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Community network analysis derived from molecular dynamics
simulations is used to identify and compare the signaling pathways
in a bacterial glutamyl-tRNA synthetase (GluRS):tRNAGlu and an
archaeal leucyl-tRNA synthetase (LeuRS):tRNALeu complex. Al-
though the 2 class I synthetases have remarkably different inter-
actions with their cognate tRNAs, the allosteric networks for
charging tRNA with the correct amino acid display considerable
similarities. A dynamic contact map defines the edges connecting
nodes (amino acids and nucleotides) in the physical network whose
overall topology is presented as a network of communities, local
substructures that are highly intraconnected, but loosely intercon-
nected. Whereas nodes within a single community can communi-
cate through many alternate pathways, the communication be-
tween monomers in different communities has to take place
through a smaller number of critical edges or interactions. Consis-
tent with this analysis, there are a large number of suboptimal
paths that can be used for communication between the identity
elements on the tRNAs and the catalytic site in the aaRS:tRNA
complexes. Residues and nucleotides in the majority of pathways
for intercommunity signal transmission are evolutionarily con-
served and are predicted to be important for allosteric signaling.
The same monomers are also found in a majority of the suboptimal
paths. Modifying these residues or nucleotides has a large effect on
the communication pathways in the protein:RNA complex consis-
tent with kinetic data.
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In the modern world of translation, aminoacyl-tRNA syntheta-
ses (aaRSs) help maintain the genetic code by charging tRNA

with its cognate amino acid. The formation of aminoacyl-tRNAs
(aa-tRNAs) proceeds via a 2-step process. In the first step, the
amino acid or its precursor reacts with ATP to form the activated
aminoacyl-adenylate (aa-AMP) within the catalytic site, and in
the second, or charging step, the amino acid is transferred to the
3! end of the cognate tRNA. The aaRSs distinguish a particular
set of tRNA species from a pool of many tRNA molecules in the
cell through interactions with a group of nucleotides called the
identity elements. For most aaRSs, the tRNA identity elements
include the anticodon bases 34–36 and the discriminator base 73
in addition to other locations that are specificity dependent. In
a few cases like leucyl-RS (LeuRS) in archaea, the synthetase has
acquired additional domains that interact with identity elements
on the variable arm of the tRNA instead of interacting with the
anticodon (1).

Upon binding, the tRNA induces conformational changes
throughout the protein:tRNA interface and within the catalytic
site (2). Based on biochemical studies, the charging reaction is
stimulated by interactions between the synthetase and the tRNA
identity elements, which are mostly located far away from the site
of amino acid attachment. Such long distance coupling is at the
very heart of allosteric regulation (3). Experimental and com-
putational studies of many regulatory complexes support the
current view that they possess the intrinsic ability to undergo
conformational transitions, conferred by the 3-dimensional net-
work of interresidue interactions (4–8). The pathways of signal
transduction favored by the network of interresidue contacts and
the role conservation plays in these pathways remain to be

established. This study demonstrates that nucleotides in the
tRNA as well as residues within the aaRS are essential for
information transduction in the protein:RNA complex. Al-
though contact maps based on the static structure of the complex
give an initial approximation to the physical communication
network, the inclusion of dynamical correlations provides a more
accurate picture of the network topology and approximates the
strength of the allosteric signal that can be related to experi-
mental observations.

For a given fold topology, contact maps generate unweighted
networks representing the residue connectivity (9). The contri-
bution of each residue or node to the characteristic path length
(CPL), defined as an average of the shortest path length between
all pairs of nodes in the network, provides an estimate of the
effect of node connectivity on communication pathways in a
protein. Conserved residues that greatly affect the CPL upon
removal have been hypothesized to be important for allosteric
signal transmission (10). Snapshots from a short simulation of a
modeled MetRS:tRNA complex indicated that the shortest path
between protein residues interacting with the anticodon and the
adenylate binding site was sensitive to conformational changes in
the protein (11), but the tRNA and contacts with other identity
elements on the tRNA were neglected in their study of the signal
transmission. Although the shortest path analysis identifies several
nodes, the contribution of these nodes to communication in protein
networks has not been examined, with few exceptions (12).

If there are multiple communication paths nearly equal in
length, then not all residues along these paths need be consid-
ered as important for allostery. Instead, only residues or inter-
actions that occur in the highest number of suboptimal pathways
need to be conserved to guarantee an effective pathway for
allosteric communication in the complex. In this work, we
analyze entire protein:tRNA networks ‘‘weighted’’ by correla-
tion data from long (20 ns) molecular dynamics (MD) simula-
tions of the aaRS:tRNA complex in 2 functional states: before
and after tRNA aminoacylation. The correlation, Cij, in motion
between nodes i and j defines information transfer between the
nodes because motion of monomer (residue or nucleotide) i can
be used to predict the direction of motion of monomer j. For all
states, we determine the shortest path for communication along
with the ensemble of suboptimal paths from all identity elements
on the tRNA to the active site of the synthetase. The time-
averaged connectivity of the nodes is used to identify the
substructure or communities in the network. The optimal com-
munity distribution is calculated by using the Girvan–Newman
algorithm (13), which has no free parameters, in contrast to
other approaches (12, 14). The community description allows us
to compare the topology and modularity of networks for the
protein:tRNA complexes for 2 diverse class I aaRSs. The con-

Author contributions: A.S., J.E., and Z.L.-S. designed research; A.S., J.E., and A.A.B. per-
formed research; A.S. and J.E. contributed new reagents/analytic tools; A.S., J.E., and Z.L.-S.
analyzed data; and A.S., J.E., A.A.B., and Z.L.-S. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1A.S. and J.E. contributed equally to this work.
2To whom correspondence should be addressed. E-mail: zan@uiuc.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0810961106/DCSupplemental.

6620–6625 ! PNAS ! April 21, 2009 ! vol. 106 ! no. 16 www.pnas.org"cgi"doi"10.1073"pnas.0810961106

http://www.pnas.org/cgi/content/full/0810961106/DCSupplemental
http://www.pnas.org/cgi/content/full/0810961106/DCSupplemental

