–232 202–228
A38 233–240, 251–254 241–250
�39 255–262, 271–274 263–270
5mC40 275–282, 292–295 283–291
U41 296–303, 312–315 304–311
G42 316–323, 335–338 324–334

FIGURE 12 Interatomic distance fluctuation maps for the anticodon
region spanning residues mC32 to A38 for the free and UUC and UUU
bound anticodon (details in the text). x- and y-axes correspond to atom
numbers.
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Exploration of conformational substates

Experimental results from fluorescence measurements sug-
gested the existence of at least two conformational substates
for the anticodon loop. The conformations seemed to be
differentially stabilized by Mg2� ion coordination and bind-
ing of the codon strand. Initially, it was thought that two
conformations detected may be the 5�-stacked and the 3�-
stacked conformations of the anticodon nucleotides. How-
ever, a detailed NMR study of the structure of the penta-
decamer in the anticodon loop (Clore et al., 1984) failed to
detect the existence of a 5�-stacked conformation. It seems
possible that the conformations detected by the change in
fluorescence from the Y base are not so drastically different,
but differ only in the local conformation near the Y base. In
that case molecular dynamics simulations may be utilized to
detect and characterize such conformational changes.

The time scale of the conformational transition between
the two states as reported by fluorescence data was of the
order of milliseconds. The capability of molecular dynamics
simulations do not extend to this time domain. However, as
has been argued by different authors (Elofsson and Nilsson,
1993; Auffinger et al., 1995; Caves et al., 1998), multiple
molecular dynamics simulations may have a better possi-
bility of detecting these conformations because of their
better sampling of phase space.

Here we utilize the recently proposed method of gener-
alized ergodic measure (Straub and Thirumalai, 1993) to
detect conformational substates that are separated by barri-
ers high enough to prevent mixing during the simulation
time scale. In the present case we have selected the inter-
action energy of one residue with the system as one possible
probe of the local conformation.

In Fig. 14, we present the cumulative average of the
interaction energy (vide Eq. 1) of the Y37 residue for six

FIGURE 13 Comparison of interresidue distance fluctuation maps for
(A) free anticodon, (B) anticodon bound to UUC, and (C) anticodon bound
to UUU.

FIGURE 14 Cumulative average of the interaction energy of residue
Y37 from six independent trajectories.

2286 Lahiri and Nilsson

Biophysical Journal 79(5) 2276–2289



molecular dynamics trajectories. We assume that the inter-
action energy of this residue with the rest of the system
reflects, in some sense, the local structure around the resi-
due. If for different simulations, the local structure around
the selected nucleotide is similar on the average, then the
average interaction energy in different simulations would
tend to the same value. It is clear from Fig. 14 that for our
present set of simulations, the asymptotic values of the
average interaction energy of Y37 cluster to three different
groups. This suggests that for some of the simulations, the
local environment for that residue is similar on the average.
This trend is reflected in the case of all the other residues.

The situation changes, however, when we examine the
global energy metric, i.e., by summing over all the residues
in the anticodon domain (vide Eq. 2). In Fig. 15, we have
plotted the time evolution of the energy metric for pairs of
trajectories obtained from the five short simulations. For all
of the cases, we find a nonzero difference for each pair of
simulations. This suggests that even if a particular residue
sees only a few possible local environments in different
simulations, the combination of all these possibilities when
we consider all of the residues together makes the trajecto-
ries diverge and populate parts of the energy landscape from
where they are separated by barriers that prevent the con-
formations to mix within the simulation time scale.

Our result confirms a similar observation from multiple
molecular dynamics simulations performed on tRNAAsp

which investigated the hydration of the anticodon domain of
the molecule (Auffinger and Westhof, 1997). From six
500-ps-long simulations that were dynamically quite simi-
lar, the authors obtained hydration patterns which were
different from each other, thus locating each simulation to a
separate part of the energy landscape. In our case also, we

find that although locally for one particular residue the
conformations seem to converge to a small number of states,
when one considers the entire molecule with its solvent
environment, a time scale of a few hundred picoseconds
does not seem to be enough to overcome most of the
barriers. To get an unequivocal answer to the problem in
question, it is clearly necessary either to increase the simulation
time by a few orders of magnitude or to enhance the efficiency
of phase space exploration by some other technique.

CONCLUSIONS

We have examined the dynamical features of solvated an-
ticodon domain of tRNAPhe in the presence and absence of
the codon trinucleotides UUC and UUU over a nanosecond
time scale. A relevant question addressed here is whether
interaction with the codon trinucleotides results in a notice-
able alteration in the structure and dynamics of the antico-
don domain. Fluorescence spectroscopic investigations and
temperature-jump measurements using the fluorescent Y37
base as a probe have detected different conformations of the
anticodon loop in the free form and the codon-bound form.
NMR investigations on the other hand, did not detect any
significant change in the structure as a result of codon
binding.

From our molecular dynamical investigations, we found
stable dynamics of the anticodon domain of yeast tRNA
using a long-range cutoff for nonbonded interactions and
stochastic boundary conditions. The stability is manifested
both in shorter multiple molecular dynamics simulations
and simulations over a longer time scale in the presence and
absence of codons.

From our study of the dynamics of the anticodon domain
over a time scale of 1 ns, we found that in the presence of
codons, the anticodon stem is the least perturbed. Structural
deviation is more pronounced in the loop region, being
concentrated in the conformation of the three anticodon
bases and the Y37 base. Signatures of conformational dif-
ferences between the codon bound and free anticodon forms
were detected which generally agreed with previous fluo-
rescence measurements and theoretical calculations. The
Y37 residue was observed to deviate more from the initial
structure in the codon-bound forms. Analysis of the heli-
coidal parameters for the four bases mG34-Y37 in the
anticodon loop showed that the twist between the bases
A35, A36, and Y37 becomes reduced in the presence of
codons. The Y37 residue also had a greater r.m.s. fluctua-
tion in the presence of the UUC codon. Moreover, the
interatomic distances between Y37 and mC32 showed more
fluctuations when the anticodon was bound to codons,
whereas the distances between subsets of atoms comprising
the residues U33 and mG34 on one hand and A35 and A36
on the other hand showed less fluctuation in the presence of
codons.

FIGURE 15 Time evolution of du for different pairs of trajectories from
the multiple simulations.
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However, our efforts to detect (using the method of
generalized ergodic measure) whether tRNAPhe exists in
solution in two different conformations, one of which binds
predominantly to the codon, were frustrated by the fact that
globally, all the independent simulations led to conforma-
tions that populated different regions of the conformational
space. We feel that at the present state of art, conventional
molecular dynamics is too limited in scope to properly
resolve this interesting issue and we expect that application
of some of the emerging methods to enhance the exploration
of conformational space would be helpful in future.

Since we have not included in our simulations Mg2� ion
crystallographically located within the anticodon loop, we
are unable to comment on the role of this ion in modulating
the structure and dynamics of the anticodon. As in the case
of tRNAAsp (Auffinger et al., 1995) we observe stable
dynamics of the anticodon domain even in the absence of
Mg2� ion. Apparently, Mg2� ions stabilize the tertiary
structure of tRNAs by accumulating in regions of high
negative electrostatic potentials, and there is not much role
envisaged for specifically coordinated ions (Misra and
Draper, 2000). However, a number of experimental reports
point to the existence of Mg2�-dependent alterations in the
local structure and mobilities of nucleotides comprising the
anticodon loop (Schwarz et al., 1976; Ehrlich et al., 1980;
Labuda and Pörschke, 1980; Claesens and Rigler, 1986). It
would be of considerable interest to address this question in
future simulations.

This work was supported by the Swedish Natural Science Research Coun-
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