
Abstract The internal motion of yeast phenylalanine
transfer RNA is studied by normal mode analysis in ex-
tended dihedral angle space, in which the flexibility of five-
membered ribose rings is treated faithfully by introducing
a variable for its pseudo-rotational motion. Analysis of glo-
bal molecular motions reveals that the molecule is very
soft. We show that this softness comes not from the prop-
erty of the “material” comprising the molecule but from its
slender shape. Analysis of thermal distance fluctuations 
reveals that this molecule can be regarded as consisting 
dynamically of three blocks. Thermal fluctuations of the
mainchain dihedral angles show rigidity of the anticodon
region. They also show flexibility of regions around non-
stacking bases. Base-stacking interactions cause suppres-
sion of the correlated functions of mainchain dihedral 
angles beyond a ribose ring. We analyze the thermal fluc-
tuation of parameters describing the positions of two 
adjacent bases. Fluctuations of relative translational pa-
rameters in the anticodon and acceptor stem regions are
found to be larger than those in other stem regions. The
relative translational motions cause the two stem regions
to undergo global twisting and bending motions. We show
that the role of pseudo-rotational motion of sugars is 
important in regions around bases which are involved in
nonregular interactions.

Key words Normal mode analysis · Dihedral angle
space · Pseudo-rotation · Interbase parameters

Introduction

Transfer RNA molecules form a class of small globular
polynucleotide chains about 75–90 nucleotides long. They
act as vehicles for transferring amino acids from the free
state inside the cell into the assembled chain of the pro-
tein. This vital function as an intermediary between the nu-
cleic acid language of the genetic code and the amino acid
language of the working cell has made transfer RNA a ma-
jor subject of research in molecular biology.

In the process of protein synthesis, the tRNA molecules
interact with a variety of other molecules, and in such inter-
actions conformational changes of tRNA molecules are ex-
pected to play important roles. Therefore, it is important
to study their internal motions.

Unlike the canonical double-helical DNA molecules,
tRNA molecules consist roughly of two elements, double-
helical stem regions and loop regions (Fig. 1). Some bases
in the loop or terminal regions are free from stacking inter-
actions. Tertiary interactions keep the L-shaped three-di-
mensional structure. In this paper, we study the dynamic
features of the molecule both at the levels of the structu-
ral elements and the global molecular conformation.

Normal mode analysis is one of the methods now widely
used for studying dynamic aspects of biopolymers (Go 
et al. 1983). In this method, molecular conformational dy-
namics is expressed as a superposition of mutually inde-
pendent collective motions called normal modes. Under-
lying this picture of conformational dynamics is a basic 
assumption of the harmonicity of the energy surface, i.e.,
the energy surface is assumed to be given by a multidimen-
sional parabola within the range of conformational fluctu-
ations.

Normal mode calculations for proteins have been car-
ried out frequently in dihedral angle space, because of the
advantage of a considerable reduction of the number of 
independent variables associated with fixing bond lengths
and bond angles. If we apply this treatment to nucleic 
acids, it leads to fixing the motions of sugar rings. How-
ever, it is well known that the five-membered sugar rings
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have very flexible puckering motions involving changes in
bond angles so that their motions may have considerable
influence on the entire molecular dynamics. Therefore, it
is desirable that we deal with motions of sugar rings even
in dihedral angle space. Recently, the algorithm developed
in dihedral angle space was extended so as to deal with 
motions of sugar rings by introducing pseudo-rotation var-
iables (Tomimoto and Go 1995). In this treatment, pseudo-
rotational motion of a five-membered sugar ring is ex-
pressed as a function of a single pseudo-rotation variable,
so that all bond angles and dihedral angles in a ring change
as a function of this variable. This treatment of sugar rings
also contributes to reduce the number of independent var-
iables considerably. In this point, the algorithm has an 
advantage over others (Lavery et al. 1995; Mazur 1998) 
in which bond angles and dihedral angles in sugars are
treated explicitly. Using the algorithm of Tomimoto and
Go (1995), we have carried out normal mode analysis for
yeast phenylalanine transfer RNA.

Materials and Methods

Molecule studied

The yeast phenylalanine transfer RNA consists of 76 nu-
cleotides. Its sequence is shown in Fig. 1. The 3′ and 5′
termini together form a Watson-Crick double stranded 
acceptor stem. There are 2510 atoms in this molecule. We
take 610 rotatable dihedral angles and 76 pseudo-rotation
variables as independent variables. Therefore, the total
number of independent variables is 686 (see Fig. 2). We
refer to this choice of independent variables as the calcu-
lation in extended dihedral angle space. This choice of the
independent variables means that we are assuming fixed
standard values for all bond lengths and bond angles, ex-
cept for bond angles in ribose rings. It has the advantage
of reducing the number of independent variables by a 
factor of about 11 as compared to a choice of atomic 
Cartesian coordinates. However, with this choice, we need
to calculate a set of dihedral angles and pseudo-rotation
variables that generates X-ray crystallographic conforma-
tion. This step is called regularization and is done before
minimization of the conformational energy. The atomic co-
ordinates of yeast tRNAPhe are taken from 4TRA in the
Protein Data Bank.

Minimization of conformational energy

Starting from the regularized conformation, the confor-
mational energy is minimized. The AMBER force field 
(Weiner et al. 1986) is used as an empirical energy func-
tion in this extended dihedral angle space. A sigmoidally
distance-dependent function (Ramstein and Lavery 1988;
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Fig. 1 Sequence and secondary structure of yeast phenylalanine
transfer RNA shown in a clover-leaf diagram. The characters A, U,
G, and C represent the usual nucleotides in RNA. Nucleotides with
the character “m” are those modified by the addition of one or more
methyl groups. Characters D, Y, Ψ, and T are dihydrouridine, wyo-
sine, pseudouridine, and ribothymidine, respectively. Circled char-
acters are those with nonstacking bases. Dots between two nucleo-
tides mean that their bases are paired by hydrogen bonds. Nucleo-
tide numbers are also shown

Fig. 2 Definition of independent variables in the ith nucleotide. In-
dependent variables αi, βi, γi, εi, ζi, χ1i, χ2i, and τi are dihedral an-
gles, and ωi is a pseudo-rotation variable. The dihedral angle χ2i does
not exist in bases of uridines. In some modified nucleotides, more
dihedral angles, for example χ3i, χ4i, … exist



Daggett et al. 1991) is assumed for the dielectric constant
ε in electrostatic interactions.

Mature tRNAs commonly contain many modified nu-
cleotides (Kim 1976). Because we had no information about
the electric partial charges for the modified nucleotides, we
calculated these charges by the electrostatic potential fit-
ting method (ESP fitting method) (Cox and Williams 1981;
Singh and Kollman 1984) using the program MOPAC 6.0.
The values of the calculated partial charges are available
upon request to go@qchem.kuchem.kyoto-u.ac.jp.

The energy minimization is done by Newton’s method,
in the process of which both the gradient and the hessian
(second derivative matrix) of the conformational energy
function are used. This method has been a practical and in
fact very efficient one for proteins, because of the algorithm
for rapid calculation of the gradient and the hessian of the
conformational energy function (Noguti and Go 1983b; Abe
et al. 1984; Wako and Go 1987). This method has recently
been extended so as to deal with nucleic acids with sugar
puckering motions (Tomimoto et al. 1996). The minimized
backbone structure is shown in Fig. 3. This molecule takes
an L-shaped three-dimensional structure with one end
formed by the accepter arm (nucleotides 1–7, 66–76) and
the other by the anticodon loop region (nucleotides 32–38).

Normal mode analysis

Many normal mode calculations in dihedral angle space
have been carried out for proteins and nucleic acids (Nish-
ikawa and Go 1987; Ikura and Go 1993; Nakamura and
Doi 1994). In this study, the calculation is carried out in
extended dihedral angle space, but the mathematics re-
mains mostly unchanged. Here, the basic mathematical 
formulation of the normal mode analysis is described only
to the extent necessary to fix notations and to derive a few
specific formulae used in this paper. Then a newly devel-
oped method is described to analyze the thermal fluctua-
tions of the positions of a pair of adjacent bases.

In normal mode analysis, the conformational energy
around a minimum point is approximated by a multidimen-
sional parabola, (1/2) ∆qtF ∆q, where ∆q is a vector whose
ith component ∆qi is a small change of a value of the ith

independent variable from that at the minimum, and F is
the second derivative matrix of the conformational energy
function at the minimum. The kinetic energy of the system
is given by (1/2) ∆q̇tH ∆q̇, where H is the coefficient ma-
trix, whose analytic expression is given in the literature
(Noguti and Go 1983a). Note that external motions of the
molecule are separated from internal motions in the above
expression by the method of Eckart (1935).

Normal mode analysis is performed by simultaneously
diagonalizing H to the identity matrix, and F to the eigen-
value matrix whose ith diagonal element gives the square
of the angular frequency of the ith normal mode, yielding
an eigenvector matrix V.

Time averaged quantities

The correlation of the fluctuations of a pair of independent
variables 〈∆qi ∆qj〉 is given by

〈∆qi ∆qj〉 = kBT ∑
k

vik vjk/ω2
k (1)

where vik is the element of the eigenvector matrix V, kB the
Boltzmannconstant, T the absolute temperature, and ωk the
angular frequency of kth normal mode. Equation (1) gives
the mean-square thermal fluctuation of the ith independent
variable 〈∆q2

i 〉 when j = i.
Here, we define the correlation coefficient by

〈∆qi ∆qj〉/(〈∆q 2
i 〉 〈∆q 2

j 〉)1/2 (2)

The thermal displacement vector of the ath atom in the
ith normal mode is defined as follows:

Dai = (kT)1/2/ωi ∑
j

kaj vji (3)

Here, kaj is given by ∂ra/∂qj, where ra is the position vec-
tor of the ath atom. The method of calculation of kaj is de-
scribed in the literature (Noguti and Go 1983a).

In the thermally excited ith mode, the displacement vec-
tor of the ath atom fluctuates along positive and negative
directions of vector Dai with the root-mean-square ampli-
tude of Dai. Using this vector, the mean-square fluctuation
of the ath atom is given as

〈∆r2
a 〉 = ∑

i
D2

ai (4)

Interatomic distances also fluctuate around their mean val-
ues at the minimum energy conformation. The mean-
square thermal interatomic distance between a pair of at-
oms, numbered a and b, is given as a sum of the contribu-
tions from individual modes by

〈∆d 2
ab〉 = ∑

i
[(Dai –Dbi) · (ra –rb)/ |ra –rb |]2 (5)

In this study, the absolute temperature is set equal to 300 K.

Correlation of the directions of displacement vectors

As noted in the protein BPTI (Nishikawa and Go 1987),
atomic motions in low-frequency normal modes are not 
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Fig. 3 Stereo-drawing of backbone atoms (heavy atoms of sugars
and phosphates) at the minimum energy conformation, with nucleo-
tide numbers



localized, and the directions of displacement vectors are
essentially continuous, i.e., the directions of displace-
ments of atoms close in space are near. In order to make
a quantitative study of the extent of the spatial correla-
tion of the direction of displacement vectors in each nor-
mal mode, the correlation function of the direction vec-
tors of atomic displacements are defined and calculated
as follows.

For a given normal mode, attention is paid to atoms
whose displacement vectors are larger in magnitude than
1/20 of the largest displacement vector in the molecule.
For such an atom (say, the ath atom), the direction vector
of displacement Ai (ra0) is defined by Dai/ |Dai |, where ra0
is the position vector of the ath atom in the minimum en-
ergy conformation. This direction vector is normalized in
the sense that |Ai (ra0) | = 1. Now the correlation function
of the direction vector is defined by

(6)

where δ is the Dirac’s delta function, and the summation
extends over all atoms for which direction vector Ai (ra0)
is defined. Therefore, the correlation function Ci (d) is de-
fined as an average of dot products between the direction
vectors of displacement of a pair of atoms, which are sep-
arated in space by distance d.

Thermal fluctuation of the positions of adjacent bases

The positions of two rigid bodies in space are determined
by 12 parameters. In our treatment in extended dihedral
angle space, base core atoms constitute a rigid body. We
pay our attention to these atoms. Then, the positions of ad-
jacent bases are determined by 12 parameters. We can take
6 parameters for representing relative positions and orien-
tations between the two bases, that is, shift, slide, rise, tilt,
roll, and twist (Dickerson et al. 1989), and the remaining
6 parameters for representing absolute positions and orien-
tations of the two bases as a whole. When the molecule
fluctuates, these parameters also fluctuate. The thermal
fluctuations of these parameters are calculated as follows.

The atomic fluctuations in a pair of bases ∆xi (i = 1, …,
3n), where n is the number of atoms in the two bases, are
related to the fluctuations of the 12 parameters ∆fk (k = 1,
…, 12) by

∆xi = ∑
k

aik ∆fk (7)

where aik is an element of a constant 3n×12 matrix A, whose
kth column vector is given by a rate of change of the atomic
positions for an infinitesimal displacement of the kth pa-
rameter. The definition of parameters ∆fk and the 
analytic forms of aik are given in the Appendix. Matrix A
satisfies following condition:

∑
i

mi aij aik = δjk Jj (8)

where mi is the mass of the ith atom, δjk = 1 for j = k and
vanishes otherwise, and Jj is a constant which is given in

C d
d

di
a b i a i b a b

a b a b
( )

( ) ( ) ( )
( )

=
∑ ∑ ⋅ − −

∑ ∑ − −
A r A r r r

r r
0 0 0 0

0 0

δ
δ

the Appendix. It can be readily shown that the correlation
of a pair of fluctuations of 12 parameters 〈∆fk ∆fl〉 is given
by

〈∆fk ∆fl〉 = ∑
ij

mi mj aik ajl 〈∆xi ∆xj〉/Jk Jl (9)

where 〈∆xi ∆xj〉 is a correlation function of the displace-
ments of coordinates of xi and xj. This equation gives mean-
square thermal fluctuations of the parameters 〈∆ f 2

k 〉 when
k = l. For the calculation of fluctuations of relative trans-
lation, further treatment is needed and is shown in the Ap-
pendix.

Results and discussion

Global molecular structure

Frequencies of the seven lowest frequency modes are given
in Table 1 together with other quantities to be discussed
later. The lowest frequency in this molecule with a molec-
ular weight of 24 783 is 0.58 cm–1. This value may be 
compared with the corresponding lowest frequency of 
3.05 cm–1 in a globular protein, triosephosphate isomerase
(TIM), which has a molecular weight of 26 757 (Kobaya-
shi et al. 1997). This comparison suggests that transfer
RNA is a molecule much softer than a protein with a sim-
ilar molecular weight.

Figure 4 shows the displacement vectors of backbone
atoms in this lowest frequency mode. Large bending mo-
tions are observed at both ends of the molecule, one at the
acceptor arm, and the other at the anticodon arm. The di-
rections of the two bending motions are parallel to the plane
made by the L-shape of the molecule and opposite to each
other. The motion of the acceptor arm seems to be caused
by deformation of the region around U7 and A66, which
exists at the junction of the T stem and the acceptor stem,
and the motion of the anticodon arm seems to be caused
by deformation of the region around C28 and G42. Naka-
mura and Doi (1994) analyzed motions of this molecule in
low-frequency normal modes by assuming that they are
hinge bending motions of two domains, one of which is
made of the acceptor arm and the T arm, and the other made
of the D arm and the anticodon arm. They identified the
position and direction of the bending axis in each normal

372

Table 1 Values of Young’s modulus for the seven lowest frequency
normal modes with their frequencies

Mode number Frequency Young’s modulus
(cm–1) (108 dyn cm–2)

1 0.58 1.07
2 0.84 1.21
3 1.06 2.04
4 1.17 2.00
5 1.55 4.89
6 1.82 6.64
7 2.16 6.26



mode without prior knowledge of the axis and bend angles.
They found the axis to be located around the elbow region
of this molecule, which is made of the D loop and the T
loop. Harvey and McCammon (1981) also used a two-
rigid-body model for analyzing intramolecular flexibility
in the molecule. However, as we show later, this molecule
seems to consist of three rigid segments. Therefore, it
seems appropriate that two hinge bending axes exist in this
molecule instead of one.

Mean-square thermal atomic fluctuation is given by
Eq. (4) and the root-mean-square fluctuation therefrom is
plotted against nucleotide number for mainchain atoms 
(P and C4′) in Fig. 5. Equation (4) shows that the mean-
square atomic fluctuation is given by a sum of the contri-
butions from all normal modes. The contribution to the
thermal atomic fluctuation from modes with a frequency
below 2.5 cm–1 (7 modes) and that from all other modes
(679 modes) are also plotted in Fig. 5. This figure shows
that the pattern of atomic fluctuation specific to the mo-
lecular conformation is determined by a surprisingly small
number of the lowest frequency modes. All other modes
contribute to conformation-independent background fluc-
tuations. Previous studies for proteins (Nishikawa and Go

1987; Ikura and Go 1993) have shown that the thermal
atomic fluctuation is determined mainly by a relatively
small number of low frequency normal modes. For in-
stance, modes with a frequency less than 30 cm–1, whose
number is about the same as that of amino acid residues
in a protein, account for more than 80% of the mean-
square atomic fluctuation. However, in the present case
of tRNA, a surprisingly smaller number of low frequency
modes (seven modes) contribute to the same extent. As
each normal mode contributes to the mean-square ther-
mal fluctuation by a quantity given by kBT/ω 2

i, where ωi
is the angular frequency in the ith normal mode, the large
contribution from the small number of low frequency
modes is due to the fact that their frequencies are ex-
tremely low.

The appearance of the very low frequency modes in the
transfer RNA molecule may be because either (1) the “ma-
terial” comprising the molecule is very soft or (2) the mole-
cule has a slender shape. To examine if (1) may be the rea-
son, we try to estimate an effective Young’s modulus for
each normal mode. [The same analysis was done previ-
ously for proteins (Nishikawa and Go 1987; Ikura and Go
1993)]. For this purpose, each normal mode is regarded as
a standing wave in a continuous body of nucleic acid. An
average of the inter-nodal plane distances is estimated from
the value d1 at which the directional correlation function
of Eq. (6) vanishes first. Young’s modulus E is given
roughly by ρ (2ck d1)2, where ρ is the mass density, c the
light velocity, and k the frequency of the mode in wave-
numbers. The estimated values of d1 are plotted in Fig. 6
against the frequency of the mode. Estimated values of
Young’s modulus for the first seven modes are given in 
Table 1. The plot in Fig. 6 is very similar to that obtained
previously for the small globular protein BPTI (Nishikawa
and Go 1987), meaning that values d1 for a given value k
are essentially the same for proteins and RNAs. This in
turn means that the “material” comprising proteins and
RNA molecules has essentially the same mechanical prop-
erty. Therefore the appearance of the very low frequency
modes in transfer RNA should be due to the slenderness
of its shape.
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Fig. 4 Stereo-drawing of the displacement vectors of backbone 
atoms in the lowest frequency mode. Magnification factor of these
vectors is 5

Fig. 5 Root-mean-square thermal fluctuation of the positions of C4′
and P atoms plotted by thick solid line, and square root of sums of
contributions from modes with frequencies less than and larger than
2.5 cm–1 plotted by thin solid line and broken line, respectively

Fig. 6 Value of d1, the smallest interatomic distance at which the
correlation function Ci (d) for the ith mode vanishes, plotted against
frequency



Dynamically rigid blocks

The fluctuation of the distance between a pair of atoms in
the molecule is given by Eq. (5). The fluctuation of the 
distance between two nucleotides is given by averaging
this atomic distance fluctuation and is plotted in Fig. 7. If
the fluctuations among a certain number of nucleotides 
are small, the segment can be regarded as a dynamically
rigid block. From the distribution of the symbols, several
dynamically rigid blocks along the mainchain can be iden-
tified. They are the segments, consisting of 1–7 (acceptor
stem), 8–27 (the D arm region), 31–41 (the anticodon
loop), 44–65 (the variable loop and T arm region), and
66–71 (acceptor stem). Distance fluctuations in a contact
region between segments 1–7 (acceptor stem) and 66–71
(acceptor stem) are also small, indicating that these two
fragments, which are interacting with each other by base-
pairing, behave as a single rigid unit. Similarly, fragments
8–27 (D arm region) and 44–65 (variable loop and T arm
region) also behave as a single rigid unit. The tertiary inter-
actions between the bases in these regions should be re-
sponsible for this behavior. From the distribution of the
symbols, it is observed that the anticodon loop and the ac-
ceptor arm have large distance fluctuations to most of other
segments. In consequence, this molecule can be regarded
as consisting dynamically of three blocks.

Local structures

Rigid anticodon region

Figure 8 shows fluctuations of mainchain dihedral angles
and pseudo-rotation variables due to the seven lowest fre-
quency normal modes, which are responsible for the con-

formation-specific atomic fluctuations as shown in Fig. 5.
Although the atomic fluctuations are large at the antico-
don loop region 32–38, the fluctuations of the independent
variables due to the seven lowest-frequency modes in this
region are very small. Thus, in the very low frequency
modes responsible for the conformation-specific atomic
fluctuations, the anticodon loop region is fluctuating by a
large amplitude but almost as a rigid body.

The thermal fluctuation of an independent variable is
given by the square root of Eq. (1) with i = j. The ampli-
tudes of the thermal fluctuations of the independent vari-
ables αi, βi, γi, εi, ζi, ωi, and χ1i, when averaged over i, are
9.5°, 7.6°, 6.9°, 6.3°, 6.7°, 7.9°, and 5.6°, respectively.
Here, we divide each of the thermal fluctuations of the in-
dependent variables by its averaged value and call it the
relative thermal fluctuation. The independent variables
with high (larger than 1.2) and low (smaller than 0.8) rel-
ative thermal fluctuations are shown in Fig. 9.

In this figure, there are several regions with a small num-
ber of symbols, such as the regions made by nucleotides
5–6, 27–29, 41–45, 49–54 and 67–72. They are in the the
stem regions, where double-stranded structure is seen. This
shows that in the double-stranded regions the fluctuations
of the dihedral angles and pseudo-rotation variables take
average values. Although the D stem region also takes a
double-stranded structure, there are many symbols in the
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Fig. 7 Triangular map showing the thermal fluctuations of distanc-
es between a pair of nucleotides. The fluctuation of distance between
two nucleotides is calculated as the average fluctuation between the
mainchain atoms (O5′, C5′, C4′, C3′, O5′, P) of the two nucleotides.
This quantity is normalized by dividing by the average fluctuation
of all possible distances in the molecule. The normalized quantity
Smn, where m and n are nucleotide numbers, is classified into (a)
Smn≥1.2, (b) 1.2>Smn≥0.8, (c) 0.8>Smn≥0.4, and (d) 0.4>Smn.
Those in classes of (a), (c), and (d) are indicated in the map by sym-
bols p, “·” (dot), and P. Those in class (b) are indicated by blanks

Fig. 8 Root-mean-square fluctuations of mainchain dihedral angles
and pseudo-rotation variables due to the seven lowest frequency
modes plotted against nucleotide number

Fig. 9 Independent variables with relative thermal fluctuations
higher than 1.2 or lower than 0.8 are plotted by P and p, respective-
ly



figure. This will be due to the fact that some bases in this
region are involved in tertiary interactions so that the inter-
actions are not so simple as in the other double-stranded
regions. The large fluctuation in nucleotide 1–4, which is
also in the stem region, may be due to deformation of the
structure after the energy minimization.

In the anticodon loop region, however, there are more
symbols indicating smaller values of the fluctuations than
in the double-stranded regions. Especially in the anticodon
region (34th–36th nucleotides), successive dihedral an-
gles, ε35, ζ35, α36, and β36 take relative thermal fluctua-
tions smaller than 0.8. This shows that the anticodon re-
gion is quite rigid. Probably this rigidity owes largely to
interactions of the 33rd base with mainchain phosphate at-
oms in the anticodon region (Sundaralingam et al. 1976).

Nonstacking bases

Most of the bases in this molecule are involved in stack-
ing interactions, but five out of the 76 bases are not. They
are bases 16, 17, 20, 47, and 76 (see Fig. 1), and large fluc-
tuations of the independent variables are observed around
these bases (Fig. 9). In order to see the details of the fluc-
tuations, correlation coefficients [Eq. (2)] are calculated
and the values averaged over all the nucleotides, as shown
in Table 2. This table shows that the correlations between
two dihedral angles are generally large, when both of them
exist between two adjacent sugars, that is, when both of
them are dihedral angles out of εi, ζi, αi+1, βi+1, and γi+1

(see Fig. 2). On the other hand, the correlations between
two dihedral angles separated by a sugar are generally
small.

The situation is different around nonstacking bases. 
Table 3 shows that many correlation coefficients between
two dihedral angles separated by a sugar connected to a
nonstacking base are large. This suggests that the large
fluctuations of dihedral angles around nonstacking bases
are due to the absence of stacking.

From the opposite point of view, this result suggests that
the thermal fluctuations of the independent variables in re-
gions where stacking is regular are restrained by the stack-
ing.

Thermal fluctuation of the positions of adjacent bases

The thermal fluctuation of the positions of adjacent bases
is given by the square-root of Eqs. (9) and (A9) when k = l,
and is plotted against nucleotide number in Fig. 10. The
fluctuations of the parameters of the common rotations are
shown in Fig. 10a. The three parameters take large values
at the anticodon arm and acceptor stem. This fact indicates
that these regions show large bending and twisting mo-
tions, because the z axis in each base-fixed coordinate
system is approximately parallel to the helix axis of each
region, so that the large fluctuations of the common rota-
tion parameters around the z axis in each region bring about
a global twisting motion and those around the x and y axes,
bring about global bending motions.

Our definition of the 12 parameters are based on the 
assumption that the adjacent bases are considered stacked
on each other. Therefore, we cannot obtain meaningful 
values of parameters between two bases not stacked on
each other, such as those involving nonstacking bases,
those between the 33rd and 34th bases, and between the
55th and 56th bases. The values of ρz at nucleotide num-
bers 34, 47, and 56 are markedly smaller than the values
of their respective neighbors. This may be due to the non-
stacking nature of the respective adjacent base pairs.

Among the three relative rotation parameters, the fluc-
tuation of twist is smallest and takes nearly the same value
in all stem regions (Fig. 10b). The very large values at nu-
cleotide numbers 17, 18, 34, 47, 48, and 76 may be again
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Table 2 Correlation coefficients between the fluctuations of independent variables averaged over i = 1–75a

5′ 3′

χ1i εi ζi αi+1 βi+1 γi+1 ωi+1 χ1i+1 εi+1 ζi+1 αi+2 βi+2 γi+2

ωi 0.029 –0.071 –0.160 –0.188 –0.018 0.038 0.138
χ1i –0.221 0.073 –0.048 –0.035 0.071 0.008 0.132
εi –0.539 0.352 –0.472 –0.149 0.047 –0.062 0.012
ζi –0.370 0.284 0.136 0.072 –0.011 –0.020 –0.037
αi+1 0.524 –0.603 0.039 –0.014 0.019 –0.007 –0.011
βi+1 –0.066 –0.089 0.175 –0.135 0.032 0.010 –0.013
γi+1 0.170 –0.264 0.107 –0.054 –0.034 0.033 –0.044

a Entries for pairs of mainchain dihedral angles existing between two adjacent sugars are shown by a bold face

Table 3 Correlation coefficients of the fluctuations of two dihedral
angles (one of them αi) separated by a sugar connected to a nonstack-
ing base (D16, D17, G20 and U47). Correlation coefficients whose
absolute value is larger than 10 times and 5 times of that of the av-
erage value (Table 2) are indicated by O and *, respectively

Dihedral angle

i εi ζi αi+1 βi+1 γi+1

16 * 0.182 O –0.326 0.051 O –0.169 0.073
17 * 0.120 * 0.065 O 0.326 O –0.500 O –0.176
20 O 0.282 –0.005 * 0.061 O –0.316 0.124
47 * 0.182 O –0.192 O –0.173 O 0.593 O –0.349



due to the nonstacking nature. The other two parameters
also take relatively constant values in all stem regions.
However, the situation of the relative translational param-
eters is different (Fig. 10c). The values of these parame-
ters are close in each stem region, but those in the antico-
don stem region and acceptor stem region are generally
larger than those in the remaining stem regions. As large
bending and twisting motions are observed in the former

regions, this suggests that the changes of these relative
translational parameters are needed for these global con-
formational fluctuations.

Now, we pay attention to the anticodon region (34th–
36th bases). The values of the parameters of relative trans-
lation between the 34th and 35th bases and those between
the 35th and 36th bases are close to those in the anticodon
stem region. Those of relative rotation between the 35th
and 36th bases are close to those in the stem regions, but
values of the fluctuation of tilt and roll between the 34th
and 35th bases are larger.

This region is in a single-stranded region, and in a sin-
gle-stranded region it is expected that a base can fluctuate
more freely than in a double-stranded region owing to the
lack of base-pair interaction. In fact, the values of the pa-
rameters for the 73rd–75th bases, which are in a single-
stranded region and not base-paired with other bases by
tertiary interaction, are fairly large. Therefore, the values
of the parameters in the anticodon region close to those in
stem regions suggest that the relative motions between ad-
jacent bases in this region are restrained. This restraint may
be due to the rigid mainchain structure of this region, shown
earlier.

On the other hand, the large fluctuation of the tilt and
roll between the 34th and 35th bases will be due to a large
fluctuation of the dihedral angle χ1 in the 34th nucleotide,
whose base is at the end of the stack and interacts with an-
other base by only one side so that it can fluctuate more
freely than those sandwiched by two adjacent bases. There-
fore, the fluctuation of tilt and roll between the 34th and
35th bases may not be influenced by the rigid mainchain
structure.

Site dependence of the effect of internal motions 
of sugars

In order to access the effect of the pseudo-rotational mo-
tions of sugars, we have fixed the internal motions of sug-
ars and then performed normal mode analysis. Normal
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Fig. 10a–c Thermal fluctuations of parameters describing the po-
sitions and orientations of ith and (i–1)th bases plotted against nu-
cleotide number. a Common rotational parameters: ρx by thick sol-
id line, ρy by thin solid line, and ρz by dashed line. b Relative rota-
tional parameters: tilt by thick solid line, roll by thin solid line, and
twist by dashed line. c Relative translational parameters: shift by
thick solid line, slide by thin solid line, and rise by dashed line

Fig. 11 Difference of root-mean-square fluctuations of mainchain
dihedral angles calculated in dihedral angle space from those in ex-
tended dihedral angle space plotted against nucleotide number



mode analysis by fixing the motions of sugars is equiva-
lent to the normal mode analysis in dihedral angle space
performed by Nakamura and Doi (1994). The difference
of the mainchain thermal fluctuations of dihedral angles
calculated in this space from those in extended dihedral
angle space is shown in Fig. 11. They always become
smaller when the motions of sugars are fixed, however,
there is clear site dependence. The difference is large in
the regions around nonstacking bases and bases involved
in the tertiary interactions such as those in the D loop and
T loop. On the other hand, they are generally small in the
regions where regular stacking is observed, such as in stem
regions. Therefore, we can conclude that the motions of
sugars become more important in the irregular regions than
in the regular double-stranded regions.

Summary

We have studied the internal motion of yeast phenylanine
transfer RNA by normal mode analysis in extended dihe-
dral angle space.

First we studied the global motions of the molecule. We
have shown that this molecule is very soft from the fact
that there are a few modes with very low frequencies. (Note
that in normal mode analysis, fluctuation only around an
energy minimum point is considered and transitions
between distinct minima are neglected. This limitation may
be underestimating the flexibility of the molecule. Thus, a
more appropriate treatment may reveal a softer appearance
of the molecule.) This soft appearance is shown to come
from the slenderness of its shape and not from the prop-
erty of the ‘material’ comprising the molecule. The ther-
mal distance-fluctuation shows that there are three rigid
segments in this molecule. They correspond roughly to the
acceptor stem, the anticodon loop, and a remaining part
which consists of the D arm, the variable loop, and the T
arm.

Then we studied the conformational fluctuations of the
local structures. The anticodon loop region is shown to
fluctuate by a large amplitude in a few low frequency 
normal modes, which make major contributions to the 
thermal atomic fluctuation, but almost as a rigid body. The
thermal fluctuations of the dihedral angles show that the
mainchain structure of the anticodon region (34–36th nu-
cleotide) is quite rigid. This rigidity is probably largely due
to the interaction of the 33rd base with mainchain phos-
phate atoms in the anticodon region. On the other hand, the
mainchain structures around nonstacking bases in general
are shown to be flexible, from the fluctuations of the dihe-
dral angles. The correlation coefficients of a pair of fluc-
tuations of mainchain dihedral angles suggest that this flex-
ibility comes from the absence of stacking interactions of
bases.

We have calculated the thermal fluctuations of 12 pa-
rameters describing the positions and orientations of adja-
cent bases. The fluctuations of relative translational pa-
rameters in the anticodon and acceptor stem regions are

found to be larger than those in other stem regions. The
relative translational motions cause the two stem regions
to undergo twisting and bending motions. The fluctuations
of parameters in the anticodon region have values close to
those in double-stranded regions even though the antico-
don region is in a single-stranded region. This suggests that
the motions of bases in the anticodon region are restrained
by the rigid mainchain structure.

In our calculation, the internal motions of sugar rings
are treated faithfully. In order to estimate the effect of their
motions, we have done another normal mode calculation
in which their motions are fixed. The mainchain dihedral
angles have shown that the influence of the fixing is im-
portant in regions around bases which are involved in non-
regular interactions.

Appendix

Here, we describe our definition of the 12 parameters for
the description of motions between a pair of adjacent bases,
and derive detailed expressions for aij and Jk in Eqs. (7)
and (8). Then, we show the treatment for the calculation
of the fluctuation of relative translation between two bases.

At the beginning, we define the local coordinate system
fixed on each base. The origin is set at the position of the
center of mass of the base and the x y plane is set on the
plane made by the heavy atoms on the base. Therefore, the
position of the ith atom on the nth base r(n)

i can be written
as ri

(n) = (xi
(n), yi

(n), 0). We determine the directions of the
x and y axes so that the following condition is satisfied:

∑
i

mi
(n) xi

(n) yi
(n) = 0 (A1)

where mi
(n) is the mass of the ith atom on the nth base. Fur-

thermore, the directions of the x and y axes are selected so
that the C1′ atom, which is a sugar atom connected to the
base directly, is in the second quadrant of the x y plane. We
take the positive direction of z axis along the 5′-to-3′ di-
rection of the strand in the usual Watson-Crick base-paired
double strand. The x, y, and z axes construct a right-handed
system.

Next, we consider a pair of adjacent, nth and (n+1)th,
bases. The equation for translation of the coordinate ex-
pressed in the jth base-fixed system ri

(j) to that in the space-
fixed system si

(j) is given as follows.

si
(j) = S(j) R ri

(j) + t + t(j) (A2)

where R and t are the rotation matrix and the translation
vector common to both the nth and (n + 1)th bases, and S(j)

and t(j) are those specific to each base. The infinitesimal
change of ∆si

(j) is given as

∆si
(j) = S(j) R (∆r ×ri

(j)) + S(j) R (∆s(j) ×ri
(j)) + ∆ t + ∆ t(j)

(A3)

where ∆r and ∆s(j) are rotation vectors, around which each
base rotates to an infinitesimal extent, and they are com-
mon to both and specific to each of paired bases, respec-
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tively. To derive Eq. (A3) from Eq. (A2), we used the re-
lation ∆ss

(j)×(S(j) R ri
(j)) = S(j) R (∆s(j)× ri

(j)) where
∆s(j) ≡ (S(j) R)–1 ∆ss

(j) is the rotation vector expressed in
a base-fixed coordinate system, while ∆ss

(j) is the same ro-
tation vector expressed in a space-fixed coordinate system.
In the text, we refer to ∆r as the common rotation vector.

When we define the kth term in Eq. (A3) as ∆sik
(j), the or-

thogonal conditions

∑
j=n,n+1

∑
i

mi
(j) ∆s (j)

ik ∆sil
(j) = 0 (A4)

where k ≠ l, lead to the following conditions:

M(n) ∆ t(n) + M(n+1) ∆ t(n+1) = 0
(A5)

I(n) ∆s(n) + I(n+1) ∆s(n+1) = 0

where M(j) = ∑i mi
(j) (j = n, n+1)and I(j) is a diagonal ma-

trix whose kth diagonal element is Ik
(j), which is an inertial

moment and given as follows:

I1
(j) = ∑

i
mi

(j) yi
(j)2

I2
(j) = ∑

i
mi

(j) xi
(j)2 (A6)

I3
(j) = ∑

i
mi

(j) (xi
(j)2+yi

(j)2)

Here, we define new vectors ∆s and ∆u by ∆s =
∆s(n) –∆s(n+1) and ∆u = ∆t(n) –∆t(n+1), respectively. From
this definition, it is natural to call these vectors as the rel-
ative rotation vector and the relative translation vector, re-
spectively. From the conditions in Eq. (A5), ∆s(j) and ∆t(j)

are represented by these vectors as follows:

∆σk
(n) = Ik

(n+1) ∆σk/(Ik
(n) + Ik

(n+1))

∆σk
(n+1) = –Ik

(n) ∆σk/(Ik
(n) + Ik

(n+1))
(A7)

∆t(n) = M(n+1) ∆u/(M(n) +M(n+1))

∆t(n+1) = –M(n) ∆u/(M(n) +M(n+1)) 

where ∆σk
(n) and ∆σk are the kth elements of vectors ∆s(n)

and ∆s, respectively. In the text, we regard ∆σk for k = 1,
2, 3 as the change of tilt, roll, and twist, respectively.

By substituting Eq. (A7), the right-hand side of Eq. (A3)
is described in terms of 12 variables (4 vectors×3 ele-
ments), and this gives the detailed expression of aij in
Eq. (7). By using this expression, we get the following
equation:

(A8)

where ∆ρk is the kth element of ∆r. By using Eqs. (7) and
(8), the left-hand side of this equation is given by ∑ Jj f 2

j.
Therefore, this equation gives the detailed expression of Jk
in Eq. (8).

The relative translation vector ∆u in Eq. (A3) is ex-
pressed in the space-fixed coordinate system. In order to
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know the changes of translational parameters between two
bases, that is, shift, slide, and rise, we have to project this
vector onto the midway coordinate system between the nth
and (n+1)th bases. When the rotation matrix of the mid-
way coordinate system relative to the space-fixed coordi-
nate system is given by T, the relative translation expressed
in the midway coordinate system ∆w is given by ∆w =
Tt ∆u, so that the correlation function 〈∆wk ∆wl〉 is given
as follows:

〈∆wk ∆wl〉 = ∑
i,j

Tik Tjl 〈∆ui ∆uj〉 (A9)

where 〈∆ui ∆uj〉 is given by Eq. (9). In the text, we regard
〈∆w2

k 〉 for k = 1, 2, 3 as the mean-square fluctuation of shift,
slide, and rise, respectively.
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