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Abstract

The motions of large systems such as the ribosome are not fully accessible with conventional molecular simulations. A coarse-

grained, less-than-atomic-detail model such as the anisotropic network model (ANM) is a convenient informative tool to study the

cooperative motions of the ribosome. The motions of the small 30S subunit, the larger 50S subunit, and the entire 70S assembly of

the two subunits have been analyzed using ANM. The lowest frequency collective modes predicted by ANM show that the 50S

subunit and 30S subunit are strongly anti-correlated in the motion of the 70S assembly. A ratchet-like motion is observed that

corresponds well to the experimentally reported ratchet motion. Other slow modes are also examined because of their potential links

to the translocation steps in the ribosome. We identify several modes that may facilitate the E-tRNA exiting from the assembly. The

A-site t-RNA and P-site t-RNA are found to be strongly coupled and positively correlated in these slow modes, suggesting that the

translocations of these two t-RNAs occur simultaneously, while the motions of the E-site t-RNA are less correlated, and thus less

likely to occur simultaneously. Overall the t-RNAs exhibit relatively large deformations. Animations of these slow modes of motion

can be viewed at http://ribosome.bb.iastate.edu/70SnKmode.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The ribosome is the large RNA–protein assembly

that decodes the messenger-RNA and synthesizes the

proteins in accord with the sequence of the mRNA. It is

comprised of two subunits of unequal size, which to-

gether form the complete ribosome. The large 50S sub-

unit in prokaryotes is composed of a 23S rRNA, a 5S

rRNA, and 34 proteins; whereas the small 30S subunit is
formed from a 16S rRNA and 21 proteins. Together

these two subunits form the 70S ribosome. The main

catalytic function of the ribosome is performed by

rRNAs, not by proteins; hence the ribosome is actually a

ribozyme (Ban et al., 2000). The 30S subunit binds

mRNA and the anticodon end of the tRNAs and is
* Corresponding author. Fax: 1-515-294-3841.
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involved in decoding the mRNA. The 50S subunit in-
teracts with the amino acid carrying ends of the tRNAs

and catalyzes peptide bond formation. During protein

synthesis, the whole assembly undergoes a series of

highly coordinated movements necessary for the efficient

translation of the messenger-RNA into proteins. The

movements include several translocation steps: translo-

cation of the A-site tRNA to the P-site and the P-site

tRNA to the E-site, together with the translocation of
the messenger-RNA by exactly one codon. Many at-

tempts are underway to develop a more detailed un-

derstanding of the translocation steps in the ribosome.

Cryo-electron microscopy (cryo-EM) of the ribosome

has provided an initial understanding of the steps in-

volved during protein synthesis (Agrawal et al., 1999;

Frank and Agrawal, 2000; Frank et al., 1999; Valle

et al., 2002; VanLoock et al., 2000; Wriggers et al.,
2000). The translocation within the ribosome is achieved

http://ribosome.bb.iastate.edu/70SnKmode
mail to: jernigan@iastate.edu
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with the binding of elongation factors (EFs) and GTP
hydrolysis. By analyzing three-dimensional cryo-EM

snapshots of the 70S ribosome at various functional

states, Frank and Agrawal (2000) have observed ratchet-

like rotations of the 30S subunit relative to the large 50S

subunit during translocation. Many insights have also

been gained regarding the possible sequential steps

during the translocations, although details have not

been completely resolved (Agrawal et al., 2000; Noller
et al., 2002). Additional methods such as NMR and

fluorescence resonance energy transfer (FRET) are

providing some further details (Lynch et al., 2003).

The X-ray crystal structure of the 30S subunit from

the Thermus thermophilus has been determined by

Wimberly and co-workers (Carter et al., 2000; Wimberly

et al., 2000) to 3�A resolution and independently by

Schluenzen et al. (2000) to 3.3�A resolution. Ban et al.
(2000) have determined the crystal structure of the 50S

subunit from Haloarula marismortui to 2.4�A. Recently,

the crystal structure of the entire assembly of the 70S

ribosome from the T. thermophilus has been reported by

Yusupov et al. (2001). These crystal structures have

confirmed the earlier suggestion that the rRNAs provide

the catalytic function of the ribosome. The rRNAs also

give the overall shape of the structure and the proteins
act as fillers, being inserted mostly in the exterior at

niches between parts of the rRNAs.

The cooperative motions in the ribosome are not usu-

ally accessible with conventional molecular simulations.

Coarse-grained elastic network models such as the

Gaussian network model (GNM; Bahar and Jernigan,

1999; Bahar et al., 1997a,b, 1998, 1999; Haliloglu et al.,

1997) or the anisotropic networkmodel (ANM;Atilgan et
al., 2001) after the uniform elastic network (EN) model

originally proposed by Tirion (1996) have proven to be

extremely useful in the study of global motions of a large

number of different proteins (Bahar et al., 1999; Isin et al.,

2002;Keskin et al., 2002a,b;MaandKarplus, 1997; Tama

and Brooks, 2002; Tama et al., 2002; Temiz and Bahar,

2002) and have been validated by numerous comparisons

with crystallographic temperature factors. The low fre-
quency normal modes obtained in GNM or ANM anal-

ysis often can be correlated with the functionally

important conformational motions of proteins. There-

fore, by examining only a few slowest normal modes, one

can gain a goodunderstanding of the cooperativemotions

for a particular enzymeorRNA.Applying such simplified

normal mode analysis (NMA) to the reported X-ray

structures of the ribosome can aid us to better understand
the cooperative motions within the ribosome.
2. Methodology

The GNM and ANM methods have been described

earlier (Atilgan et al., 2001;Haliloglu et al., 1997). In both
methods, the structures are coarse-grained by taking only
one site per residue (or two sites per nucleotide) and im-

posing a simple harmonic potential between the sites that

are sufficiently close to lie within a cutoff distance Rc. By

this simplification, the structure is reduced to a set of

beads (assumed to have the same masses) connected with

harmonic springs, or simply an EN. In the GNM model,

the potential between sites i and j is given by

V1ð~RijÞ ¼
1

2
c ~Rij

�
� ~R0

ij

�2

HðRc � RijÞ

¼ 1

2
cðD~RijÞ2HðRc � RijÞ; ð1Þ

where HðxÞ is the Heaviside step function equal to 1 if

x > 0, and zero otherwise, ~Rij is the distance vector be-

tween the ith and jth sites, Rij is its magnitude, the su-

perscript 0 refers to the value in the reference

(equilibrium/native) structure, D~Rij is the instantaneous
fluctuation in ~Rij away from its reference position,

ðD~RijÞ2 is found from the scalar product ðD~Rij � D~RijÞ,
and c is the force constant. In the ANM, the potential is

defined as a function of inter-residue distances as

V2ð~rijÞ ¼
1

2
cðRij � R0

ijÞ
2HðRc � RijÞ: ð2Þ

Note that in the ANM the potential depends on inter-

residue distances, exclusively, whereas in the GNM the

potential depends on the direction of inter-residue dis-

tances, in addition to their distances, because the GNM
potential is a function of the inter-residue distance

�vectors.� As a result, the fluctuations in the three

Cartesian directions in the GNM model are equal and

are not coupled, hence the fluctuations are isotropic.

The fluctuations in the three Cartesian directions in the

ANM model are coupled and are not equal, the overall

fluctuations are anisotropic.

The reference structure is taken as the reported X-ray
crystal structure. The overall potential V of the network

is found by summing over all interaction pairs, V may be

expressed in concise form as

V ¼ 1

2

X
i

X
j

o2V
oDRiDRj

DRiDRj

¼ ðc=2ÞfDRTgHfDRg; ð3Þ

where fDRg is the 3N -dimensional fluctuation vector

DR ¼ columnðDR1;DR2;DR3; . . . ;DRNÞ of the compo-

nents DXi, DYi, and DZi of DRi for all N nodes, the su-
perscript T denotes the transpose (i.e.,

DRT ¼ rowðDR1;DR2;DR3; . . . ;DRNÞ, and H is the

3N � 3N Hessian matrix (ANM; Atilgan et al., 2001)

and it reduces to C� E in GNM, where C is N � N
connectivity/Kirchhoff matrix (GNM), E is the 3� 3

identity matrix, and � designates the direct product

(Bahar et al., 1998).

The main difference between the GNM and ANM lies
in the dynamic quantities that are elucidated in the two
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methods. GNM characterizes the �sizes� of fluctuations,
only, which may be decomposed into N � 1 mode con-

tributions; ANM, on the other hand, determines the 3N
components, and thereby the �directions� of the fluctua-

tion vector. ANM is more informative since the direc-

tionalities of the motions can be extracted. However, the

GNM potential, which depends on the orientation and

the distance between residues, is a more realistic de-

scription of the energy landscape near the global mini-
mum where the original (native) state lies. Earlier studies

show that GNM results are more robust, and are pref-

erably resorted to for evaluating the mean-square fluc-

tuations and the squared displacements in low frequency

modes (Atilgan et al., 2001); whereas for assessing the

directions of fluctuations or mechanisms of global

modes, ANM is needed. GNM has the further advan-

tage of being computationally 33 times faster than
ANM, as the time-limiting step of computations—the

decomposition of C (GNM) or H (ANM) scales with the

third power of the dimension of the matrix to be diag-

onalized. In order to determine the mechanism of ribo-

some function, we apply the ANM method. Not

withstanding, we resort to GNM results for verifying the

consistency of the ANM modes with regard to the more

limited but more accurate GNM predictions, whenever
applicable.

We performed ANM analysis on the structure of the

30S subunit reported by Wimberly et al. (2000) (PDB

code 1J5E), the 50S subunit reported by Yusupov et al.

(2001) (PDB code 1GIY), and the 70S ribosome struc-

ture reported by Yusupov et al. (2001) (PDB code 1GIX

and 1GIY). The 30S subunit by Wimberly et al. con-

tained full coordinates for the rRNAs and the proteins.
We therefore used two interaction sites per nucleotide,

one on the P atom and one on O4* atom of the rRNAs,

and one interaction site per amino acid on the Ca atom,

as in earlier GNM analysis (Bahar et al., 1998). The

cutoff distance for interaction is taken as 15�A. The di-

mensions of the matrices to be diagonalized are

16 266� 16 266 for the 30S subunit and 29 238� 29 238

for the 70S. Complete conventional diagonalization of
such large matrices is not possible. We used the software

BLZPACK developed by Marques and Sanejouand

(1995). This software allowed us to determine a specified

number of eigenvalues and the corresponding eigen-

vectors for the matrix. This is a rapid procedure; for

example for the 30S subunit, it only requires about 3min

of CPU time on a SGI Origin 2400 to determine the first

100 slowest normal modes. For the 70S unit, the CPU
time remains below 1 h, but large memory is required.

The 70S structure reported by Yusupov et al. contained

only the P atoms of the rRNAs and Ca atoms of the

proteins, except the three tRNAs which had their full

atomic coordinates. Therefore, we used one interaction

site on the P atom per nucleotide of the rRNAs and

tRNAs and one interaction site on Ca atom of the
proteins. The cutoff distance used between the Ca–Ca

atoms was still 15�A, but the cutoff distance between P–P

and P–Ca atoms was increased to 24�A. This follows the

correspondence we have observed for increasing the

cutoff distance when there are fewer sites (Doruker et al.,

2002). The exact cutoff distance used does not signifi-

cantly affect the results, provided that the strength of the

interactions, accounted for by the spring constant, is

maintained (Doruker et al., 2002).
The eigenvector uði; kÞ determined for the kth normal

mode in ANM specifies the displacement vector induced

by the kth mode on the ith site in the Cartesian coor-

dinates, Dxi, Dyi, and Dzi. The motions of the slow

modes have been animated and visualized using the vi-

sual molecular dynamics program (VMD; Humphrey

et al., 1996). The mean-square fluctuation in the position

of ith residue is calculated according to:

DR2
i

� �
¼

X
k

juði; kÞj2

kðkÞ ; ð4Þ

where kðkÞ is the eigenvalue of the kth normal mode

(Bahar et al., 1997a) and the summation is performed

over the 100 dominant (slowest) modes determined by

BLZPACK. The slow modes play a dominant role in the
fluctuation dynamics, because their contributions to the

mean-square fluctuations scale with the inverse eigen-

value (see Eq. (4)). The distribution of fluctuations cal-

culated using Eq. (4) can be directly compared with that

indicated by the experimental B-factors.

Another useful quantity to be utilized is the measure

of deformation energy for each residue, defined by

Hinsen (1998) and Hinsen et al. (1999) and modified by
us to describe the contribution of each mode k as

DiðkÞ ¼
Xnci
j¼1

1

2
c j~R0

ij

�
þ D~RjðkÞ � D~RiðkÞj � j~R0

ijj
�2

=NkðkÞ;

ð5Þ
where nci is the number of sites connected to the ith site,

defined by the cutoff distance Rc. We have included a

weighting factor, 1=kðkÞ, in the above definition because
the amplitude of motion is inversely proportional to the

square root of the eigenvalue. The sum of DiðkÞ over all
sites gives the overall deformation energy induced by the

kth mode and remains constant for all the modes.

The distribution of deformation energy over the in-

teraction sites gives a measure of the rigidity of the

structure at each site and also serves to distinguish be-

tween a site that is participating in a rigid body motion
or in an internal structural change. If a site moves to-

gether as a part of the rigid body motion, then although

hDR2
i i is non-zero and can be large, Di will be small since

in rigid body motion the distances between sites are not

changed. Also, if a motion of the protein consists of

rigid structural domains moving relative to another,

then coloring residues according to Di will usually reveal
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the flexible regions linking the rigid domains, such as the
hinge sites. Therefore, this provides an informative view

of domain motions (Hayward and Berendsen, 1998;

Hayward et al., 1997; Krebs et al., 2002; Wriggers and

Schulten, 1997).

In the GNM/ANM calculations c is usually left as an

adjustable parameter whose value is adjusted to match

the average value of the experimental B-factors over all

residues for the examined protein. The absolute value of
c does not affect the distribution of fluctuations, but

uniformly (and linearly) rescales all residue fluctuations.

A recent comparison (Kundu et al., 2002) of X-ray

crystallographic B-factors with GNM predictions for

113 high-resolution PDB proteins indicated that on the

average the value kBT=c ¼ 0:87� 0:46�A2 (or

c ¼ 0:69 kcal/(mol�A2) at T ¼ 300K) with Rc ¼ 7:3�A
optimally reproduces experimental data. In the present
study, we will not specify any c value, but rather report

the results per unit value of c (or c ¼ 1 kcal/(mol�A2)).

The calculated hDR2
i i and Di will thus be reduced, di-

mensionless numbers. The absolute amplitude of motion

in each normal mode is also arbitrary and we choose an

appropriate amplification factor so as to make the mo-

tions more visible. We essentially focus on the distri-

butions and mechanisms of motions induced in different
modes, which are robust and uniquely defined by the

three-dimensional architecture of the ribosome.

The prediction of deformability of residues by ANM

is weighted by the amplitude of motions in a particular

mode. This may not provide a complete view of the

flexibility of residues. An alternative measure of the

flexibility/rigidity of the structure is the flexibility index

calculated with the FIRST software (Jacobs et al., 2001;
Rader et al., 2002). Although similar to the elastic net-

work used in the GNM/ANM, the FIRST software

(Jacobs et al., 2001) models the structure as a constraint

network where the nodes are connected by rigid bars

instead of springs. In this model bond torsional rota-

tions are the only available degrees of freedom. FIRST

uses a full atomic description of the structure to define

the constraint network. The predictions of flexibility by
FIRST will be compared with that by ANM to assure

the consistency of our results.

The calculations using FIRST were completed inde-

pendently on the 30S ribosomal subunit from T. ther-

mophilus (PDB code 1J5E) and the 50S ribosomal

subunit from H. marismortui (PDB code 1JJ2) which

have resolutions of 3.05 and 2.4�A, respectively. All

proteins chains were included in the calculations but
waters and hetero atoms were removed. Polar hydrogen

atoms were added using the program Reduce (Word

et al., 1999). Covalent bonds, hydrogen bonds, salt

bridges, and hydrophobic interactions between pairs of

carbon atoms separated by less than 3.5�A are used to

define the constraints (Rader et al., 2002). FIRST

identifies each bond as either flexible (rotatable) or rigid
(non-rotatable), based on the accessibility of rotational
degrees of freedom. Groups of atoms connected to each

other via rigid bonds form rigid clusters, while those

connected via rotable bonds form flexible regions. The

locations of these rigid and flexible bonds are then

mapped onto the 3D structure of the protein for visu-

alization and comparison.

Recently, Tama et al. (2003) have also performed a

normal mode analysis on the same structure of the 70S
ribosome. They used the same method as our ANM

analysis, except they have applied the rotation–transla-

tion block method (RTB; Tama et al., 2000) to project

the Hessian matrix to blocks of atoms of rigid struc-

tures, thus to reduce the size of the matrix required for

diagonalization. We will see that their results about the

large domain motions agree with ours, however, some of

the details of the structural re-arrangement revealed in
their studies differ from ours, perhaps due to the usage

of RTB method in their study.
3. Results and discussion

3.1. Motions in the 30S subunit

Fig. 1A presents the structure of the 30S subunit

viewed from its interface with the 50S subunit, color-

coded according to the deformation energy averaged

over the first 10 slowest modes. The whole structure

consists of the head and body with important landmarks

such as the beak, shoulder, platform, and the spur. The

spur and beak have large deformation energy in all

modes and high flexibility because they are located at
the periphery of the structure. The other residues with

large deformation energy are located around the neck

that connects the head and body. These residues divide

the 30S unit into two dynamic domains, the head and

the body. The head is somewhat more rigid than the

body. The motion of the 30S unit in these slow modes is

comprised of the relative motion of the head with re-

spect of the body.
Fig. 1B shows the flexible residues found in FIRST.

Several of the most flexible regions indicated in Fig. 1B

correspond nicely with the regions identified as most

deformable in Fig. 1A. Most pronounced is that of the

beak and spur regions identified by both methods to be

very flexible. There are additional highly flexible re-

gions in the interface between the head and body do-

mains identified by both methods. In both methods,
the bulk of the rRNA forms a large rigid and stable

substrate shown in blue. It is interesting to note that

both methods indicate some of the sites around the

neck being flexible. These sites are important for the

function of the ribosome since this is where mRNA

and tRNAs bind (see Fig. 4 for the locations of mRNA

and tRNAs).
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Fig. 2 shows the 30S structure in the same view,
color-coded according to the fluctuations exhibited in

mode 1. The motion in mode 1 is the counter-rotation

of the head against the body, accompanied by the

bending of the head. The approximate rotational axis

of the head and body are shown in the figure. The

rotational axis of the body almost coincides with the

helix 44, the penultimate stem, shown in yellow. This

stem is functionally important. In the 70S assembly,
this stem forms several inter-unit bridges. The top end

of this stem near the neck is where the mRNA and the

anticodon loop of tRNAs bind. In this mode, the

shoulder is extremely immobile (blue) in contrast to

other modes where the shoulder is somewhat mobile.

The open space between the shoulder, beak, and the

neck is where the EFs and the downstream part of the

mRNA bind. The area between the neck and the
platform is where the upstream mRNA comes in and

wraps around the neck of the 30S on the interface side.

The counter-rotation of the head against the body in

mode 1 is primarily driven by the swing of the beak. In

the other modes, the body and the head bend toward

each other with a combination of counter-rotation.

The 30S subunit binds the mRNA first and initiates

its binding to the large ribosome subunit when it finds
the start codon. So the 30S subunit must be able to

move along the mRNA by itself. The motions we see

here can be envisioned to aid that process. The opening

and closing between the head and body may help to

clutch/release the mRNA. The counter-rotation of the

head with respect to the body may aid in the translation

of the mRNA around its neck.
Fig. 1. Predictions of flexibility of the ribosome 30S subunit (PDB code: 1J5

shown by colored space-filling spheres in both panels. (A) Structure is color-c

over the first 10 slow modes. Red has the highest deformation energy and blu

50S interface. The landmarks shown on the structures are: head, beak, platf

head and the body, the head being somewhat more rigid than the body. (B) P

(rigid and over-constrained) cluster, which spans the entire 30S subunit while t

over-constrained cluster. The space-filling spheres show the most flexible reg

residues: red (80–90), cyan (1443–1451), orange (1395–1402, 1443–1451), yello

1047), and green (1126–1143). One should note that the beak region (violet)

region, which are consistent with ANM predictions. Additional large flexible

body domain and may be involved in the binding or function of mRNA. Th

Fig. 2. The motions of the 30S subunit alone in the first mode. Residues are co

is most mobile and blue is the least mobile) and the structure is in the same v

the head and body. The penultimate helix 44 is shown in yellow, closely align

against the body.

Fig. 3. Flexibility in the 50S subunit predicted by ANM and FIRST. (A) P

thermophilus (PDB code: 1GIY), viewed from the 30S interface. Residues are

slowest modes. The landmarks on the structures are: center protuberance

domains: L1 stalk, L7/L12 stalk, CP, and the body. (B) Prediction by FIRS

1JJ2). The largest stressed (over-constrained) cluster is shown by a blue trace.

which other rigid and flexible regions may move. The most flexible regions, sh

2657, and 2906–2914), brown (1942–1973), black (117–136), light green (2129

2354), and pink (1–9 from the 5S rRNA). The location of the central protub

missing L1 stalk would attach to the flexible light green region in this struct
3.2. The motions of the 50S subunit

We also performed ANM analysis on the 50S subunit

structure reported by Yusupov et al. (PDB code 1GIY)

by itself. Fig. 3A presents the structure of the 50S sub-

unit viewed from the interface color-coded according to

the deformation energy, again averaged over the 10

slowest modes. The important structural units are the

L1 stalk, L7/L12 stalk, and the center protuberance
(CP). The two stalks are like two arms, and the CP is

like the head connected to the body. The two stalks and

the CP are found by GNM/ANM (not shown) to be very

mobile and their relative motions against each other and

against the body comprise the first few slowest modes.

For example, in mode 1, only the L1 stalk is mobile and

it moves toward the CP. In mode 2, we see the L1 and

L7/L12 stalks move out of the plane of the page, and the
CP moves in the opposite direction.

Calculation of the flexibility on the 50S subunit with

the FIRST software is performed on a different struc-

ture, 50S ribosome from H. marismortui (PDB code

1JJ2), the only 50S structure having atomic details.

Some of the structural units are missing in this PDB file

due to disorder in the crystal structure. Therefore

comparison of flexible regions predicted by the two
methods on the 50S ribosome subunit is somewhat

complicated. In spite of this, a number of common

features can be identified by comparing (A) and (B) of

Fig. 3. The most flexible regions in Fig. 3A are the three

peripheral structural components: the L1 stalk, the CP

region, and the L7/L12 stalk. The structure analyzed by

FIRST lacked the proteins and RNA loop that forms
E) by ANM and FIRST. The most flexible regions in the ribosome are

oded according to the deformation energy calculated in ANM averaged

e has the lowest deformation energy. The structure is viewed from the

orm, and shoulder. The structure contains two dynamic domains: the

redictions by FIRST. The blue backbone trace gives the largest stressed

he gray backbone trace indicates regions that are flexible relative to this

ions. Using the PDB numbering, colored regions contain the following

w (962–971), pink (1206–1213), violet (993–998, 1003–1007, and 1026–

is shown to be one of the most flexible regions as well as the red spur

regions (yellow and orange) lie at the interface between the head and

is figure was created using VMD (Humphrey et al., 1996).

lor-coded according to the fluctuations calculated in the first mode (red

iew as in Fig. 1. The black lines are the approximate rotational axis for

ed with the major rotation axis. In this mode, the head counter-rotates

rediction by ANM on the structure of the 50S subunit from Thermus

color-coded according to the deformation energy averaged over the 10

(CP), L1 stalk, L7/L12 stalk, and the body. There are four dynamic

T on the structure of the 50S subunit from H. marismortui (PDB code

This largest stressed cluster forms a rigid core within the structure upon

own by various colors, are violet (1167–1197), green (2669–2677, 2655–

–2136), cyan (363–372), yellow (703–725), orange (962–969), red (2330–

erance (CP) is indicated as well as the L7/L12 stalk on the right. The

ure. This figure was created using VMD (Humphrey et al., 1996).

c
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the L1 stalk, however, the cyan and yellow flexible re-
gions in Fig. 3B indicate a persistent flexibility on that

side of the structure. The CP region contains the tail of

the 5S rRNA indicated in pink. The CP region is at-

tached to the rigid bulk (blue) of the 50S ribosome by

two highly flexible regions (red and orange) indicating

that it is probably highly mobile. The violet cluster in

the L7/L12 stalk region indicates another highly flexible

set of residues supporting the deformation energy cal-
culations using ANM.

The flexibility analysis of the 30S and 50S subunits

showed that the 50S ribosome subunit is more rigid than

its 30S ribosome counterpart. Repeating the calculations

for the 50S ribosome without its accompanying proteins

resulted in a very fragmented structure supporting the

experimental claim that these proteins serve to stabilize

the structure to a large degree, although their catalytic
roles may not be completely ruled out (Ban et al., 2000).

3.3. The motions of the 70S unit

The structure of 70S ribosome from T. thermophilus

reported by Yusupov et al. contains the large 50S sub-

unit, the small 30S subunit, and three tRNAs at the A,

P, and E sites with a short mRNA bound. One of the
proteins, L9 of the large subunit sticks out by itself in

the reported structure. We first performed the calcula-

tion on the assembly including the L9 protein, but the

motions of the L9 protein were so large as to dominate

the motions of the remainder of the structure. There

were hardly any motions in the rest of the assembly.

Therefore, we have expeditiously removed the highly

mobile L9 protein from further calculations.
Calculations of the deformation energy in the 70S

assembly averaged over the 10 slowest modes showed

clearly that the deformable residues are mostly located

at the interface. Fig. 4 illustrates the view of the two

subunits and the tRNAs in the 70S assembly color-co-

ded according to the deformation energy. The three

tRNAs that dock between the two subunits are strongly

deformed, especially the arms that connect between the
two subunits. Some of the sites on the 50S and 30S

subunits, which were not deformed in Figs. 1A and 3A

but revealed to be flexible by the FIRST atomic analysis

(B in Figs. 1 and 3), are now found to be deformed in

Fig. 4. Sites on the platform and the top of the head of

the 30S subunit, and sites on the lower right end of the

body and on the top of CP of the 50S are such

noteworthy cases. These sites either form the bridges or
are near the sites that form the bridges between the two

subunits. These show that the two subunits form sepa-

rate dynamic domains moving relative to each other. A

recent study compared the differences between the

atomic positions from low resolution cryo-EM density

maps of the 70S ribosome in two different functional

states (Gao et al., 2003) related by a ratchet-like motion.
Comparison of the two resulting atomic models shows
that the ribosome changes from a compact structure to a

loose one, coupled with the re-arrangement of many of

the proteins, especially those making the inter-subunit

bridges. This was in agreement with our predictions of

the deformation energy and flexibility calculations.

The deformation pattern of the 30S subunit in Fig. 1A

differs quite significantly from that in Fig. 4A, whereas

the 50S subunit in the assembly, Fig. 4B, seems to retain
many of the deformation patterns observed in Fig. 3A.

The spur of the 30S subunit, which was strongly de-

formed in Fig. 1, is now no longer deformed. The beak of

the 30S subunit is also less deformed in the assembly. In

contrast, the deformation patterns around the two stalks

of the 50S subunit in Figs. 3A and 4B are very similar.

The two stalks are again found to be very mobile. The

deformation pattern around the CP is somewhat modi-
fied. The lower left edge below the CP in Fig. 4B is rel-

atively less deformed, because the three tRNAs are

docked below the CP in the assembly. The close simi-

larity in the deformation pattern in Figs. 3A and 4B in-

dicate that the structural units of the 50S subunit play a

more important role in defining the dynamics of the as-

sembly than the structural units of the 30S subunit.

The first few slow motions of the entire ribosome are
of major interest because of their potential connection

with the translocation movements within the ribosome.

Experimental studies by cryo-EM have observed a

ratchet-like motion (Frank and Agrawal, 2000). The 30S

subunit was observed to rotate counter-clockwise

(viewed from the 30S solvent side) when the EF-G binds,

reducing the opening between the CP and L1 stalk and

bifurcating the L7/L12 stalk. Animations of the motions
along the slow modes found in our study, available at

http://ribosome.bb.iastate.edu/70SnKmode, reveal that

the first four slow modes all include a counter-rotation of

the two subunits. Among these, mode 3 resembles the

experimentally reported ratchet-like motion most clo-

sely. Panels (A) and (C) in Fig. 5 illustrate the deformed

conformations of the 70S assembly in comparison to the

equilibrium state (B) driven by mode 3. When the two
stalks pull toward the CP (A), the 30S subunit rotates

counter-clockwise viewed from the 30S solvent side. The

L7/L12 stalk also undergoes a large conformational

change. This large conformational change in the L7/L12

stalk may account for the bifurcation observed in the

cryo-EM. The study by Tama et al. also reported that

mode 3 resembled the experimentally observed ratchet-

like motion (Tama et al., 2003). However, we have seen a
much more significant re-arrangement of the L7/L12

stalk in this mode than they do, although we are aware

that the amplitudes of the motion along the normal mode

are not the same in the two studies. Another difference is

the motion in mode 1. Their mode 1 had only the motion

of L1 stalk, while our mode 1 included a counter-rotation

of the two subunits and the motions of the two stalks.

http://ribosome.bb.iastate.edu/70SnKmode


Fig. 4. The structure of the 70S assembly color-coded according to the deformation energy averaged over the 10 slowest modes. Deformable residues

are mostly at the interface and on the tRNAs. The two subunits are presented separately in the interface view: (A) 30S subunit and the tRNAs, (B)

50S subunit and the tRNAs. The mRNA, which is not strongly deformed, is shown as a thick blue tube on the 30S. The view of tRNAs in the 30S

subunit is rotated by 90� from the interface view.

Fig. 5. The motion of the 70S assembly viewed from the 30S solvent side in ANM mode 3. The 30S subunit is shown in red and the 50S subunit in

green. (A) Deformed structure at one extreme ()1) of motion; (B) original structure with no displacement (0), and (C) deformed structure at the other

extreme of the motion (+1). For visualization the amplitude of the motion has been amplified by a factor of 200 over the normalized fluctuation

vector. The arrows show the direction of motion away from the deformed state towards the original structure. A counter-clockwise rotation of the

30S subunit against the 50S subunits (viewed from the 30S solvent side) is accompanied by the pulling of the two arms of the 50S subunits toward the

CP ()1) and vice versa (+1). The animation of this mode can be found at http://ribosome.bb.iastate.edu/70SnKmode.

Y. Wang et al. / Journal of Structural Biology 147 (2004) 302–314 309
Panels (A)–(C) in Fig. 6 illustrate the motion of the

70S assembly in mode 1. In this mode, the 30S subunit

rotates counter-clockwise against the 50S subunit when
the two stalks on the 50S subunit pull away from the

CP, in the opposite direction as in mode 3. The ampli-

tude of motion of the L1 stalk is less than that in mode
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3. Moreover, the head of the 30S and the L1 stalk move
in the same direction in this mode, consequently the

motion of the L1 stalk is hardly distinguishable in the

figure. If one examines the same motion from the right

angle looking at the interface between the 30S and 50S

subunit, one can see that in mode 1 the two interface

closes on the right side (the L7/L12 stalk side) when the

30S rotates counter-clockwise. Mode 3 on other hand

does not close as the 30S rotates. Mode 2 also has such a
counter-rotation, but in mode 2, as the 30S rotates

counter-clockwise, the interface between the 30S and

50S on the right side opens up, opposite to the motion in

mode 1. In mode 4, the motion of the 30S unit is similar

to that in mode 3, but the L1 stalk moves in the opposite

direction. It moves away from the CP as the 30S rotates

counter-clockwise. In higher modes, for example, in

mode 6, one sees the head of the 30S subunit and the CP
of the 50S subunit open up. Also we see the head of the

30S subunit and body of the 30S subunit squeeze toward

each other in mode 10. Thus, a wide variety of corre-

lated motions within the structure are evident.

3.4. Relative motions of the structural subunits in the 70S

assembly

The motions of the 70S unit can be better understood

when we examine the relative motions of each structural

subunit. We first examine the orientation correlation

between the center of mass of the displacement of the

structural subunits. We sum up all the displacement

vectors of sites on each structural subunit and obtain the

center of mass displacements D~Rcm
I ðkÞ (note the sites are

assumed to have the same mass) for each mode k; I
stands for the structural subunits (30S, 50S, the tRNAs

at sites A, P, and E, and the mRNA). Then we calculate

the orientation correlation between the two displace-

ment vectors by

CIJ ðkÞ ¼
D~Rcm

I ðkÞ � D~Rcm
J ðkÞ

D~Rcm
I ðkÞ

���
��� D~Rcm

J ðkÞ
���

���
: ð6Þ

The orientation can be averaged over a representative

subset of modes using the weighted sum

hCIJ i ¼ Rk½CIJ ðkÞ=kðkÞ�=RkkðkÞ�1
; ð7Þ
Table 1

Correlation of motions between the center of mass of the structural subunits i

50S A-tRNA P

30S )0.987 )0.061 )
50S )0.006
A-tRNA

P-tRNA

E-tRNA

aStructure used was reported by Yusupov et al. (2001).
when hCIJ i is a positive number close to +1, the motions
of two structural subunits are correlated, i.e., they move

in the same direction. If it is a negative number near )1,
then the two structural subunits are anti-correlated, i.e.,

they are coupled but move in opposite directions. If

hCIJ i is close to zero, the two structural subunits are

either not correlated or their motions are perpendicular

to one another.

Table 1 presents the orientation correlation between
the subunits averaged over the 100 slowest modes. One

can see that the motions of the 30S and 50S subunits are

strongly anti-correlated. This could be either from

counter-rotation or from opening and closing between

the two subunits. The motions of 30S and 50S subunits

are not much correlated with the motions of the three

tRNAs (or, more likely, their motions are always per-

pendicular to each other) but have strong correlation
with the mRNA. The 30S and mRNA are positively

correlated; whereas the 50S and mRNA are anti-corre-

lated. This indicates that the mRNA will likely move in

the same direction as the 30S subunit, and in the op-

posite direction to the 50S subunit. In addition, the A-

tRNA and the P-tRNA are strongly and positively

correlated with each other, but they are less correlated

with the E-tRNA. A strong correlation between the A-
tRNA and the P-tRNA indicates that the A-tRNA and

the P-tRNA move together in the same direction. This

may indicate that the translocation of the A-tRNA to

the P-site and the translocation of the P-tRNA to the E-

site are likely to occur simultaneously. However, we see

that the E-tRNA motion is not so strongly correlated

with either the A-tRNA or the P-tRNA, but still

somewhat more strongly correlated with its neighboring
P-site tRNA than with the A-site tRNA. Therefore, it

seems that the exit of the E-tRNA from the E-site may

occur more or less independently of the translocation of

the other two tRNAs. It is also worth remarking that the

correlations among the tRNAs and the mRNA are all

positive, indicating an overall coordination in the di-

rection that is required for the overall processing of the

mRNA.
When the ribosome is viewed from the 30S solvent

side, as presented in Figs. 5 and 6, the mRNA runs

horizontally from left to right around the neck of the

30S subunit. The three L-shaped tRNAs are docked
n ribosome averaged over 100 slowest modes (PDB file: 1GIX+1GIY)a

-tRNA E-tRNA mRNA

0.099 )0.066 0.498

0.025 )0.010 )0.545
0.772 0.165 0.422

0.313 0.386

0.188



Fig. 6. The motion of the 70S assembly in mode 1 using the same color scheme as in Fig. 5, (A) deformed structure at one extreme ()1), (B) original
structure (0), and (C) deformed structure at the other extreme (+1). The amplitude of the motion has been amplified by 200 times over the normalized

fluctuation vector. In this mode, the 30S subunit rotates counter-clockwise against the 50S subunits (viewed from the 30S solvent side) as the two

arms on the 50S subunit pull away from the CP. The 30S and 50S also close up on the right side as the 30S rotates. The animations of this mode can

be found at http://ribosome.bb.iastate.edu/70SnKmode.

Fig. 7. Amplitude of motions induced by the first seven slowest modes

on the indicated structural subunits, hDR2
i iI averaged over the residues

forming these structural subunits. The 50S and 30S subunits show

especially large displacements in the slowest modes (smallest mode

indices). Also the E-site tRNA exhibits large displacements in modes 3,

4, and 6.

Fig. 8. Deformation energy per site, including all close interactions

within the ribosome, averaged over the residues belonging to each

structural subunit in the seven slowest modes. The 30S and 50S sub-

units have small values for all modes. The A-tRNA shows the largest

values in modes 1 and 2, the E-tRNA shows the largest values in

modes 3, 4, and 6, and the P-tRNA has the largest value in mode 7.
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between the two subunits. The anticodon ends of the

tRNAs point toward the viewer in this view and are
paired with the message RNA. The 30-ends of the

tRNAs (carrying amino acid group) point downward
Fig. 9. Internal deformation energy per site, including only close in-

teractions within the structural subunits, averaged for sites on each

structural subunit in the seven slowest modes. Interactions between

sites on different groups (30S, 50S, A-tRNA, P-tRNA, E-tRNA, and

mRNA) are not included. The differences between the corresponding

values in Figs. 8 and 9 reveal whether the deformation is a result of

deformation of the structural subunit alone or a result of the inter-

structural subunit movements. The large peaks for E-tRNA in modes

3, 4, and 6 in Fig. 8 are no longer present in Fig. 9, indicating that

deformation in the E-tRNA is primarily a result of the inter-structural

subunit movements, the exit of E-tRNA from the assembly.

c

Fig. 9.
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and interact with the 50S subunit (see Fig. 4). The A-site
tRNA is the most rightward, followed by the P-site

tRNA, and the E-site tRNA which is the most leftward.

We will see that the motions of the A-tRNA, P-tRNA,

and E-tRNA differ from each other due to their different

locations in the interface.

Fig. 7 compares the displacement amplitude hDR2
i iI

per residue averaged over all the residues in each

structural subunit, computed for each of the seven
slowest modes. The amplitudes for each mode are

weighted by the eigenvalue kðkÞ, therefore the amplitude

decreases with the mode index. In most of these modes,

the 50S has the largest displacement amplitude, and this

is primarily due to the motions in the two stalks, par-

ticularly the L7/L12 stalk. The three tRNA and the

mRNA have small displacements in modes 1 and 2, but

in modes 3, 4, and 6, the E-tRNA shows quite large
movements. As we will show later, in these modes E-

tRNA could be pushed out of the assembly. The am-

plitude of motion for the mRNA remains small in all of

these modes, but the distribution of amplitude versus the

mode number for mRNA spreads to many higher

modes.

Fig. 8 compares the deformation energy hDiiI corre-
sponding to each structural subunit, averaged over the
residues that form the structural subunit. The sum of Di

over all sites remains constant since we are using a

weighted DiðkÞ. The distribution DiðkÞ over sites i reveals
the relative deformability in sites. It is interesting to note

that although the 30S and the 50S have large displace-

ment amplitudes, their average deformation energies

hDiiI are low in all these modes. This is consistent with

the notion that 30S and 50S exhibit mostly rigid body
motions. In contrast, the three tRNAs have relatively

large deformation energy. These tRNAs serve like

bridges connecting the two subunits. When the two

subunits move, the tRNAs are deformed. In modes 1

and 2, the A-tRNA is distinguished by a large defor-

mation energy. This is due to the opening/closing mo-

tion between the 30S and 50S subunits on the right side

as the 30S rotates, with the A-tRNA is being squeezed
or pulled as a result. In modes 3, 4, and 6, on the other

hand, the E-tRNA exhibits the largest deformation en-

ergy. This is, however, not due to the compression of the

E-tRNA, but largely due to the inter-subunit move-

ments. This is further confirmed when we compute the

internal deformation energy.

Internal deformation energy Dint
i is computed ac-

cording to Eq. (5) but with the sum over j running over
only the sites that belong to the same structural subunit,

and not over neighboring sites on the other structural

subunits. Internal deformation energy therefore is a

measure of the deformation of the structural subunit

itself. The difference between Dint
i and Di then reflects

whether the deformation has its origin in the inter-sub-

unit movements or is due to the deformation of the
structural subunit. Fig. 9 presents the internal defor-
mation energy for each structural subunit in the first

seven modes. For all structural subunits, the internal

deformation energy Dint
i is smaller than Di because Dint

i
only accounts for deformation caused by residues on the

same structural subunit and does not include interac-

tions with residues on the other structural subunits.

However, one can notice that in modes 1 and 2, the A-

tRNA still has the largest deformation energy, the same
trend as in Fig. 8. This further confirms that in modes 1

and 2, the A-tRNA is being deformed. In modes 3, 4,

and 6, the large peaks for E-tRNA from Fig. 8 are no

longer present in Fig. 9. This indicates that the defor-

mation in the E-tRNA is primarily a result of the inter-

subunit movement. One knows that the E-site tRNA

must exit from the assembly during the translocation

step. Therefore, one may conclude that this exiting of
the E-tRNA might occur in modes 3, 4 or 6.

The evidence for the inter-subunit dependence of the

motion for the E-tRNA is clear, but it is not so clear for

the A-tRNA, the P-tRNA or the mRNA. For example,

the P-tRNA has the largest amplitude of motion in

mode 7, but in this mode the deformation energy and

internal deformation energy for the P-tRNA are also

large. In the translocation step, the A-tRNA and the P-
tRNA need to move by only one codon. The extent of

inter-subunit motion needed for the A-tRNA and the P-

tRNA are not as large as for the E-tRNA to leave the

assembly. Further analysis of the relative motions of

these structural subunits will add in more understanding

of the translocation steps. In particular we plan to an-

alyze the pairwise interdependences of the deformation

energies, in order to identify the connections between
the deformations of the tRNAs in each mode. In addi-

tion models with the EFs will be built to attempt to

understand their effects on the ribosome motions.
4. Conclusion

We have presented an initial study of the cooperative
motions of the ribosome using an elastic network model

GNM/ANM. The normal modes of motion are deter-

mined and analyzed for their potential links with the

translocation steps known to occur in the ribosome.

Several modes exhibit a counter-rotation of the 30S

subunit opposite in direction to that of the 50S subunit.

Specifically mode 3 resembles the experimentally re-

ported ratchet-like motion the best. We have identified
modes 3, 4, and 6 in which the E-tRNA undergoes the

largest deformations and by which it will likely be able

to exit from the assembly. By analyzing the correlation

of the motions between the structural subunits, we have

shown that motions of the A-tRNA and the P-tRNA

are strongly and positively correlated. Therefore, their

translocations are likely to occur simultaneously. The
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E-tRNA on the other hand is not so strongly correlated
with the P-tRNA and even less so with the A-tRNA.

Therefore, the exit of the E-tRNA from the E-site may

occur more or less independently of the translocation of

the other two tRNAs. This information can be helpful

in mapping out the motions of the translocation

mechanism in the ribosome. Needless to say, further

study and analysis of these motions are required to

develop a detailed mechanism of the translocation steps
in ribosome.

This study also presents a brief comparison of two

methods, the elastic network model ANM, and the

molecular graph theory FIRST, that have been used to

predict the flexibility of the ribosome subunits. These

two methods use different approaches that are expected

to give a complementary view of the flexibility of the

structure. Indeed, we have observed consistent predic-
tions of some of the flexible regions on the ribosome

subunits by the two methods. In particular, both

methods predict that sites around the neck of the 30S

subunit have intrinsic flexibility, which must be re-

quired by its capability to bind the mRNA and the

tRNAs. Independent results from FIRST based on the

full atomic description of the subunits validate pre-

dictions of flexibility by ANM, once again demon-
strating the simple elastic network model to be a

powerful tool for studying the global motions of large

assemblages.
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