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The enzymes of the family of tRNA synthetases perform their functions with high precision by synchronously recognizing the anticodon
region and the aminoacylation region, which are separated by ⬇70 Å
in space. This precision in function is brought about by establishing
good communication paths between the two regions. We have
modeled the structure of the complex consisting of Escherichia coli
methionyl-tRNA synthetase (MetRS), tRNA, and the activated methionine. Molecular dynamics simulations have been performed on the
modeled structure to obtain the equilibrated structure of the complex
and the cross-correlations between the residues in MetRS have been
evaluated. Furthermore, the network analysis on these simulated
structures has been carried out to elucidate the paths of communication between the activation site and the anticodon recognition site.
This study has provided the detailed paths of communication, which
are consistent with experimental results. Similar studies also have
been carried out on the complexes (MetRS ⴙ activated methonine)
and (MetRS ⴙ tRNA) along with ligand-free native enzyme. A comparison of the paths derived from the four simulations clearly has
shown that the communication path is strongly correlated and unique
to the enzyme complex, which is bound to both the tRNA and the
activated methionine. The details of the method of our investigation
and the biological implications of the results are presented in this
article. The method developed here also could be used to investigate
any protein system where the function takes place through longdistance communication.
dynamic cross-correlations 兩 methionyl-AMP 兩 protein structure network 兩
shortest pathways of communication 兩 stacking
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crucial step in the translation of the genetic code is the
aminoacylation of tRNA, which involves the molecular recognition between the aminoacyl-tRNA synthetases (aaRS) and
their cognate tRNA. Each synthetase consists of the catalytic
domain and the anticodon domain that are separated by ⬇70 Å.
Each tRNA connects these two regions with its anticodon and the
acceptor stems. The mechanism of differentiations between cognate and noncognate tRNAs depends on contacts of anticodon
domain of synthetase and anticodon stem of tRNA. The efficiency
of the selection mechanism controls the overall accuracy of protein
synthesis (1, 2). Recognition of the protein (aaRS) and the tRNA
is explained by using the induced-fit mechanism, which suggests
conformational changes in protein, tRNA, or both, leading to the
final bound complex (3). However, the details of communication
between the anticodon region and the aminoacylation region are
less understood.
In all living cells, protein synthesis starts with methionine.
Methionyl-tRNA synthetase (MetRS) binds to free methionine in
its catalytic site, and the charging of amino acid takes place in the
presence of ATP, which then is finally transferred to 2⬘-OH moiety
of the terminal adenosine of tRNA. MetRS acylates two tRNAs
(tRNAfMet and tRNAmMet), which have different nucleotide sequences. However, their common anticodon (CAU) is responsible
for discriminating other noncognate tRNAs against cognate ones.
The C-terminal ␣-helical domain (anticodon domain) of MetRS is
responsible for the recognition of three anticodon bases of
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0704459104

tRNAMet (4). Extensive experiments have been carried out to
establish the importance of several amino acid residues in MetRS
and the nucleotides of tRNA in the recognition processes. For
instance, the loop containing highly conserved residue Trp-461
plays a crucial role in the recognition of anticodon bases, as
confirmed by affinity-labeling experiments (5), isolation of second
site mutants (6), and docking studies of glutaminyl-tRNA on
MetRS (7). Substitution of highly conserved residues Trp-461,
Asn-452, or Arg-395 shows their involvement in the binding of
MetRS to anticodon site of tRNA (8–10). Two negatively charged
residues, Asp-449 and Asp-456, also contribute to the overall
specificity of the anticodon recognition, although they do not make
direct contact with tRNA (11). Because of their acidic nature, these
residues are able to reject all other noncognate tRNAs from binding
to the anticodon sites of MetRS.
Various investigations have been carried out to understand the
mode of communication between the anticodon and the activation
site in aaRS. Interdomain signaling has long been recognized to be
important in establishing contacts (12, 13). It also has been pointed
out that the interface region is sensitive to structural perturbations,
which affect the noncovalent packing interaction between the two
functional domains (14, 15) in MetRS. The importance of covalent
connectivity in domain–domain communication also has been
investigated in CysRS (16). The idea of communication between
the two sites through a network of residues, interacting in space has
been put forward (12). Thus, it is a challenging task to identify such
networks in aaRS. The identification of cooperative network of
interactions between residues in the protein (U1A)–RNA complex
has been carried out by NMR experiments (17, 18). More details of
communications in this system have been obtained through molecular dynamics (MD) simulations (19, 20). This investigation has
confirmed that the collective atomic fluctuations obtained from
MD simulations agree very well with the experimentally observed
cooperativity.
In this article, we have identified the communication paths
between the anticodon binding region and the aminoacylation site
in MetRS. Two approaches are combined to achieve this goal. First,
the dynamically cross-correlated residues in MetRS have been
identified from MD simulations by using a method similar to the
one used in U1A–RNA complex (19, 20). Although this method is
powerful in identifying the highly correlated residues involved in the
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Fig. 1. The overall docked structure of E. coli MetRS–tRNAfMet complex along
with Met AMP.

communication path, the correlated residues are not necessarily
connected in space; hence, the paths that are spatially connected
cannot be detected by this method alone. In the present work, we
bridge this gap by analyzing the protein structure graphs (PSG).
This approach, developed in our laboratory (21–25), identifies the
residues connected spatially by noncovalent interactions. The noncovalently interacting direct links, connecting the anticodon region
and the aminoacylation region, have been identified by the analysis
of the protein-structure graph of MetRS. In the final step, the
shortest paths of connected networks, consistent with the dynamically cross-correlated set of residues, have been selected as the
paths of communication between the anticodon and the aminoacylation regions. Such paths have been identified in the ligand-free
form of Escherichia coli MetRS (system A) and also in three
complexed structures of E. coli MetRS: with methionyl-AMP
(MetAMP) (system B), with tRNA (system C), and with both
MetAMP and tRNA (system D). A comparison of the paths in
these four systems has shown that the set of communication paths
are shortest and strongly correlated in MetRS bound to both
MetAMP and tRNA (system D). Several of the residues identified
in these paths have been shown by experiments to be important in
recognition. The methodology followed in the identification of
paths and the important results are presented in this article.
Results and Discussion
Modeling of the tRNAfMet-bound structure of E. coli MetRS. The

crystal structure of the complex of E. coli MetRS with tRNAMet is
not available, although the structures of tRNAMet (26) and MetRS
(27, 28) are available. Hence, we modeled the structure of MetRS–
tRNAfMet complex by using the Aquifex aeolicus (29) as a template.
A major difference between the structures of the bound form of
Aquifex tRNA and the unbound form of E. coli–tRNA was found
in the anticodon loop consisting of 11 bases. Therefore we replaced
the conformation of E. coli tRNA in this region by that of the
Aquifex tRNA in the complex, and some details of this modeled
structure of E. coli tRNA are given in supporting information (SI)
Fig. 7. The structure of E. coli MetRS–tRNAMet complex thus
modeled is shown in Fig. 1.
The communication paths between the anticodon recognition
site and the activated amino acid binding region (active site region)
in E. coli MetRS has been identified by analyzing and comparing the
MD trajectories of four systems (systems A, MetRS; B, MetRS
bound to MetAMP; C, MetRS bound to tRNA; and D, MetRS
bound to MetAMP and tRNA). The simulation results along with
the analyses of the dynamic cross-correlations and the protein
structure networks (PSN) are presented in the following sections.
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Fig. 2. MD trajectories of RMSD of the four systems (A, B, C, and D) of MeRS
with reference to the minimized crystal structure. A, B, C and D in this figure
and in subsequent figures correspond to the simulations on four systems:
MetRS (A), MetRS-MetAMP (B), MetRS–tRNAfMet (C), and MetRS–tRNAfMet–
MetAMP (D).

Root Mean Square Deviation (RMSD) Profiles. MD simulations were
carried out on the four systems A, B, C, and D in aqueous medium.
The trajectories of RMSDs with respect to the minimized starting structure are shown in Fig. 2. The C␣ RMSD values are within
4 Å throughout the simulation for the systems A, B, and C.
However, it reaches a maximum value of 6.4 Å at ⬇7 ns in system
D. This increase in RMSD clearly indicates a drastic conformation
change in MetRS structure in the presence of tRNA and MetAMP.
The removal of the CP domain reduced the RMSD to ⬇1.5 ⫾ 0.5
Å in all of the simulations, including system D (SI Fig. 8). Thus, the
sharp increase in the RMSD in system D (Fig. 2) is attributable to
the opening of the active site pocket, which resulted because of a
large displacement of the CP domain (SI Fig. 9). Such an opening
allows the tRNA acceptor stem to enter inside the active site for
aminoacylation.
Conformation of tRNA and the Recognition of Anticodon by MetRS.

The conformation of tRNA in the acceptor stem region has
changed in both the simulations C and D, in comparison with the
starting conformation (SI Fig. 10). In the presence of MetAMP
(system D), the acceptor stem unwinds and extends to reach out to
the ligand–MetAMP. However, in the absence of MetAMP (system
C), the acceptor stem retains its original backbone conformation,
which is stabilized further by the interaction of the bases C1 and
A72. There also are subtle differences in the conformation at the
anticodon binding region. These differences are brought out in
terms of the stacking energies and the interactions with MetRS.
The anticodon loop is characterized by the stacking of bases
C34–A35–A38, and the base U36 flips to the outside of the loop in
the starting structure, a feature that is retained in both the
simulations (Fig. 3 a and b). This feature also is reflected in the
stacking energies (SI Table 3). However, the stacking of bases
A37–A38 is significantly different in the tRNA structures from the
two simulations. An increase in the stacking of A37–A38 in system
C also is reflected in the mutual orientation of the two bases as
shown in Fig. 3a. Thus, the long-distance influence of MetAMP is
felt at the level of the orientation of the base (A37) in the anticodon
region. Furthermore, differences also can been seen in the dynamically stable hydrogen bonds (defined as hydrogen bonds that are
present in ⬎50% of the simulation time) between MetRS and the
anticodon region in systems C and D (SI Table 4 and Fig. 3 a and
b). Specifically, the hydrogen bonding patterns of A35 (ribose
oxygen O2⬘), U36 (base nitrogen N3), and A37 (phosphate oxygen)
of tRNA with the residues of MetRS are different in the presence
and absence of MetAMP. The amino acid residues Asn-391,
Asn-452, Asp-456, Arg-395, Arg-533, Tyr-531, and Trp-461 of
MetRS show differences in hydrogen bonding patterns with tRNA
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Table 1. Dynamically stable hydrogen bonds between MetAMP
and MetRS in the active site
Donor–acceptor
MetAMP(O2⬘)–Glu-27(OE2)
MetAMP(O3⬘–Glu-27(OE2)
MetAMP(N)–Leu-13(O)
MetAMP(N)–Asp-52(OD1)
His-24(NE2)–MetAMP(O1P)
Tyr-15(N)–MetAMP(O1P)
Gly-294(N)–MetAMP(O3⬘)

B

D

99.65
100.00
99.72
98.26
99.52
51.67
75.52

63.38
99.45
95.95
88.19
58.76

The numbers in the table represent the percentage occurrence of the
hydrogen bonds.

Fig. 3. Recognition of the anticodon C34 –A35–U36 of tRNAfMet by MetRS for
systems C (a) and D (b) at 8.0 ns of simulation. The interacting protein region
is shown as a transparent gray ribbon. The bases in the anticodon region and
the interacting amino acids are shown as lines. The dynamically stable hydrogen bonds are shown by dotted lines.

Dynamic Cross-Correlations. Cross-correlation coefficients were
computed from the MD trajectories as described in Materials and
Methods. The dynamic cross-correlation map (DCCM) of system D
is presented in Fig. 4 (similar maps for the other three systems are
provided in SI Fig. 12). Positive and negative correlations are shown
in the upper and lower triangles of the DCCM, respectively. Note
that the correlated fluctuations are obtained not only within the
protein residues but also between residues of protein–tRNA and
tRNA–tRNA. The correlation analysis pertaining to system D is
presented below.
Correlations from DCCM. The correlations/anticorrelations within the
protein residues are shown in the large square box between the
markings (4–550) in DCCM (Fig. 4). The expected crosscorrelation of residues within the helices are seen along the
diagonal. A significant amount of correlation in the regions away
from the diagonal also are seen, indicating a large amount of
fluctuational correlation between noncontiguous residues in
MetRS. It should be noted that some of the residues across domains
are strongly correlated (e.g., residue 363 of KMSKS domain and

either directly or indirectly mediated through other amino acids.
The difference in these interactions results in the overall shift of
tRNA from MetRS in system C, although the specific interactions
of the anticodon bases with the protein are retained, as can be seen
in Fig. 3 a and b. It is interesting to note that several amino acid
residues such as Trp-461, Asn-452, Asp-456, and Arg-395 also have
been shown to influence binding/activity of MetRS (5–11) and
some of them (Trp-461 and Asn-452) are highly conserved.
Interactions at the Active Site. Dynamically stable hydrogen bonds
made by MetAMP with MetRS residues are given in Table 1 for
systems B and D, and they are schematically represented in SI Fig.
11 for system B. Overall stability and the number of hydrogen bonds
in system B, however, are more when compared with those of
system D. The amide nitrogen of methionine in MetAMP consistently forms hydrogen bonds with the carbonyl oxygen of Leu-13
(which is considered a representative of the active site, for identifying the network paths between the active site and the anticodon
region in further analysis) and with the carboxylic oxygen of Asp-52
in both the systems. Further, the O3⬘ atom of MetAMP also exhibits
a stable hydrogen bond with the carboxylic oxygen atom of Glu-27
in both the systems. The phosphate oxygen of MetAMP interacts
with His-24 and with Tyr-15 in system B. However, the interaction
with His-24 has diminished and the hydrogen bond with Tyr-15 is
lost (present only for 21%) in system D. Based on the crystal
Ghosh and Vishveshwara

Fig. 4. DCCM representing the collective atom fluctuation for system D. The
strong (Cij ⫽ ⫾0.7–1.0), moderate (Cij ⫽ ⫾0.5– 0.7), and weak (Cij ⫽ ⫾0.3– 0.5)
ones are represented by black, dark gray, and light gray, respectively. The
lower and upper triangles correspond to negative and positive correlations,
respectively. The numbers 4 –550 correspond to MetRS residues. The residue
numbers corresponding to different domains are marked: 4 –99, 251–322,
Rossmann fold domain; 100 –250, CP domain; 323–388, KMSKS domain; 389 –
550, anticodon binding domain; 550 –76, tRNA. The correlated residues enclosed in rectangular boxes are involved in the shortest pathways of communication, the details of which are given in Table 2.
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BIOPHYSICS

structure, it was suggested (28) that the residue Tyr-15 plays an
important role in closing the active site in the presence of MetAMP.
Our result shows the opening of active site in the presence of tRNA
as Tyr-15 loses its interaction with MetAMP. Thus, the presence of
the tRNA acceptor stem around the active site region makes some
of the hydrogen bonds between MetAMP and MetRS less stable.

Table 2. Network of correlated residues identified from DCCM
for system D
Strong
Leu-13 His-323 Leu-363
Asn-452 Trp-461
Leu-13 Val-326 Leu-355
Val-381 Asn-391 Arg-395
Leu-13 Val-326 Leu-355
Val-381 Asn-391

Moderate
Leu-13 His-28
Lys-388 Trp-461
Leu-13 Ile-534
Arg-395
Leu-13 His-28
Asn-391

Correlation coefficient values for strong (Cij ⫽ 0.7–1.0) and moderate (Cij ⫽
0.5– 0.7) levels. The paths are evaluated between the residues shown in
boldface.

Asn-452 of the anticodon binding domain). The correlated residues
involved in the shortest pathways of communication (which is
discussed in a later section) are enclosed in rectangular boxes.
There also is a significant amount of anticorrelated fluctuation
within the protein. The residues (101–250) of the CP domain are
moderately anticorrelated with the residues (1–100) of the catalytic
domain and the stem-contact fold domain (323–389), which means
that the CP domain moves away from the catalytic and the
stem-contact fold domains by an anticorrelated fashion.
The correlated and the anticorrelated fluctuations of tRNA with
MetRS are shown in the rectangles between the markings (550–76)
and (4–550), respectively, at the top and on the right of Fig. 4. It is
interesting to see that the loop and the stem of the anticodon region
of tRNA (bases 33 to 38) are strongly correlated with the residues
452–465 and 388–395 of the anticodon binding domain of MetRS.
This feature may assist in binding to the cognate tRNA containing
the bases C34–A35–U36. The rest of tRNA (bases 14 to 21 and 48
to 63) is strongly anticorrelated with the anticodon domain region
of MetRS, indicating that the interaction between tRNA and
MetRS is dominated mainly through the cognate stem region of the
tRNA.
The fluctuational correlations of tRNA within itself are shown in
the small box in the top right of Fig. 4. Correlations and anticorrelations are negligible between bases of the acceptor stem (bases
39 to 44 and 27 to 31) and the anticodon loop (bases 32 to 38) of
tRNA. Thus intramolecular long-range signaling from the anticodon loop of tRNA to the active site of MetRS is very poor along the
length of the L-shaped tRNA. This finding is consistent with the
observation made earlier (14).
Correlated fluctuations and shortest pathways of cooperativity. The
collective atomic f luctuations for MetRS–tRNA complex form
cooperative networks among residues of MetRS. DCCMs are
analyzed to obtain networks (paths) of such correlated residues. The shortest network of correlated residues between two
selected residues in MetRS is extracted from DCCM. As
mentioned earlier, the carbonyl oxygen of Leu-13 makes a
strong hydrogen bond with the nitrogen of methionine part of
MetAMP, which is stable throughout the simulation, and a set
of residues (Asn-391, Arg-395, and Trp-461) interacts with the
anticodon part of tRNA. Hence, Leu-13 from the activation
site and the residues such as Trp-461, Arg-395, and Asn-391
from the anticodon region have been selected as the terminal
residues between which the shortest paths have been explored
These paths have been identified at different levels of correlations (strong: Cij ⫽ 1.0 – 0.7; moderate: Cij ⫽ 0.7– 0.5; and
weak: Cij ⫽ 0.3– 0.5). The correlated residues involved (at all
levels) in the shortest paths between Leu-13 and Trp-461,
Arg-395, and Asn-391 are marked as rectangles in the DCCM
of system D (Fig. 4), and all of the identified paths are given
in Table 2 (some of the correlated paths are depicted pictorially in SI Fig. 13).
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Influence of tRNA and MetAMP on correlations within MetRS. The
DCCMs also have been generated for systems A, B, and C (SI Fig.
12 a–c). A striking contrast between the DCCM of system D and
those of systems A, B, and C is the reduction in the magnitude of
cross-correlated/anticorrelated fluctuations. The correlations are
reasonably high in the tRNA bound structure C, although they are
not as high as in system D. Drastic reduction in the correlations is
observed in systems A and B, both of which lack tRNA as the ligand,
which clearly indicates that the binding of tRNA is required for
efficient communication between the active site and the anticodon
binding region in MetRS, and this communication is enhanced in
the presence of MetAMP. Shortest pathways of communication
between the two regions have been evaluated in all of the three
systems (A, B, and C) (SI Table 5). It is interesting to note that the
strongly correlated paths between the active site and the anticodon
region are present only in system D and not in the other three
systems.
Communication Pathways from PSN. The patterns of crosscorrelation between different residues in MetRS have provided
valuable information from which the paths of communications
between the activation site and the anticodon binding region have
been constructed. However, it does not provide the details of
complete connections. Here we make use of the paths derived from
cross-correlation (Table 2) and find the missing links from PSN
analysis (tRNA is not included in this calculation, because there was
no correlation between the anticodon and the acceptor stem
regions of tRNA). First, we evaluate all noncovalent residue–
residue connections as described in Materials and Methods. Then,
we select important residues interacting with MetAMP and the
anticodon region as the end residues of the communication path, as
mentioned in the previous section. Finally, we identify the shortest
paths that connect the two end members by a series of noncovalent
interactions and also incorporate the residues with strong or
medium cross-correlations. Such an analysis has been carried out
for all four systems, and the detailed results are given in SI Table
6. Average shortest path length between the two end residues is
obtained by averaging the lengths of the shortest path obtained
from all of the snapshots. The shortest of the shortest path obtained
from the snapshots that incorporated the correlated residues also
is given in SI Table 6 along with path details. Interestingly, this is
much smaller for system D than that of the other three systems,
indicating an efficient mode of communication in system D. In
addition, the correlated shortest paths in system D are significantly
shorter than the average shortest path lengths, in contrast to systems
A and B, which again emphasizes the fact that the correlated paths
are shortest in system D.
Because strong correlations are seen only in the case of system
D, extensive analysis is presented for this system. Several paths (SI
Table 6) identified from the analysis have been summarized in Fig.
5. Four paths (I, II, III, and IV) have been identified, which are
depicted pictorially in Fig. 6. As mentioned in Materials and
Methods, these paths were identified on the basis of the set of
residues connecting the domain interface regions. Paths (Figs. 5 and
6) are more diverse toward the activation site, whereas they are
more focused toward the anticodon binding region because of the
fact that the residue connections from the anticodon region to the
interdomain region are mainly through helices as shown in Fig. 6.
This is achieved through connections Leu-363–Phe-437–Trp-432,
Tyr-539–Leu-355–Phe-377, Trp-346–Phe-350–Gln-538, and Arg36–Leu-495, respectively, in paths I, II, III, and IV (Fig. 5).
Interestingly, several of these residues are in the linker peptide
(348–362), which is at the domain (active site)–domain (anticodon
recognition) interface and have been shown to play an important
role in the communication (12). Furthermore, it may be noted that
paths I and II (Figs. 5 and 6) incorporate the strongly correlated
residues, whereas paths III and IV contain the moderately correlated residues, and the path lengths are smaller (Leu-13–Asn-452 is
Ghosh and Vishveshwara
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Fig. 5. Four communication pathways between the active site and the
anticodon binding region as detected by the PSN analysis of noncovalent
interaction in system D. The residues in bold are in the interface of the
anticodon binding domain and the catalytic plus KMSKS domains.

connected by 10–14 residues) in the cases derived from moderate
correlation than the strongly correlated paths (Leu-13–Asn-452 is
connected by 17 residues). However, it is interesting to note that the
path length is smallest in path IV (SI Table 6), and it is the path that
is most frequently observed in the simulation (percentage occurrence of I, II, III, and IV is 2.3%, 6.7%, 2.7%, and 43.3%,
respectively).
A comparison of the results of the path analysis of systems A, B,
and C (SI Table 6) with that of system D indicates interesting
differences. As discussed earlier, the striking feature is that there
are no strong correlations in systems A, B, and C, contrary to that
seen in system D. Furthermore, the shortest path lengths in the
moderately correlated cases in systems A, B, and C are much longer
(19 to 33) than those of system D (13 to 15). The paths near the
anticodon region are more or less intact in most of the cases, which
perhaps is caused by the fact that the anticodon domain is made up
of helices and the communication proceeds through a narrow path.
Diversity is more toward the MetAMP region. The paths in system
C are similar to those of system D (paths I and II). However, similar
paths are not seen between system D and those of systems A and
B. Interestingly, the shortest path (path IV in Fig. 5, depicted in Fig.
6b) involving the subnetwork Tyr-357–Asp-384–Lys-388, which is
present in the moderately correlated case D, does not seem to exist
in the other systems, suggesting that this path is created only when
both the tRNA and MetAMP are bound to the enzyme.
To summarize, it appears that the segments of paths are inherently present in the enzyme, and their interlinking to establish
efficient communication of 70 Å between the anticodon region and
the activation site requires the binding of both the tRNA and
MetAMP. This finding is likely to be achieved through subtle
movements of the two domains, which establish specific residue–
residue contacts. In addition, the system has multiple paths, which
makes the communication system robust. Our results exhibit significant correlation with experimental observations. For instance,
the highly conserved residues Trp-461 and Asn-452 and the residues
Asp-456 and Arg-395, which are known to interact directly or
indirectly with the anticodon stem of tRNA (5–11), are part of the
communication networks. More importantly, experiments have
Ghosh and Vishveshwara

Fig. 6. Pictorial representation of the shortest paths (between Leu-13 and
the anticodon binding residues Trp-461, Asn-391, and Arg-395) shown in Fig.
5 [(a) paths I and III; (b) paths II and IV)]. In both a and b, the residues
participating in the communication paths and MetAMP are shown as spheres,
MetAMP is shown in magenta, and Leu-13 and Trp-461 are shown in orange.
The residues common between the paths I and III in a and between II and IV
in b also are shown in orange. The residues that are exclusive to paths I and III
are shown in violet and blue, respectively, in a, and the residues that are
exclusive to paths II and IV are shown in yellow and cyan, respectively, in b.
Light green, anticodon binding domain; gray, active site and KMSKS domains;
purple blue, linker peptide; lemon green, CP domain; brown, tRNA.

shown the vital participation of interface of domains (12–15) in the
communication process. Our results not only confirm these observations but also provide the details of linking residues involved in
this processes. Our findings may help in reexamining the experimental results from different perspectives. Furthermore, additional
insights may be gained if the efficiency of aminoacylation is probed
by designing experimental strategies to disrupt all of the multiple
communication pathways.
Summary
To elucidate the modes of communication between the anticodon
region and the aminoacylation region in MetRS, extensive MD
simulations were carried out on different liganded states of MetRS.
The simulation trajectories were analyzed in terms of correlated
fluctuations and PSN.
The following important results have been derived from these
investigations:
Strong communication paths within the residues of MetRS are
established when the protein binds to both the tRNA and
MetAMP, as evidenced by dynamic cross-correlations. The correlation/anticorrelation coefficients between MetRS and tRNA suggest that the protein residues have correlated movements only with
the anticodon region of tRNA, whereas the rest of the tRNA moves
PNAS 兩 October 2, 2007 兩 vol. 104 兩 no. 40 兩 15715

away from the protein. Furthermore, the communication does not
proceed through tRNA because correlation within tRNA is poor.
Shortest paths of connections (connected through noncovalent
interaction) between the anticodon region and the aminoacylation
region of MetRS have been determined by combining the dynamic
cross-correlation information with PSN analysis of the simulation
snapshots. From such an analysis, it has been possible to identify
about four communication paths between the active site region and
the anticodon region of MetRS. Although fragments of paths are
present in MetRS, efficient connections between the subnetworks
are established only when the enzyme binds to both the tRNA and
the activated MetAMP. The identified paths contain several amino
acids found by experiments to be important for the activity.
However, the identification of multiple paths of communication in
detail suggests that further experiments can be designed to gain
additional insights to the process of aminoacylation in MetRS.
Materials and Methods
Modeling, Simulations, and Cross-Correlations. MD simulations were

performed at 300 K by using the AMBER9 package (30) with
parm99 (31) parameters on four systems of E. coli MetRS. These
four systems correspond to the unbound MetRS (27) (A), MetRS
complexed with MetAMP (28) (B), MetRS–tRNAfMet complex
(C), and MetRS–tRNAfMet–MetAMP complex (D). The tRNA
bound structures were modeled. The details of modeling, the
simulation protocols, the evaluation of dynamic cross-correlations,
and the generation of DCCMs from the simulation trajectories are
presented in SI Materials and Methods.
PSG. The noncovalent residue-wise interactions in protein struc-

tures can be captured effectively by the PSG/PSN. The details of the
construction of such a graph on the basis of interaction strength
(Imin), and the implications of such graphs have been given earlier
(22). The utilities of PSG in following MD trajectories have been
discussed recently (32). Some of these details, including the selection of optimal strength for connections (Imin), are presented in SI
Materials and Methods. The shortest paths between any two residues
in the protein are evaluated as given below, assuming nonbonded
connections at Imin ⫽ 3.2%.
Shortest Path Between Vertices in PSG. The communication path

distance between connected residues was considered to be one, and
the shortest path was identified as the path in which the two
concerned residues were noncovalently connected by the smallest
number of intermediate residues. Important residues from the
active site (Leu-13) and the anticodon binding region (Trp-461,
Asn-391, and Arg-395) were selected as the end members, and the
shortest paths, along with the intermediately connecting residues
between them, were evaluated from the snapshots of the MD
trajectories. Our aim, however, was to select the paths that were the
shortest as well as dynamically correlated, which was achieved by
combining the information from DCCM in selecting the dynamically relevant shortest paths (DCCM provides correlations between
residues that are not spatially connected directly to each other).
The following procedure was adopted for the identification of the
shortest path, including the dynamically correlated residues. First,
the dynamically correlated residues were identified from DCCM at
two levels [(a) highly correlated (Cij ⫽ 0.7–1.0) and (b) moderately
correlated (Cij ⫽ 0.5–0.7)]. This information was used in identifying
the network of correlated residues connecting the residues selected
from two regions of interest. Second, the shortest noncovalently
connected path between the selected two residues was identified
from the PSG, from all of the snapshots of the MD trajectories.
Third, the snapshots were selected in which the shortest path
included the correlated residues.
An analysis of the correlated shortest paths from the MD
trajectories showed that a wide range of residues were part of the
shortest path near the active site and the anticodon binding site
regions. Thus, the conformational fluctuations along the trajectories were reflected in the variations of the length and the composition of the shortest path. Interestingly, most of the snapshots
contained residues around the interface region (i.e., interface
between catalytic plus KMSKS and anticodon binding domains) in
their communication paths. Here, we were able to identify four
different sets of residues in this region. Based on this result, we
inferred that there are four different communication paths, and we
designated them I, II, III, and IV. The average shortest path lengths
and the shortest of the shortest paths incorporating the dynamically
correlated residues were obtained for each of the four communication networks. These analyses were carried out on all of the
systems (A, B, C, and D), and the results for system D were reported
in detail.

between the anticodon region and the active site region is obtained
by selecting important residues from both the regions and then
identifying the shortest noncovalently connected path between
them. The Floyd–Warshal algorithm (33) was used to determine the
shortest path between selected pairs of vertices in a graph. The
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