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Aminoacyl-tRNA synthetases are multidomain proteins that
catalyze the covalent attachment of amino acids to their cognate
transfer RNA. Various domains of an aminoacyl-tRNA synthe-
tase perform their specific functions in a highly coordinated
manner to maintain high accuracy in protein synthesis in cells.
The coordination of their function, therefore, requires commu-
nication between domains. In this study we explored the rele-
vance of enzyme motion in domain-domain communications.
Specifically, we attempted to probewhether the communication
between distantly located domains of a multidomain protein is
accomplished through a coordinated movement of structural
elements. We investigated the collective motion in Thermus
thermophilus leucyl-tRNA synthetase by studying the low fre-
quency normal modes. We identified the mode that best
described the experimentally observed conformational changes
of T. thermophilus leucyl-tRNA synthetase upon substrate
binding and analyzed the correlated and anticorrelatedmotions
between different domains. Furthermore, we used statistical
coupling analysis to explore if the amino acid pairs and/or clus-
ters whose motions are thermally coupled have also coevolved.
Our study demonstrates that a small number of residues belong
to the category whose coupled thermal motions correspond to
evolutionary coupling as well. These residue clusters constitute
a distinguished set of interacting networks that are sparsely dis-
tributed in the domain interface. Residues of these networking
clusters are within van der Waals contact, and we suggest that
they are critical in the propagation of long rangemechanochem-
ical motions in T. thermophilus leucyl-tRNA synthetase.

Domain-domain communication plays an important role in
the function of aminoacyl-tRNA synthetases (ARSs)2 (1, 2).
ARSs are present in all three domains of life and are responsible
for catalyzing the aminoacylation of tRNA, which is a critical
step in the translation of the genetic code. The core chemistry
involves the covalent attachment of an amino acid onto the
3�-adenosinemoiety of the cognate tRNA.ARSs consist ofmul-

tiple domains (3) (Fig. 1). The central catalytic domain (CCD) is
responsible for the activation of an amino acid in the presence
of ATP to form an enzyme-bound aminoacyl-adenylate (AA-
AMP; Equation 1) followed by transfer of that activated amino
acid to the 3�-end of its cognate tRNA (Equation 2).

ARS � AA � ATPº ARS � �AA-AMP� � PPi (Eq. 1)

ARS � �AA-AMP� � tRNA3 AA-tRNA � ARS � AMP

(Eq. 2)

The anticodon binding domain (Fig. 1) is often responsible for
selecting the correct tRNA. To maintain high accuracy in the
aminoacylation of tRNA, some ARSs have evolved amino acid
editing mechanisms, which employed additional domains for
proofreading (3–5).
Aminoacylation of tRNA involves a series of events that

includes selection of the correct amino acid and its activation in
the presence of ATP, binding of the cognate tRNA, transfer of
the activated amino acid onto the cognate tRNA, release of the
aminoacylated tRNA from the enzyme active site, and in some
cases, proofreading (4, 5). Moreover, proofreading may require
translocation of the misactivated amino acid and/or the mis-
charged tRNA from the aminoacylation active site to the edit-
ing active site. Therefore, tomaintain high precision in the ami-
noacylation of tRNAs, these events need to be synchronized,
requiring a high degree of coordination between the various
ARS domains. Indeed, a number of structural and mutational
studies have provided strong evidence for domain-domain
communication in ARSs (1, 2, 6). Although molecular mecha-
nismof signal propagation fromone domain to another domain
has remained poorly understood, recent studies suggest that
domain dynamics might play an important role in long range
communication (7, 8).
Structural studies demonstrated large domain displacements

in Thermus thermophilus LeuRS (Tt LeuRS) during various
steps of catalysis (9, 10). Tt LeuRS possesses a complexmodular
architecture (9, 11). It has three distinct flexible domains: the
editing domain (ED; residues 224–417), zinc-1 binding domain
(ZBD; residues 154–189), and leucine-specific domain (LSD;
residues 577–634). These three domains are linked with the
CCD by �-ribbon structures (Fig. 1) (11). The crystal structure
of the Tt LeuRS-tRNALeu complex (in post-transfer editing
conformation) demonstrated that the ED undergoes a 35° rota-
tion compared with the tRNA unbound form (Fig. 1). The LSD,
which is critical for aminoacylation, undergoes a rigid-body
rotation of 19° (9, 12). These conformational changes of various
structural elements suggest that large scale flexibility and
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domain motions play a critical role in the aminoacylation and
editing reactions catalyzed by LeuRS.However, these structural
studies failed to provide insight into the nature of thesemotions
(correlated or anticorrelated) among various domains and
functional sites.Moreover, from the existing structural and bio-
chemical studies, little insight was obtained about the effect of
mutation/deletion of distant structural elements on the func-
tion of LeuRS. Several questions remained unanswered regard-
ing the interplay between domain dynamics and enzyme
function.
In a multidomain enzyme like an ARS, one possible way to

accomplish these long range communications is through cou-
pled domain dynamics. These coordinated domainmovements
are essential for the protein functions and are cooperative in
nature. These cooperative motions mediating long range com-
munications are believed to play a major role in enzyme func-
tions including chemical catalysis (13–17). In fact, exploring
the coupling between mechanical and chemical events in mul-
tidomain proteins, especially at the molecular level, has
remained one of the challenging areas of contemporary bio-
chemical research (7, 18).
In this work we have investigated the motions of various

domains of Tt LeuRS and examined the role of conserved and
co-evolved residues on protein dynamics using bioinformatics
and computationalmeans. The collectivemotionswere studied
by computing their normal modes. The evolutionary basis for
retaining specific residue pairs was examined by using statisti-
cal coupling analysis. By combining the results of these studies,
we were able to extract clusters of residues that are coupled not
only by thermal motions but also through evolution. We sug-
gest that these clusters of residues, which are at the core of
cooperative domain dynamics, are involved in mediating
domain-domain communication in Tt LeuRS.

EXPERIMENTAL PROCEDURES

General Strategy—To study the collective nature of these
domain motions, we first performed normal mode analysis
(NMA) (15, 18–28) and identified the low frequency normal

mode that adequately describes the
domain displacements as observed
in the tRNA-bound and unbound
conformations of Tt LeuRS. After
identifying the correct mode, we
explored the collective dynamics
among various domains and charac-
terized them by analyzing their cor-
related and anticorrelated patterns.
In parallel, a statistical coupling
analysis (SCA) (29, 30) was per-
formed to identify residues/clusters
whose mutations are evolutionarily
correlated. This analysis provided
the coupling of two sites that may
even be separated by large distances
in a protein (30). Finally, to under-
stand how cooperative dynamics
between two distant domains are
accomplished, residues identified

by combining these two studies weremapped onto protein sur-
faces and analyzed through visualizations using Visual Molec-
ular Dynamics software (31). The NMA and SCA plots were
generated by using MATLAB R2006b (The MathWorks Inc.,
Natick, MA).
Starting Structure—Two crystal structures of Tt LeuRS

were used in this study. The crystal structure of Tt LeuRS
complexed with a leucyl-adenylate analogue (PDB code
1H3N; residues 1–814) represents the tRNA unbound
enzyme conformation. In contrast, the post-transfer editing
conformation of the enzyme was taken from the tRNALeu

bound structure (PDB code 2BYT; residues 1–876). The var-
ious conformational changes of LeuRS structural elements
are shown in Fig. 1.
NormalModeCalculations—Functionally important protein

motions are often characterized by slow (low frequency) and
large amplitude motions (19, 25, 32–34). These motions in
biomolecules can be studied by normal mode analysis, which is
a fast and powerful method especially useful for studying the
dynamics of large proteins like ARSs. The key premise of NMA
is that the slower lowest frequency (large amplitude) normal
modes describe the largest movements in a protein that are
functionally relevant (35). NMAhas been successful in describ-
ing the domain motions and their collective nature in diverse
set of proteins including hexokinase (33), lysozyme (35), citrate
synthetase (20), adenylate kinase (22), RNA polymerase (23),
icosahedral virus capsid (26), and theEscherichia. coli 70 S ribo-
some (36). Therefore, in an enzyme like ARS, where coopera-
tive domain dynamics play a key role in maintaining high accu-
racy in the aminoacylation of the cognate tRNA, NMA is
expected to provide significant information about these
domain dynamics.
Elastic Network Model—The normal mode calculation is

based on the harmonic approximation of the potential energy
function around a minimum energy conformation. The small
displacements ri(t) of atomic coordinate i, close to a stationary
point of the potential energy surface, is given by

FIGURE 1. Schematic diagrams of the Tt LeuRS structure. a, various domains of the enzyme are labeled and
rotations of the editing and the leucine-specific domains are shown. b, overlapped structures of the tRNA-
bound (purple) and unbound (gray) Tt LeuRS displaying the linear displacement of various structural elements.
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ri�t� �
1

�mi
�

j

3N

Cjaij cos��jt � �j� (Eq. 3)

where mi is the mass of the corresponding atom, and aij is the
ith coordinate of the normal mode j. The corresponding fre-
quency vj equals to �j/2�, where �j

2 is obtained as the jth eig-
envalue of the 3N � 3N mass-weighted second derivatives of
the potential energymatrix.Cj and�j are the amplitude and the
phase of mode j. In this work NMA was carried out using the
coarse-grained elastic networkmodel (21, 24, 27). In particular,
we used the anisotropic networkmodel (ANM), where the pro-
tein is simplified to a string of beads (37). Each bead represents
a C� atom. In ANM, the fluctuations are anisotropic, and the
overall potential of the system is expressed as the sum of har-
monic potentials between the interacting C� atoms.

VANM �
	

2� �
q,q�p

�pq��rpq 
 rpq
o �2	� (Eq. 4)

In Equation 4,	 represents the uniform spring constant, rpqo and
rpq are the original and instantaneous distance vectors between
residues p and q, and �pq is the pqth element of the binary
connectionmatrix of inter-residue contacts. Based on an inter-
action cut-off distance of rc, �pq is equal to 1 if rpqo 
 rc and zero
otherwise (21). The online Anisotropic Network Model web
server was used to obtain the simulated functionalmotion from
the Tt LeuRS structure (24, 27). The optimal cut-off distance
(rc) between C� atoms was kept at 15 Å in this study (24). The
correlated or anticorrelated motions between residue pairs of
distant structural elements were analyzed from the cross-cor-
relations of residue pairs (see below).
Comparison with Experimentally Observed Conformational

Transition—Results of the NMA are compared with the exper-
imentally observed conformational changes. The direction of
motions and their magnitude as well as the collectivity were
compared in identifying the mode most involved.
Overlap—The overlap, Oj, between the conformational

change �ri observed by crystallographers and the jth normal
mode was calculated according to Marques and Sanejouand
(20),

Oj �

� �
i

3N

aij�ri�
� �

i

3N

aij
2�

i

3N

�ri
2� 1/ 2 (Eq. 5)

where�ri � rib 
 riu, rib and riu are the ith atomic coordinates for
the substrate bound and the unbound structures of the protein,
respectively. aij is the same as defined in Equation 3. A value of
1.0 for the overlap means that the direction given by normal
mode j is identical with �ri.
Correlation Coefficient—Tomeasure the similarity in the rel-

ative magnitude of the atomic displacements observed experi-
mentally and in mode j, the correlation coefficient (Cj) was cal-
culated by

Cj �
N��ri�rij 
 ��ri��rij

�N��ri
2 
 ���ri�

2 �N��rij
2 
 ���rij�

2

(Eq. 6)

where �ri is the observed displacement of the ith atom in the
crystal structure (as discussed Equation 5), �rij is the observed
displacement of the same atom i but in the normal mode j, and
N represents the number of residues in the protein. A correla-
tion coefficient of 1.0means that that the relativemagnitudes of
atomic displacements are identical.
Collectivity of a Conformational Change—The collectivity of

themovement of a protein in a givenmode describes the extent
bywhich various structural elements undergo a conformational
change together. The higher degree of collectivity implies that a
larger fraction of residues is affected by a given mode. In the
case of least collective (localized) motion, normal mode move-
ments involve only a few atoms.
To quantitatively measure the extent of collectivity of the

protein motion, a collectivity index, as proposed by Brus-
chweiler (38), was calculated for all three modes. Accordingly,
the collectivity (�) is computed by

� �
1

N
exp�
�

i

N

��ri
2 ln ��ri

2� (Eq. 7)

where � is a chosen normalization factor, and �ri is defined
previously, so that

�
i

N

��ri
2 � 1 (Eq. 8)

The value of � is confined between N
1 and 1; � � 1 indicates
the conformational change is maximally collective.
Correlated and Anticorrelated Motions—The nature of the

inter-residue motions, correlated or anticorrelated, in the pro-
tein were identified by computing the cross-correlations
between residue fluctuations from the simulatedmotion trajec-
tory. The cross-correlation coefficient between fluctuations of
residues p and q (Cpq) was calculated by

Cpq �
��rp � �rq�

���rp
2� � ��rq

2�
(Eq. 9)

where the atomic (C�) displacements of residues p and q are
represented by rp and rq, respectively, and the angular brackets
represent an ensemble average calculated using the structures
for a particular normal mode. The cross-correlation coeffi-
cients were obtained as a matrix and are represented as a two-
dimensional cross-correlation map. A negative correlation
value indicates anticorrelated motion, whereas a positive value
identifies correlated pattern of dynamics between two com-
pared residues.
Statistical Coupling Analysis—SCA is based upon the

assumption that “coupling of two sites in a protein, whether for
structural or functional reasons, should cause those two sites to
coevolve” (8, 29, 30). This method takes aMSA of a protein and
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calculates the change in the amino acid distribution at one posi-
tion with respect to a perturbation at another position.
Energetic Coupling of AminoAcid Positions in LeuRS—LeuRS

sequences from multiple species were collected from PSI-
BLAST (39), and a multiple sequence alignment (MSA) was
constructed usingClustalW (40). Tomeasure the extent of cou-
pling between two sites i and j of a protein sequence, calculation
of statistical coupling energy (��Gi,j

stat) was carried out as
described in the literature (29). In this method a large scale
perturbation experiment on the MSA of the LeuRS family was
performed by introducing a change in the amino acid distribu-
tion at one position and examining the effect at another site (29,
30). Briefly, the method consists of two steps. First, the param-
eter that represents the overall evolutionary conservation at a
position i in the sequence of the chosen protein family
(expressed as a statistical energy �Gi

stat) is calculated using the
principles of Boltzmann statistics as follows:

�Gi
stat � kT *��

x

�ln�Pi
x/PMSA

x �	2 (Eq. 10)

where kT* is an arbitrary energy unit, Pix is the probability of
observing amino acid x at site i, and PMSA

x is the probability of
observing amino acid x in the overall MSA (29).

In the second step a perturbation experiment was carried out
on the MSA following the method described in Suel et al. (30).
Briefly, a perturbation at a specific position of a MSA refers to
the creation of a subalignment, which is sufficiently large and
diverse similar to the parent MSA. However, the probability of
occurrence of a residue at a given position has changed consid-
erably. For two coevolving positions on the sequence, the per-
turbation process, therefore, introduces a change in the amino
acid distribution at one position andmeasures the change of the
same at the other.
The statistical coupling energy between sites i and j is calcu-

lated and expressed as

��Gi, j
stat � kT *��

x

�ln� Pi��j

x

PMSA��j

x � 
 ln� Pi
x

PMSA
x ��2

(Eq. 11)

where Pi��j

x is the probability of a particular amino acid x at site i
dependent on a perturbation at site j. The sum over x indicates
the combined effect of the perturbation on all amino acids at
site i due to a perturbation at site j. Therefore, a large �Gi

stat

value represents a highly conserved residue at ith site in the
MSA (29), whereas a large statistical coupling value, ��Gi,j

stat,
indicates strong energetic coupling between the residues at the
two sites, i and j (29, 30).

Hierarchical clustering was carried out using the statistical
toolbox utility ofMATLAB. Using the clustering algorithm, the
raw unclustered data were grouped into several clusters of res-
idues that are strongly coupled. In the subsequent steps, these
data are analyzed, truncated, and re-clustered into smaller
datasets bearing strong coupling value (��Gi,j

stat).
Mapping and Visualization of the Evolutionarily and Ther-

mally Coupled Residues on Three-dimensional Structures of the
Enzyme—The thermal as well as statistical coupling of residues
across the Tt LeuRS domains was further explored by visualiza-

tion. The coevolved residue pairs were first mapped onto the
three-dimensional structure of LeuRS and analyzed with the
aid of the molecular surface generation tool of the Visual
Molecular Dynamics program (31). Based on van der Waals
contacts, these residues were grouped into five clusters, each of
which represents a network of contiguous residues. Contribu-
tion of these coevolving residue clusters to the cooperative
domain dynamics was further investigated by quantifying the
amount of dynamic coupling between them from the NMA
cross-correlation matrix.

RESULTS

Analysis of the Domain Dynamics of Tt LeuRS—In the first
step of this study, NMAwas performed to characterize domain
motions of Tt LeuRS. The computed low frequency normal
modes were then evaluated by comparing them against struc-
tural transitions, observed in the x-ray crystal structures. These
comparative studies were based on the direction, magnitude,
and the collectivity of conformational changes.
Conformational Flexibility—To explore protein flexibility,

we used the tRNA unbound structure of Tt LeuRS (“open”
form; PDB code 1H3N) (11). The NMA for open-form struc-
ture 1H3N yielded a number of low frequency normal modes.
Among the 20 lowest frequency modes, the first three modes
depicted the interdomain motions, whereas the relatively
higher frequency modes represented the subdomain motions.
Earlier NMA studies on 20 different proteins in open and

“closed” forms demonstrated that the normalmode(s) obtained
from the open form compares better with experimentally
observed conformational changes than that obtained from the
closed form (22). To verify if the same motions are predicted
starting from the closed conformation, we computed the nor-
mal modes using the tRNA-bound Tt LeuRS structure. No sig-
nificant change in the simulated motions was observed, which
clearly demonstrated that the protein moves to acquire similar
domain motions from either end of the conformational
continuum.
Direction ofMotions—Weanalyzed the directions ofmotions

for the first three low frequency modes (Fig. 2). The mode that
best describes the experimentally observed direction of the
conformational changes in Tt LeuRS was judged by the overlap
values calculated by Equation 5. The overlap value (Oj) of �0.7
was obtained for both modes 1 and 3 (Table 1), suggesting the
possible involvement of either of these two modes in the

FIGURE 2. The three lowest frequency normal modes (modes 1-3 from left
to right), obtained for the Tt LeuRS structure (PDB code 1H3N) using
ANM (27). Only the backbone C� atoms are shown for clarity. Atoms red in
color indicate large fluctuations, whereas blue colors correspond to small fluc-
tuations. The magnitude and direction of the displacement are represented
by purple arrows.
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observed conformational transition in Tt LeuRS upon tRNA
binding.
Magnitude of Motions—The similarity between the magni-

tude of the atomic displacements, determined experimentally
or given by the mode most involved in the conformational
change, was analyzed by comparing the correlation coefficient.
The correlation coefficient (Cj) for each mode was calculated
using Equation 6 and is given in Table 1. Among the three
lowest frequency modes, mode 3 had the lowest value of corre-
lation coefficient (0.31), whereas modes 1 and 2 exhibited
higher correlation of motion (Cj 
 0.5).
Collectivity of Motions—It has been reported that NMA

effectively simulates the highly collectivemotions (22). The col-
lectivity ofmotionwas analyzed for Tt LeuRS and a value of � �
0.27 was obtained using Equation 7 (Table 1). This higher value
of � indicates that the experimentally observed conformational
changes in Tt LeuRS can be adequately described by a single
mode (22). The degrees of collectivity for individual modes
were also computed and are compiled inTable 1. The degrees of
collectivity obtained for modes 1 and 3 were comparable (� �
�0.4), suggesting that the observed open/closed conforma-
tional change inTt LeuRS canbe described adequately by one of
these two modes. Comparing the overlap, correlation coeffi-
cients, and collectivity for the first three lowest frequency
modes (Table 1), mode 1 appeared to illustrate the collective
domainmotions of Tt LeuRS in the best way andwas chosen for
further analysis.
Correlated and Anticorrelated Motions between Various

Structural Elements—Results of NMA provided correlations
and anticorrelations in fluctuations of various Tt LeuRS
domains. The cross-correlation coefficients between the resi-
due fluctuations of the proteinwere calculated using Equation 9
for mode 1 and are given as an 814 � 814 matrix (Fig. 3). Cor-
related residues are colored in red, anticorrelated residues are
in blue, and the relativemagnitude of these correlated and anti-
correlated fluctuations are indicated in a normalized (�1 to

1) scale as shown in the color bar. This analysis was further
extended to identify key Tt LeuRS structural entities that are
engaged in either correlated or anticorrelated motions. Corre-
lation coefficients of selective coupled segments of the protein
were extracted from the parent matrix and are illustrated in
Fig. 4.
Analysis of the two-dimensional cross-correlation matrix

revealed that the motion of the LSD was predominately anti-
correlated with respect to the ED (Fig. 4, a and e). However, the
LSD exhibited correlated motion with respect to a helical
region (residues 290–300) and a polypeptide segment (residues
330–340) of the ED. Moreover, the LSD was engaged in highly

correlated motion with the catalytically important 49HMGH
and 637VMSKS loops (Fig. 4, and e). Additionally, these loops
were also engaged in correlated motions with respect to
other structural elements in the CCD including the polypep-
tide 537GGVEHAVLH, a protein segment that is critical for
leucyl-adenylate binding (Fig. 4, c and e). The 537GGVEHAVLH
polypeptide exhibited strong correlationwith the ZBD (Fig. 4, d
and e), which in turn was engaged in strong correlated motion
with the helix (residues 290–300) of the ED.
The correlated/anticorrelated motions among various func-

tional sites demonstrated a clear link between the coordination
of Tt LeuRS functions and its domain dynamics. This dynam-
ics-functional interdependence is described below.
Anticorrelated Motion between the ED and the LSD—As

mentioned above, the NMA study of Tt LeuRS showed that the
relative motions between the ED and the LSD are predomi-
nantly anticorrelated (Fig. 4, a and e). This is consistentwith the
structural studies which revealed that the ED of Tt LeuRS,
when complexed with tRNALeu in the post-transfer-editing
conformation, undergoes a rotation of 35° (Fig. 1) relative to the
tRNAunbound form (9). Similar rotation of the ED (47° relative
to the main body) has also been observed in the case of another
class 1 enzyme, isoleucyl-tRNA synthetase (41). It has been pro-
posed that this change in conformation of the editing domain
opens up a deep channel (41) between the aminoacylating (syn-
thetic) and editing active sites. The opening of this channel
facilitates the shuttling of the 3� terminus of mischarged
tRNALeu from the synthetic active site to the editing active site
(10, 41). It is now evident from our study that the anticorrelated
motion between the ED and the LSD (Fig. 2) actually assists the
collective atomic displacements that are needed to open up a
deep cleft between these two domains. The periodic compres-
sion and expansion of the cleft existing between the ED and the
LSD through an anticorrelated motion is likely to be a key reg-

TABLE 1
Computed overlaps (Oj), correlation coefficients (Cj), and
collectivities (�) for the three individual lowest frequency modes
when compared to the experimentally observed conformational
changes of Tt LeuRS upon substrate binding
Equations 5–7 were used in computing these quantities.

Properties Mode 1 Mode 2 Mode 3
Overlap (Oj) 0.72 0.60 0.71
Correlation (Cj) 0.51 0.56 0.31
Collectivity (�) 0.37 0.20 0.42

FIGURE 3. NMA cross-correlation matrix for the 814 residues of Tt LeuRS.
The cross-correlations between residue fluctuations (Cpq), calculated using
Equation 9, are normalized and expressed with a color-coded scale. A value of
�1.0 was set for the most strongly correlated motion and is colored red,
whereas 
1.0 was used for the most strongly anticorrelated motion and is
colored blue.
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ulatory element to the movement of the 3�-end of tRNALeu

from the CCD to the ED during the translocation process.
Therefore, the present NMA result is in excellent agreement
with the predicted “pseudoreversible” dynamics (42) of tRNA
translocation based on biochemical and structural studies
(9, 10, 12, 41).
Correlated Motion between the ZBD and the Glu-292-con-

taining Helix—One of the intriguing observations of the pres-
ent study is the existence of strong correlations between the
dynamics of a thin segment of the ED (Glu-292-containing
helix) and the ZBD (Fig. 4, d and e). Structural studies revealed
that the ZBD (residues 154–189) is highly mobile and attains
two conformations: open and closed (9, 43). The closed form of
the ZBD is responsible for protecting the leucyl adenylate from

water hydrolysis. In the open form
the ZBD is believed to undergo a
large rotation away from the cata-
lytic center, whichmakes the adeny-
late intermediate accessible to the
cognate tRNA (43). Therefore, the
oscillatory dynamics of the ZBD has
an important role in the aminoacy-
lation of tRNALeu. From biochemi-
cal studies it was revealed that any
disruption of the secondary struc-
ture of theGlu-292-containing helix
has significant impact on the ami-
noacylation (44–46). There was no
clear explanation of why a change in
this distant structural element
could have such a significant impact
on the aminoacylation reaction.
The very existence of the strongly
coupled motion between the Glu-
292-containing helix and the ZBD,
found in this study, demonstrates
that the aminoacylation process is
fundamentally dependent upon the
cooperative dynamics between
these two structural elements,
located in separate domains.
The correlated motion between

the ZBD and the Glu-292-contain-
ing helix also supports the unmask-
ing of the pretransfer editing mech-
anism in a post-transfer-defective
mutant and the ED (also called con-
nective polypeptide 1 (CP1)
domain) deletion mutant of E. coli
LeuRS (47, 48). The existence of a
correlatedmotion between the Glu-
292-containing helix and the ZBD
suggests that a pointmutation in the
Glu-292-containing helix (47) or a
complete deletion of CP1 domain
(48) might disrupt the coordinated
movement of these peptide seg-
ments, thereby preventing the ZBD

to acquire a conformation essential for the adenylate binding
and its protection against water hydrolysis. Although the NMA
study alone could not shed any light on the exact mechanism of
the pretransfer editing reaction (for example, if the hydrolysis
of noncognate adenylate is enzyme-catalyzed-selective hydrol-
ysis or it is the selective release of noncognate adenylate from
the enzyme active site followed by rapid nonenzymatic hydrol-
ysis (49)), the present study provides a mechanistic insight into
the role of coupled domain motion in the unmasking of pre-
transfer editing reaction of the LeuRS.
CorrelatedMotion among the Structural Elements of the LSD,

the CCD, and theGlu-292-containingHelix—Another interest-
ing finding of the present NMA study is the trajectory of a
correlated motion existing between residue clusters of the

FIGURE 4. Cooperativity of dynamics between various segments of Tt LeuRS, as observed in the normal
mode calculations. a– d represents the submatrices of cross-correlations between residue fluctuations of
various structural elements (e). These submatrices are extracted from the parent 814 � 814 cross-correlation
matrix using MATLAB R2006b. The cross-correlations are expressed by the same color-coded scale as described
in Fig. 3. Relevant structural elements are shown in different colors: tan, 49HMGH; orange, LSD; cyan, 637VMSKS;
blue, residues 538 –546; yellow, ZBD; red, 420RDW; magenta, residues 290 –300; green, residues 330 –340.
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functionally relevant structural elements of the LSD, the CCD,
and the Glu-292-containing helix of the ED (Fig. 4, b–e). Pre-
vious structural studies predicted the need for a concerted
movement of the LSD and the class 1-specific 637VMSKS and
49HMGH loops in amino acid selection and binding (11). The
present study of the simulated domain dynamics is in complete
agreement with the anticipatedmotion from structural studies.
As described previously, the evidence of the correlated dynam-
ics was found among the functionally relevant 637VMSKS,
49HMGH, and 537GGVEHAVLH polypeptides of the CCD.
Additionally, these structural elements are also engaged in cor-
related motion with the LSD and the ZBD (Fig. 4). Therefore,
the present study not only supports structural observations (11)
but also provides insight into how the cooperative dynamics
among various structural elements play a role in enzyme func-
tions, namely, the substrate binding and aminoacylation (11,
12, 50). Taken together, cooperative domain dynamics take
center stage in this protein function.
SCA of the LeuRS Family—SCA was performed on an align-

ment of 484 protein sequences of the LeuRS family by system-
atically perturbing each position where a specific amino acid
was present in at least 57% of the sequences in the alignment.
Highly Conserved Tryptophan Residues—The statistical

analysis revealed a significant number of strongly conserved
tryptophan residues in the central catalytic domain. The
degree of conservation of any residue, expressed as �Gi

stat is
calculated by using Equation 10 (29). By choosing an arbi-
trary cut-off value of �Gi

stat (�Gi
stat

> 3.50 kT*), we identified
25 residues that are extremely conserved in the LeuRS family
(Table 2). About 50% of these residues are tryptophan,
belonging to the less dynamic central core of the enzyme
(supplemental Fig. S1). The presence of such a high number
of tryptophan residues indicates the requirement of strong

hydrophobic groups in maintaining the structure and func-
tion. It seems that these tryptophan residues are involved in
van der Waals packing and thereby remained evolutionarily
conserved. A list of highly conserved but non-catalytic resi-
dues, their type, location on the protein structure, and the
computed �Gi

stat values (Equation 10) in the LeuRS family
are given in Table 2.
Coevolved Residue Clusters—The degree of coupling

between residue pairs was calculated using Equation 11 and
expressed as statistical coupling energy ��Gi,j

stat for residue
pair at sites i and j. Coupling between various residue pairs
were represented as a two-dimensional coupling matrix as
shown in Fig. 5. The SCA was carried out in three stages. In
stage 1, the initial round of clustering resulted in a matrix of
876 (residue number) � 218 (perturbation site) matrix ele-
ments representing the coupling between residues. Fig. 5, a
and b, represent the unclustered and the first-round of clus-
tered matrices, respectively. As it is apparent from Fig. 5b, a
large part of the SCA plot (blue squares) shows no coupling
at all (0 kT*), whereas strong coupling was observed in the
left and right bottom-most corners (red squares, � 0.8 kT*) as
indicated. In stage 2 we performed a two-dimensional itera-
tive clustering and obtained three subclusters (supplemental
Fig. S2, a–c) following the methods described in the litera-
ture (29). This process led to the identification of several
residues that have coevolved. In stage 3 we mapped all these
coevolved residues (stage 2 clusters) and the 25 conserved

TABLE 2
Highly conserved residues of the LeuRS family
Conserved residues are identified based on a threshold value of �Gi

stat of 3.5 kT*,
where kT* is an arbitrary energy unit (29). Computation of�Gi

stat is performed using
Equation 10.

Residue
number

Computed
�Gi

stat
Residue
type

Location of the
residue

kT*
Trp-17 4.37 Hydrophobic CCD
Met-40 3.75 Hydrophobic CCD-LSD interface
His-49 3.76 Polar CCD-LSD interface
His-52 3.76 Polar CCD
Trp-79 3.87 Hydrophobic CCD
Trp-121 4.35 Hydrophobic CCD
Trp-158 4.37 Hydrophobic ZBD
Trp-212 3.70 Hydrophobic CCD
Met-219 4.37 Hydrophobic CCD
Trp-223 3.42 Hydrophobic CCD-ZBD interface
Tyr-332 3.56 Polar CCD
His-343 4.37 Polar CCD
Trp-422 4.37 Hydrophobic CCD
Trp-430 4.35 Hydrophobic CCD-ZBD interface
Trp-506 3.42 Hydrophobic CCD-ZBD interface
Trp-529 4.03 Hydrophobic CCD
Tyr-535 3.42 Hydrophobic CCD-ZBD interface
His-541 3.76 Polar CCD-LSD interface
His-545 3.76 Polar CCD-ZBD interface
Tyr-548 3.42 Hydrophobic CCD-ZBD interface
Met-576 3.53 Hydrophobic CCD-LSD interface
Trp-676 4.32 Hydrophobic CCD-LSD interface
His-785 3.70 Polar CCD
Trp-791 3.94 Hydrophobic CCD
Trp-804 3.80 Hydrophobic CCD

FIGURE 5. Statistical coupling analysis of the LeuRS family. Statistical cou-
pling matrix: a, no clustering; b, one-dimensional hierarchical clustering
showing the co-evolving residues. The color gradient, as indicated in the
color bar, is as follows: blue squares represent the lowest (0 kT*), and red
squares represent the highest (1 kT*) statistical coupling energies, ��Gi,j

stat

(calculated using Equation 11).
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residues (discussed in the previous section) onto the LeuRS
three-dimensional structure. Finally, subclusters of residues
that are within van der Waals contact were identified
through visualization (Table 3). These residue clusters, con-
veniently grouped into five, are located across the three
domains, namely, the LSD, the CCD, and the ED as well as at

their interfaces. The statistical
couplings among intra- and inter-
cluster residues are represented in
four separate SCA plots (Fig. 6).
Combined NMA-SCA Study—

Results from the NMA provided a
discrete pattern of cooperative
motion in Tt LeuRS that is spread
across various domains,whereas the
evolutionarily coupled residues
were identified by using the SCA.
To explore the thermal coupling
between these SCA-generated clus-
ters, we repeated the thermal
motion analysis and extracted
cross-correlations between residue
fluctuations in these clusters
(Fig. 7).
Thermally and Evolutionarily

Coupled Residues—Through this
combined NMA-SCA study, we
were able to identify residues that
are both evolutionarily and ther-
mally coupled. Analysis of dynamics
(from the computed normal mode
simulation data) of the SCA-gener-
ated clusters (Fig. 6) demonstrated
strong cooperative motions among
them. These cross-correlation mat-
rices are shown in Fig. 7, a–e. From
the LSD end, strong correlated
dynamics were observed between
clusters A (coevolved residues at the
interface of the LSD and the CCD)
and B (coevolved residues mostly
belonging to the CCD) (Fig. 7a) and
between clusters B andC (coevolved
residues mostly belonging to the
CCD) (Fig. 7b). These correlated
dynamics are spread up to the Glu-
292-containing helix of the ED
through cluster C and a part of clus-
ter D (coevolved residues at the
interface of the ZBD and the ED)

(Fig. 7c). Interestingly, a part of cluster D (residues 268, 273,
283, and 287) shows a strong anticorrelated fluctuation with
cluster C. It appears that a network of coupled motions exists
between the two distantly located structural elements, the
LSD and the Glu-292-containing helix of the ED. Therefore,

FIGURE 6. Trajectory of correlated motions observed through clusters of coevolving residues. The motion
path is shown with broken-lined arrows. The five clusters (A–E) are mapped on to the Tt LeuRS structure and are
displayed at the center. The four SCA plots showing both intra- and intercouplings between A with four other
clusters are displayed at corners. Residue numbers shown in italics belong to Cluster A.

TABLE 3
Residues exhibiting strong coevolving trend as well as coupled dynamics (Figs. 6 and 7)

Clusters Residues
Cluster A Met-576 Val-577 Val-637 Met-638 Lys-640 Ser-641 Lys-642 Gly-643 Asn-644 Gly-645 Met-647 Val-648 Thr-663 Ala-667 Met-674

Val-675 Trp-676 Val-681
Cluster B Val-37 Val-39 Met-40 Met-50 L53 Lys-54 Asn-55 Met-58 Val-61 His-75 Gln-534 Tyr-535 I536 Phe-572 Ala-738
Cluster C C162 Gln-170 Trp-177 Trp-212 Val-216 Met-219 Trp-223 Trp-422 Leu-423 Met-498 Asp-499 Thr-500 Phe-501 Trp-506 Tyr-507 Pro-520

Val-539 His-541 Val-543 His-545 Tyr-548 Phe-552 Leu-556 His-557
Cluster D Val-156 Asn-157 Trp-158 Glu-188 Leu-189 Thr-268 Ala-273 Tyr-283 Ala-287 Glu-292 Arg-295 Glu-298 Gly-299 Arg-300
Cluster E Trp-79 Ala-89 Phe-F93 Trp-100 Tyr-102 Gln-107 Ala-108 Trp-121 Thr-126 Cys-128 Trp-430 Ser-639 Lys-640
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it is quite possible that signals originating at one domain
could propagate through a path of correlated thermal
motions between neighboring clusters (as shown by the bro-
ken lined arrows in Fig. 6) to finally reach the other domain.
Existing Mutational Results—Several biochemical results

indicate strong impact on enzyme functions uponmutations of
residues that belong to the network of interacting clusters iden-
tified by the combined NMA-SCA study. For example, a point
mutation at position 5783 (E. coli Leu-570 and Lys-600 in
human mitochondrial LeuRS) located at the interface of the
LSD and the CCD has been reported to have a significant effect
on amino acid discrimination and tRNA aminoacylation (50).
The crystal structure data (11) suggest that the residue at this
position is not in direct contact with the amino acid moiety of
the bound adenylate substrate. Thus, it was not clear how the
mutation at the position 578 can alter amino acid specificity for
this enzyme. In our study we found that Leu-578 is in van der
Waals contact with Met-576, which is highly conserved (Table
2), and Val-577, which exhibits a strong evolutionary coupling
with residues of functionally important 49HMGH and

637VMSKS loops (Fig. 4e and Fig. 6). The analysis of dynamics
also revealed that Val-577 belongs to the interaction network
and is engaged in strong correlated motion with residues of
49HMGH and 637VMSKS motifs (Fig. 4, d and e). Thus, muta-
tion of residue at position 578 of LeuRS is likely to influence the
motion of the 637VMSKS loop, which in turn could fail to mod-
ulate the active site conformation necessary for substrate
recognition.
Another case of experimental evidence of the critical role of

the network on function was revealed when the entire LSD was
deleted. Removal of the LSD has severe impact on the amino-
acylation reaction, the molecular basis of which remained
unclear (12). The present study indicates strong coupling of
cluster A (comprising residues at the interface of the LSD and
CCD including 637VMSKS loop) and cluster B (comprised of
537GGVEHAVLH546 and 49HMGH segments) in terms of both
coevolution (Figs. 4e and 6) and motion (Fig. 7). The existence
of such correlated dynamics explains the role of LSD in the
aminoacylation reaction.
In the present study we observed a significant coupling of

motion between ZBD (154–189) and the 290–300 helix of the
ED. Visualization of residues 290–300 confirms that this pro-
tein segment is in van der Waals contact with residues at posi-

3 In the present context, a position is defined as the residue number corre-
sponding to the query protein sequence (Tt LeuRS) used in the PSI-BLAST
search.

FIGURE 7. Coupling of thermal motions among residues in the coevolved clusters. Cross-correlations between various clusters are shown. a, clusters A-B.
b, clusters B-C. c, clusters C-D. d, clusters C-E. e, clusters A-E. The cross-correlations are expressed by the same color-coded scale as used in Fig. 3.
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tions 187 and 188. The SCA studies demonstrate that residues
in these two functional sites have indeed coevolved (Fig. 6) and
exhibited strong correlated motion. Therefore, mutations at
these sites could have an effect on enzyme functions. In fact,
mutations of residues at positions 294 and 295 (Glu-292 and
Ala-293 of E. coli LeuRS) have significant impact on the editing
and the aminoacylation function of LeuRS (44–46).
In addition to the existingmutational data involving residues

at the domain interfaces, the effect ofmutation of a residue that
is located at the center of the networking cluster was also
observed. Mutation of the highly conserved residue at position
422 of the RDW peptide has significant impact (30-fold
decrease in kcat) on the aminoacylation reaction (51). Our study
suggests that this position corresponds to an absolutely con-
served tryptophan residue (Trp-422 of Tt LeuRS and Trp-445
of yeast mitochondrial LeuRS (52)) which possesses a very high
�Gi

stat value (4.37 kT*). Also, Trp-422 is in van der Waals con-
tact with Leu-423, which shows significant correlation of
dynamics with the ZBD and Glu-292-containing helix (Fig. 7c).
Therefore, any perturbation within the RDW peptide is
expected to have significant impact on the enzyme function.

DISCUSSION

The polypeptide backbone and side chains in a protein exist
in constant motion. These internal local motions are quite fast
(in the range of femto- and picosecond time scales) (53). How-
ever, in some cases specific enzymatic function requires a
slower conformational transition involving medium to large
scale motions (nano- to microseconds) (54, 55). These slower
motions encompass displacement of much larger structural
elements such as awhole domain. It is well known thatmultido-
main proteins utilize these collective motions to accomplish
specific functions, and these functionally important protein
motions can then be ascribed as “cooperative.”
Exploring Cooperative Domain Dynamics by Molecular

Simulations—One way to study these slower domain motions
in proteins is to perform normal mode analysis (24, 25, 56). A
domain is a compactly folded region of a protein that exhibits
considerable independence in terms of both stability and
motion. Therefore, a protein can be conveniently described as
an assembly of these compact regions (domains) joined by flex-
ible connectors (loops). Low frequency normal modes calcu-
lated for such an assembly accurately illustrate the slower
motions of domains. The coarse-grainmodel and the harmonic
approximation of the atomic fluctuations used in the analysis
(24, 56) do not seem to affect the accuracy of the results. More
importantly, this method significantly reduces the computa-
tional cost so that the collectivemotion in a large protein like an
ARS can be analyzed in great detail.
The information about the slower protein dynamics can also

be obtained using a very long (in the nanosecond timescale)
molecular dynamics simulation. However, the use of such
expensive computational scheme is not expected to provide any
additional information about these collective slower motions.
On the other hand,molecular dynamics (57, 58) simulations are
extremely beneficial to explore chemical events that are influ-
enced by faster motions such as vibration effects (quantum
mechanical tunneling) on enzyme kinetics (54, 55, 59–61), the

role of protein electrostatics and solvents on redox transitions
(62, 63), and the role of specific mutations and conformational
flexibility on substrate binding and inhibition (64–68). In the
present context we have rather focused on the slower displace-
ments of functional domains that are involved in long range
communications in Tt LeuRS. Hence, the use of a normalmode
approximation is justified for exploring these functionally rele-
vant domain motions.
Regulations of Cooperative Domain Dynamics in LeuRS—As

illustrated in the results section, the NMA study of the domain
dynamics in Tt LeuRS revealed a significant amount of cooper-
ativity among various structural elements. Closer scrutiny of
the experimental results further demonstrated a clear corre-
spondence between protein function and the cooperative
dynamics of these domains. But perhaps the bigger question
that has remained unanswered is the mechanism by which this
cooperativity of dynamics among various domains is regulated.
Does a multidomain enzyme like LeuRS need a set of non-cat-
alytic residues for promoting domain and subdomain dynam-
ics? If so, how are they arranged across domains? An insight
into the molecular basis of the cooperativity between such dis-
tantly located domains could possibly address these questions.
One way to explore this communicating pathway among

domains is to use a simple hypothesis of the evolutionary basis
for the conservation and/or coevolution of residues that are
relevant for both structure and function and in the present con-
text, the dynamics itself. Through a systematic SCA, it is possi-
ble to determine energetically coupled residues involved in allo-
steric communication in a protein. This method was
successfully applied for a number of protein families with dif-
ferent structural and functional variations (8, 29, 30, 69, 70). In
some of these cases, SCA identified the functional coupling of
specific residue pairs that are located distantly and were not
evident from the three-dimensional structure of protein alone
(8, 30). So far, SCAwas performed to identify the evolutionarily
and energetically coupled residueswithin a domain of a protein.
Because the underlying assumption of coevolution of two sites
(for functional/structural reasons) is still valid, in this work we
extended this approach to a multidomain protein family.
Coevolution of Residues under the Constraints of Cooperative

Domain Dynamics—The SCA method is based on the hypoth-
esis that the structural and functional constraints on a protein
sequence allow two distant functional sites to evolve coopera-
tively. Therefore, in that evolutionary perspective, to maintain
the structure, function, and dynamics, residues at these two
sites will be either completely retained, or amutation at one site
will be suitably counterbalanced by another. Then these two
residue pairs (or sites) can be considered to be evolutionarily
constrained.
The present SCA study resulted in the identification of five

clusters in which both intra- and intercluster evolutionary cou-
pling of residues were observed (see above). Analysis of cross-
correlations between residue fluctuations (combined SCA-
NMA study) demonstrated that these coevolving residues are
distributed across domains that are involved in cooperative
domain dynamics. In particular, it revealed the existence of a
well connected network of residues from the LSD to the ED
through theCCD.Within a cluster, the van derWaal surfaces of
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these residues are in contact with each other. When visualized
together, these clusters appear to constitute a contiguous net-
work of discrete clusters of residues spanning from the LSD to
the ED (Fig. 6, Table 3). Taken together, it is the coupling of
motions that connect the two distantly located domains (the
LSD and the Glu-292-containing helix of the ED) of Tt LeuRS.
Therefore, we suggest that Tt LeuRS is likely to utilize this net-
work of coupled motions in the propagation of long range sig-
nals for functional reasons such as substrate binding/release
and catalysis.
Conclusions—The study of collective motions demonstrates

that cooperative domain dynamics are inherent to theTt LeuRS
structure and functions. Additionally, through the structure-
guided analysis of the effect of evolutionary constraints on the
LeuRS sequence, the coevolved network of residues was suc-
cessfully identified that is sparsely distributed across all the
functional domains. Further analysis of the dynamics of
these core networking groups demonstrated significant
thermal coupling. Taken together, these clusters represent a
distinguished set of residues that are not only coupled by
motion but also retained by the evolution. It has been
reported earlier that evolution preferentially conserves
those contacts (residues) that are critical to the functional
dynamics of an enzyme (71). Results of our study show that
not only the conserved residues but also the coevolving res-
idue pairs are critical for functional dynamics, which is coop-
erative in nature. Mutational studies of some key networking
residues are under way.
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