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Abstract: Network theory applied to protein structures provides insights into numerous problems of

biological relevance. The explosion in structural data available from PDB and simulations establishes

a need to introduce a standalone-efficient program that assembles network concepts=parameters

under one hood in an automated manner. Herein, we discuss the development=application of an

exhaustive, user-friendly, standalone program package named PSN-Ensemble, which can handle

structural ensembles generated through molecular dynamics (MD) simulation=NMR studies or from

multiple X-ray structures. The novelty in network construction lies in the explicit consideration of

side-chain interactions among amino acids. The program evaluates network parameters dealing with

topological organization and long-range allosteric communication. The introduction of a flexible

weighing scheme in terms of residue pairwise cross-correlation=interaction energy in PSN-Ensemble

brings in dynamical=chemical knowledge into the network representation. Also, the results are

mapped on a graphical display of the structure, allowing an easy access of network analysis to a

general biological community. The potential of PSN-Ensemble toward examining structural ensemble

is exemplified using MD trajectories of an ubiquitin-conjugating enzyme (UbcH5b). Furthermore,

insights derived from network parameters evaluated using PSN-Ensemble for single-static structures

of active=inactive states of b2-adrenergic receptor and the ternary tRNA complexes of tyrosyl tRNA

synthetases (from organisms across kingdoms) are discussed. PSN-Ensemble is freely available

from http:==vishgraph.mbu.iisc.ernet.in=PSN-Ensemble=psn_index.html.

Keywords: PSN-Ensemble program; network features; protein structure network; weighted network;

MD=NMR ensemble; UbcH5b; beta2-adrenergic receptor; tRNA synthetases

The three-dimensional structural organization in pro-

teins can be easily translated into a network, retain-

ing all critical interaction information. PSN-

Ensemble serves as a robust, standalone program,

which can easily compute the network features from

a protein structure in an automated and user-

friendly manner. The major goal of PSN-Ensemble is

to bridge the gap between obtaining important biolog-

ical information from structural=experimental data
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and complex network-based calculations thereby pro-

viding a uniform platform for information exchange

across a wide biological community.

Introduction

Network theory has been widely exploited in various

fields to identify the emergent features of global con-

nectivity.1 Be it the interactions among different

individuals in the social network, the interactions

between transactions in the context of economics,

transportation in cartography, the interactions

among reactions and metabolites in systems biology,

or in the mapping of structural topology in the case

of macromolecules, network theory has provided

important insights into the local topology of interac-

tions from a global perspective.1,2 The expediency of

using network theory to study macromolecular

structure lies in the fact that it reduces the complex

three-dimensional macromolecular organizations to

a mathematical representation retaining all the con-

nectivity information in the structure.3 Conse-

quently, such a representation is amenable to

analysis using an arsenal of network based mathe-

matical formulations and concepts.1

The choice of interacting units (nodes) for trans-

lating a macromolecular structure into a network

has been widely experimented in the literature and

is largely influenced by the specific questions being

addressed.3 One can construct coarse grain protein

structure networks by considering the interactions

among the C-alpha=C-beta atoms in the amino acid

residues, as in a protein backbone network (PBN).4,5

A more detailed network considering the interac-

tions at all atom level on the other hand yields a

protein sidechain structure network (PScN).6,7 The

interactions in PScN representation can be quanti-

fied by considering the residue connections ranging

from atom–atom contact to highly packed interac-

tions like aromatic stacking.6 Herein, this represen-

tation enables the construction of networks based on

weak and strong noncovalent interactions at the

sidechain level and this unique approach has been

proven to provide valuable biological insights.8–12

Although the network theory is powerful in pro-

viding a local view of molecular interactions in a

global milieu, a need to understand proteins as mac-

romolecules that undergo constant fluctuations in

their conformations has propelled the network anal-

ysis of structure ensembles.8–10 Molecular dynamics

(MD) simulations capture the dynamics of interac-

tions and the conformational space associated with a

given state of macromolecules. Implementation of

network theory on conformational ensembles

(derived from MD simulations, NMR studies, or mul-

tiple X-ray structures) provides the equilibrium (or

the average) global properties. Such an approach

has found vast applications in the study and analy-

sis of macromolecular structures to obtain valuable

insights into several phenomena of biological rele-

vance.8–13 A combination of MD simulation techni-

ques and PScN=PBN to analyze protein structures

has led to interesting results in several previous

studies, such as ligand induced modulation of rigidi-

ty=flexibility=function,8 transition between confor-

mational substates,14 homology modeling and

structural refinement,15 understanding of topological

features of proteins,7 their folds and functions,11,16

protein structure comparison,17 identification of

active site=aromatic clusters, identifying “hotspots”

in the structure,11,18 and many more. They have

also been conveniently used in understanding allo-

steric communication pathways or “junction points”

responsible for long-range signal transmission in

proteins.9,10 Additionally, such network concepts can

find newer applications in predicting unprecedented

allosteric sites in proteins and binding effect of

drugs to such allosteric sites.19–21 Thus, taking a

comprehensive view, a judicious usage of network

theory in combination with the dynamical informa-

tion from a structural ensemble provides a general-

ized tool to address problems with widespread

biological implications. The main aim of this study

is to present a robust package for such

investigations.

Numerous methods=tools have been developed

over the past years by various groups to construct

and investigate proteins networks. NetworkAnalyzer

and RINalyzer plugins in Cytoscape provide meth-

ods for exploring networks derived from protein

structures.22,23 NetworkAnalyzer and RINalyzer per-

form topological analysis of biological network by

calculating various network parameters for single

structures, which can be visualized using Cytoscape.

NetworkView has been reported for the three-

dimensional visualization=characterization of net-

works of protein-RNA complexes24 and Xpyder25 has

also been recently proposed as a tool for analysis of

dynamic cross-correlation matrices in the context of

long-range communication. A webserver GraProStr

has been previously developed in our laboratory to

calculate various network parameters, like hubs,

clusters, cliques=communities for single X-ray

structures.26

Although a few programs, as mentioned above,

are available for network analysis of protein struc-

tures, it is timely to make a consolidated and auto-

mated program, including the concept of protein

dynamics, easily accessible to the biological commu-

nity. In this article, we describe the usage and appli-

cation of a freely available standalone program

PSN-Ensemble, which bridges structural dynamics

and network analysis, at the detailed level of side-

chain interactions, in a highly automated and robust

manner. This standalone program operates by pro-

viding the coordinates of structure ensembles (from

MD simulations, NMR studies, or multiple X-ray
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structures) as input and yields important network

parameters such as hubs, clusters, cliques=commun-

ities, paths of allosteric communication between two

residues, and important nodes for long-range com-

munication (henceforth denoted as “junction resi-

dues”) between domains as outputs. The details of

the various steps involved in obtaining these param-

eters are summarized in the workflow shown in

Figure 1. This program is also applicable for com-

puting the above mentioned parameters in case of a

single X-ray structure, thus representing an effec-

tive standalone version of the GraProStr web-

server.26 The overall organization of the program

ensures user discretion at every stage in the form of

well-defined options and offers an easy, automated

visualization of these network parameters on the

three-dimensional structure of the protein using

Pymol. PSN-Ensemble highlights the following key

features.

1. Evaluates the network parameters of Protein

structure networks at a desired level of noncova-

lent, sidechain interaction.

2. Ensemble network features are derived by taking

into account a set of structures from MD simula-

tions, NMR models or multiple X-ray structures.

3. Variety of weighing schemes, including dynamic

stability (frequency of occurrence in the ensem-

ble), dynamic cross-correlation, and energy of

interaction, are built into PSN-Ensemble.

4. Special attention is paid to characterize long-

range communication related parameters.

Figure 1. A flowchart representing the workflow in PSN-Ensemble. The package is compatible with crystal structure (single or

multiple structures), MD simulation, and NMR ensemble structures. Various network parameters for characterizing the topologi-

cal organization in proteins [hubs, clusters, cliques, communities (k-1=k-2)] can be obtained at a given Imin (see Methods sec-

tion) from PScN. The network parameters to characterize long-range communication in terms of paths and cost of

communication [OPs and SOPs] can be calculated based on PScN or PBN. A schematic description of each of the network

parameters is also included in the flowchart for easy comprehension. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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5. Works effectively with protein multimers and

maps back results from network analysis onto the

starting structure, retaining the chain information.

Furthermore, we have benchmarked the pro-

gram using long MD trajectories (150 ns) for

UbcH5b, an ubiquitin conjugating enzyme (E2) in its

apo form. Statistical coupling analysis (SCA) and

experimental studies have previously reported an

allosteric communication between the ubiquitin

binding site and the ubiquitin ligase (E3) binding

domains on UbcH5b.27 It has also been shown that

the subtle long-range conformational changes on

UbcH5b due to E3 binding enhance its ability to

transfer ubiquitin to its substrates.27 Using UbcH5b

as a model system, here we describe different net-

work parameters and the context in which they can

be used to understand structure-function relation-

ship. Specifically, special attention is paid to the

communication paths=important “junction residues”

that are responsible for long-range signal transfer in

UbcH5b.

Additionally, the crystal structures of the beta2-

adrenergic receptor (b2-AR) in its active28 and inac-

tive29 states are used to exemplify the usage of the

program and the valuable information that can be

derived, even from a single crystal structure, in

terms of various network parameters. The b2-AR is

a classical model system to study the GPCR signal-

ing mechanism. Pioneering work by Kobilka and

coworkers28,29 provided immense insights into this

signaling mechanism through the elucidation of the

crystal structures of b2-AR locked in its active

(PDB_id: 3SN6) and inactive (PDB_id: 2RH1) states.

We have used the network parameters to address

the subtle structural differences in terms of topologi-

cal organization in the active=inactive state of b2-

AR as well as probed long-range communication

between important residues in this receptor.

A third example is provided to elaborate the

application of this program to study proteins which

interact with nucleic acids. In this context, the sin-

gle crystal structure of the ternary complex of tyro-

syl tRNA synthetases from three organisms across

different kingdoms, namely Thermus thermophilus

(bacteria; Pdb_id: 1H3E), Methanococcus janaschii

(archea; Pdb_id: 1J1U), and Saccharomyces cerevi-

siae (yeast; Pdb_id: 2DLC) have been analyzed.30–32

The similarities and differences across the organ-

isms are addressed in terms of long-range communi-

cation paths between the aminoacylation site and

the anticodon binding site (both at inter and intra

subunit level).

In short, PSN-Ensemble offers a rigorous and

exhaustive method for obtaining valuable informa-

tion such as communication paths, regions of rigidity

and flexibility, ligand induced conformational varia-

tions in terms of the network parameters computed

(see individual definitions of the parameters in

Methods section). This standalone program is easy

to install without the requirement of multiple other

packages, with the exception of Matlab (Mat-

labBGL), CFinder,33 and Pymol (The PyMOL Molec-

ular Graphics System, Version 1.5.0.4 Schr€odinger,

LLC). The residues that constitute the results for

the network parameters are automatically mapped

back onto the original PDB structure, retaining the

chain information, if any. The mapping back also

allows efficient comparison with available experi-

mental=theoretical data. The features mentioned in

the earlier paragraphs make PSN-Ensemble a

unique and robust package to evaluate several net-

work properties including those related to long dis-

tance communication under one common hood.

Results and Discussions

PSN-Ensemble can be used to investigate proteins

(monomers as well as multimers) to characterize

them in terms of various network parameters in a

highly automated manner. The details of the features

of this package are explained in the Methods section.

The potential application of PSN-Ensemble to

address biologically relevant problems is exemplified

here using a long MD simulation trajectory and NMR

models for UbcH5b (in apo form), an ubiquitin conju-

gating enzyme. An Imin of 2% is chosen for this analy-

sis. For UbcH5b, the network analysis is followed by

an extensive comparison with experimentally and

theoretically available data, which reveals significant

agreement. This further substantiates the application

of such network concepts in identifying biologically

relevant residues, both in terms of topological organi-

zation and allosteric communication. Additionally,

the usage of the program for a single crystal structure

is exemplified using the active and inactive states of

b2-AR and the ternary complex of tyrosyl tRNA syn-

thetases from three different organisms, emphasizing

the utility of the package to a broader audience of bio-

logical community.

Application of PSN-Ensemble to problems in

structural biology

MD simulation ensemble of UbcH5b

Proteins undergo ubiquitination, a post translational

modification that results in proteosomal degradation

of proteins. Ubiquitin activating enzymes (E1), conju-

gating enzymes (E2), and ligases (E3) are involved in

catalyzing this process.34 Ubiquitin forms a thioester

linkage with the active site Cys of E1 and is then

transferred to E2 as a thioester. Subsequently E3

facilitates the transfer of ubiquitin to the substrate

protein resulting in ubiquitination. It has been

reported that a long-range signal transfer between

the E3 and ubiquitin binding sites regulates the

transfer of ubiquitin from E2 to substrates.
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In this article, we have chosen UbcH5b, an

ubiquitin conjugating enzyme from the yeast Ubc4

family as a model system. SCA and experimental

techniques have been used in the past to probe

UbcH5b by €Ozkan et al.27 SCA has been used to

identify clusters of co-evolving residues mediating

allosteric crosstalk between E3 binding domain and

active site of UbcH5b (residuewise summary of the

identified important residues in Supporting Informa-

tion Fig. S3). The role of some of these residues in

signal transfer has been also verified through muta-

genesis and activity experiments. Herein, we have

performed long MD simulations (150 ns) on the apo

form of UbcH5b and the equilibrated part of the tra-

jectories (100–150 ns) are used to demonstrate the

usage of the PSN-Ensemble package and elaborate

on the different biological questions that can be

addressed. This is followed by an extensive compari-

son of our results with available experimental data

on UbcH5b.27

Network analysis of UbcH5b MD ensemble

using PSN-Ensemble

Topological organization. UbcH5b is analyzed

using PSN-Ensemble to examine the topological fea-

tures of its three dimensional organization in terms

of various network parameters like hubs, clusters,

cliques, and communities (k-1=k-2). Hubs capture

highly connected residues or “hot spots” in the pro-

tein, whereas cliques and communities are excellent

metrics to investigate higher order connectivity (i.e.,

regions of rigidity=flexibility in the structure) and

percolation of such connectivity through the protein.

These parameters can be used to comment on the

subtle changes in the conformational organization in

a protein on external perturbations, such as ligand

binding or even mutations and change in environ-

mental conditions. On the other hand, clusters, espe-

cially at the interface of a multimeric protein can

illuminate on the features related to protein-protein

association and has been shown to be of relevance in

previous studies.

Many residues in UbcH5b that are predicted to

be important by €Ozkan et al. from SCA and mutagen-

esis studies (F69, H75, F50, L109, W93, W33, and

F56) are seen to overlap with those identified from

hubs, clusters, cliques, and communities (Fig. 2, Sup-

porting Information Table S1). Additionally, experi-

mentally suggested important residues such as I37,

T142, R5, and P25 are also identified by some combi-

nation of these four network parameters. PSN-

Ensemble identifies a total of 20 hub residues, 90 resi-

dues in the largest cluster, 15 cliques, three k-1, and

five k-2 communities. About 50% of these residues

identified by the various network parameters coincide

with important residues identified from previous stud-

ies on UbcH5b27 (Supporting Information Table S1).

Allosteric communication perspective. The allo-

steric communication perspective can be examined

using the concept of optimal paths (OPs) and subop-

timal paths (SOPs) of communication within a net-

work. Whereas identification of linear pathways

(both OPs and SOPs) between a single source to

sink residue (source and sink are distant residues

within which signal transfer takes place) enables

recognition of key players in transmission of infor-

mation, the ‘junction residues’ efficiently capture the

critical points/nodes in the complex network of long

range communication.

UbcH5b has been shown to exhibit allosteric

crosstalk between the E3 binding site and the active

site. PSN-Ensemble is used to investigate the key

players involved in distal signal transfer between

these two sites. For the present calculation of paths

of communication, we choose residue S94 from the

E3 binding site and the active site residue C85 as

the two termini between which the signal transfer is

investigated. Both OPs and SOPs are evaluated (res-

idues W93, L109, L89, N77 occur in the majority of

the OPs while F69, L52, L103 occur in majority of

the SOPs). However, it has been proposed that the

communication between the E3 binding and active

site is mediated by a complex network of residues

rather than a linear pathway. To explore the critical

residues comprising this network, the “junction resi-

dues” responsible for interdomain signal transfer are

further identified using PSN-Ensemble. The E3

binding domain and the catalytic=active site resi-

dues are considered as source and sink, respectively,

for information flow. The residues that flux maxi-

mum number of the OPs as well as SOPs in going

from one source to sink are thought to be crucial

players in the allosteric communication network (a

pictorial summary is presented in Fig. 2). A good

agreement between the residues predicted to be

involved in allosteric communication and those

obtained from previous studies27 assert the robust-

ness of our approach (Supporting Information Table

S3 and S4). The cost of communication between the

E3 binding site and active site is also computed

which gives a quantitative picture of the information

transfer (Fig. 3).

Additionally, we evaluated all the above men-

tioned parameters for the NMR model of UbcH5b,

the results of which are pictorially depicted in Sup-

porting Information Figure S4 and a residuewise

comparison of the results from MD and NMR ensem-

ble is also presented in Supporting Information

Table S2.

Active=inactive states of beta2-adrenergic

receptor (b2-AR)

PSN-Ensemble can provide a wealth of information

for an ensemble of structures from a topological
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perspective including dynamical information. How-

ever, at a simpler level, PSN-Ensemble serves as a

powerful tool even for a single crystal structure and

is capable of providing answers to biologically impor-

tant questions. In an effort to demonstrate this, we

choose the crystal structures of a G-protein coupled

receptor (b2-AR). GPCRs are comprised of three

major structural components: the extracellular (EC),

the transmembrane (TM), and the intracellular (IC)

regions. The TM helix bundle binds ligands and the

induced conformational change transmits this signal

to the IC, which in turn interacts with cytosolic sig-

naling partners.35 This common structural framework

is widely exploited by a large number of G-protein

coupled receptors and b2-AR is a popular model sys-

tem for studying GPCR mediated transmembrane

signaling.28

The availability of crystal structures for b2-AR

in its inactive (bound to an inverse agonist, carazo-

lol) as well as active (bound to Gs protein, a hetero-

trimer comprised of Ga and Gbg subunits and

agonist) forms28,29 permit a comparative analysis

from the network perspective. Herein, we analyze

the active and inactive states of b2-AR in light of

the differences in their topological organization and

the structural variation that dictates the functional

outcome. A special emphasis on the interface

between b2-AR and Gs protein (only the Ga subunit

contact the b2-AR directly28) and long-range commu-

nication between ligand binding pocket and Gs pro-

tein coupling interface reveals intriguing structural

features. The major questions asked in the context

of b2-AR are briefly described in the following sub-

sections and a network perspective is provided for

each of them.

Conformational variations: active and inactive

states of b2-AR. The active and inactive state

crystal structures of b2-AR are analyzed using the

PSN-Ensemble package. As detailed in the Methods

section, the hubs, cliques, and communities high-

light the conformational variations in the b2

Figure 2. Pictorial representation of the various network parameters [hubs, clusters, cliques, communities (k-1=k-2), OPs and

SOPs, junction nodes] for an MD ensemble of UbcH5b (PDB_id: 2ESK) using PSN-Ensemble at an Imin of 2%. The protein is

represented as a cartoon and the residues identified from various network parameters are shown as van der Waals spheres.

The top three communities (blue, red, and green) and the OP (red) and top six SOPs (blue) are plotted. The important residues

identified from the previous studies are color coded as explained in the figure. Paths of communication (OPs=SOPs) are

obtained by choosing Ser94 (E3 binding site) and Cys85 (active site) as the source and sink, respectively. “Junction nodes” are

obtained between the source domain comprising of residues Ser94, Pro95, Phe62, Tyr60, Arg5, Lys8 and sink domain compris-

ing of Cys85 (active site) and Asn77 (catalytic site).
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adrenergic receptor on binding of the Gs protein

[Figs. 4 and 5(a)]. The results from these network

parameters show a major overlap with the key resi-

dues and motifs identified from previous studies

(Supporting Information Table S5). A drastic rewir-

ing of interactions and alteration of rigidity=flexibil-

ity is clearly evident from the cliques that involve

these important residues [Fig. 5(a)] and community

structures [Fig. 4(b,c)], in terms of their location in

the active and inactive states. An alteration of rigid-

ity in the region proximal to F139 (F139 is a major

determinant of Gs protein recognition) is induced in

the active state, which may bear relevance toward

recognition [Figs. 4(b,c) and 5(a)]. An enhancement

in the overall number of hubs, cliques, and percolat-

ing communities is also clear in the active form,

indicating an overall tight packing through side-

chain interactions [Figs. 4 and 5(a), Supporting

Information Table S5].

Gs protein coupling interface of b2-AR: Inter-

face clusters. The network parameters like cli-

ques and clusters formed at the interface are

excellent metrics to capture the coupling specificity

for multimeric organization of different protein sub-

units. Previous studies in our laboratory have exem-

plified the application of interface clusters toward

the identification and classification of various multi-

meric organizations in lectins.36 It has been sug-

gested in the literature that the basis for coupling

specificity between Gs protein and b2-AR involves

subtle structural features. The residues that partici-

pate in the interface clusters and cliques for b2-AR

(in the active state) reveal interactions among many

of the crucial residues predicted from earlier studies

(residuewise summary in Fig. 5, Supporting Infor-

mation Table S5). The interface regions of higher

order connectivity, as revealed through interface cli-

ques, capture many important receptor G-protein

interactions, for example, those involving the D130

and R132 of the conserved DRY sequence in b2-AR,

critical Y141 which stabilizes F139 through interac-

tion with D130, and interactions of F139 with the

hydrophobic pocket in Gas [Fig. 5(a)].28 Additionally,

the recognition interface in the active state of b2-AR

can also be probed using interface clusters. The

interface clusters clearly exhibit the interactions

that constitute the interface in the receptor-Gs pro-

tein complex, again many of which are in good

agreement with the previous experimental data28

[Fig. 5(b)].

Allosteric signaling: active and inactive states

of b2-AR. A residue in the ligand binding pocket

(D113) and a critical residue (F139) at the Gs pro-

tein coupling interface of b2-AR are chosen for prob-

ing the paths of allosteric communication across the

membrane in both active and inactive states of the

receptor. Strikingly, although OP=SOPs are identi-

fied between the chosen termini for the active state,

such paths till F139 are absent in the inactive form

(Fig. 6). When probed further for interdomain com-

munication to identify “junction residues” (Support-

ing Information Fig. S5), the inactive state offered

no such residues between the ligand binding pocket

and F139. This implies a blocked communication in

the inactive state, which may be re-established on

ligand-induced conformational perturbation. We fur-

ther investigated the structural variations leading to

the absence of communication paths in 2RH1

Figure 3. Plots for (a) cost of communication between single source (Ser94)—single sink (Cys85) residues. The SOP cost is

averaged over all the SOPs for a given snapshot. (b) Average cost of communication between source domain (Ser94, Pro95,

Phe62, Tyr60, Arg5 [E3 binding domain] and sink domain (Cys85 [active site] and Asn77 [catalytic site]). A distinct pattern is evi-

dent in the profile for the cost of communication between residues suggesting probable conformational changes at regular

intervals. Such a pattern is not evident from the RMSD profile which is relatively flat (data not shown). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(inactive b2-AR). The paths indeed get blocked (after

D130) in the inactive state due the drastically differ-

ent orientation of F139 and Y141, when compared

with their conformation in the active state. It has

been proposed earlier that on Gs protein coupling,28

the intracellular loop2 (ICL2) that accommodates

the critical F139 is stabilized through an interaction

between Y141 and D130, which we believe re-

establishes the paths for signal transfer (Fig. 6).

A close and thorough inspection of the results

from various network parameters, addressing the

topological and long-range communication differences

in the active and inactive conformations of b2-AR

(residuewise summary in Supporting Information

Table S5) reveal the strength of PSN-Ensemble. The

key residues predicted from network analysis exhibits

a high concordance with those highlighted in comple-

mentary biochemical and biophysical studies. Of par-

ticular interest are the results from interface cluster

analysis which impart insight into the crucial resi-

dues that constitute the receptor-G-protein coupling

interface. Additionally, it is intriguing to observe the

G-protein induced restoration of long-range signaling

between ligand binding pocket and G-protein cou-

pling interface in the active state of b2-AR. This

highlights the importance of subtle structural

changes leading to re-orchestration of interactions

(i.e., residue contacts) which may act as a switch to

reinstate flow of information across distant sites in

going from an inactive to an active state. This also

manifests that a small change at the residue level is

capable of controlling the global communication and

such functional insights are often elusive from con-

ventional techniques of structure comparison.

Ternary complexes of tyrosyl tRNA synthetase

from bacteria, archea, and yeast

To illustrate the usage of PSN-Ensemble to analyze

proteins in complex with nucleic acids, we have

focussed on single crystal structures of tyrosyl tRNA

synthetase (TyrRS) obtained from three organisms

across different kingdoms. Aminoacyl tRNA synthe-

tases (aaRS) play a crucial role in maintaining the

fidelity of protein biosynthesis by ensuring correct

translation of the genetic code.37 TyrRS is a member

of Class Ic aaRSs and acts as a functional dimer.

TyrRS is composed of a N-terminal Rossman fold cat-

alytic domain, two consensus motifs HIGH and

KMSKS, central a helical domain, and a C-terminal

anticodon binding domain.38 Archeal and eukaryotic

TyrRS share greater sequence similarity, when com-

pared with bacterial systems and are not orthogonal

to their bacterial counterparts. Ternary complexes of

TyrRS [Tyrosine1tRNATyr
1TyrRS] from Thermus

thermophilus (bacteria; Pdb_id: 1H3E), Methanococ-

cus janaschii (archea; Pdb_id: 1J1U), and Saccharo-

myces cerevisiae (yeast; PDB_id: 2DLC)30–32 are

probed using PSN-Ensemble to evaluate intra and

inter subunit communication in these complexes.

Intra and long range communication between

the active site and the anticodon binding

domain in TyrRS. The ternary complex of TyrRS

from Thermus thermophilus (System 1), Methanococ-

cus janaschii (System 2), and Saccharomyces cerevi-

siae (System 3) consists of TyrRS 1 tRNATyr

1ATP1Tyrosinol, TyrRS 1 tRNATyr 1Tyrosine, and

TyrRS 1 tRNATyr 1YMP, respectively. (Sequence

and structural similarity details between the three

Figure 4. Pictorial depiction of (a) hubs, (b) communities [k-

1], and (c) communities [k-2] for the inactive and active forms

of b2-AR. The protein backbone is depicted in green cartoon

representation. Only the b2-AR is depicted for ease of com-

parison. The hub residues are depicted as van der Waals

spheres and the communities (top three) are depicted using

blue, red, and yellow lines, respectively. A residuewise com-

parison of these results with key residues predicted in earlier

studies are summarized in Supporting Information Table S5.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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systems obtained using ClustalW39 and TM-Align40

are given in Supporting Information Table 7). They

are homodimers and the two subunits are related

by crystallographic two-fold symmetry axis. Two

tRNA molecules bind to the dimer such that the

acceptor stem is bound to one subunit while the

anti-codon loop of the same tRNA is bound to the

other subunit. Herein, we probe the long-range

communication within and across the subunits by

considering the aminoacylation site=active site as

the source and the anti-codon recognition region as

the sink. Many source and sink residues in Metha-

nococcus janaschii and Saccharomyces cerevisiae

are conserved, while only a few residues in the

source domain of Thermus thermophilus are con-

served.30–32 The details of source and sink residues

in the three systems are given in Supporting Infor-

mation Table 6. The intra and inter-subunit paths

of communication between the active site and anti-

codon recognition domain of the two subunits are

probed in all three systems.

The residues of TyrRS from Thermus thermophi-

lus, interacting with activated tyrosine [Y41, D182,

Q179, Q197, G194, Y175, L224] and those interact-

ing with the anti-codon bases of tRNA [D423, Y342,

D259, R256, P285] are considered as source and

Figure 5. Pictorial depiction of (a) core and interface cliques constituted by key residues (Supporting Information Table S5) for

the inactive and active forms and (b) clusters at the interface between the receptor and Gas for the active form of b2-AR. The

b2-AR and Gas backbones are depicted in green and blue=cyan cartoon representation, respectively. The interface cluster resi-

dues are depicted as van der Waals spheres and the cliques are depicted using dark green (core) and dark pink (interface)

lines, respectively. The Gs protein coupling interface is beautifully captured by these interface network parameters. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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sink domain, respectively. Probing intra and inter

subunit paths of communication in the ternary com-

plex reveals the existence of paths of communication

only within the same subunit and not across subu-

nits. The absence of any long-range inter subunit

communication implies that both tRNAs are

required at the same time for charging the tRNAs

with tyrosine. This may also suggests that the recog-

nition of the anticodon stem of tRNA1 by subunit A

of TyrRS may facilitate the charging of the tRNA2

bound to subunit B and vice versa. The paths of

communication within the two subunits are almost

identical and the shortest path is from Leu 244 to

Asp 259, which consists of only six residues [Fig.

7(a)]. The paths between different residues of the

two domains have a considerable overlap and pass

through the source residue Leu 224 and residue Leu

262 near the sink region.

A similar analysis on TyrRS from Methanococcus

janaschii reveals the existence of long-range commu-

nication both within and across subunits. The resi-

dues [Y32, D158, Q155, Q173, Y151, H177, H70]

and [F261, H283, D286, C231] are considered from

of source and sink domains, respectively. The short-

est path within the subunit is from His 177 to Ile

231 and consists of 11 residues while that across

subunits is from His70 in one subunit and Cys 231

in the other subunit and is 22 residues long [Fig.

7(b)]. Strikingly, all intra subunit paths pass

through source residue His 177 and residue Ile 244,

and all paths across subunits also pass through the

same two residues in the subunit housing the sink

domain.

TyrRS from Saccharomyces cerevisiae also exhibit

patterns of communication similar to System 2. The

residues [Y43, D177, Q174, Q192, Y170, D191,

G189, Y56, Y101, V219] and [F296, P320, D321,

C255, F254, P319, D259, D423, P257] are considered

for communication between the source and the sink

domains, respectively. Paths exist both within and

across subunits [Fig. 7(c)]. For intra subunit commu-

nication, the shortest path is 16 residues long. There

are two such shortest paths, one between Tyr 101

and Cys 255. Across subunits, the shortest path is

39 residues long. And, two such paths exist: one

between 177 in one subunit and 255 in other subu-

nit and other between 170 in one subunit and 255 in

other subunit. Again, all intra subunit paths pass

through residue Pro 52 and sink residue Cys 255

and all inter subunit paths pass through residues

Pro 52 and Cys 255 in the subunit containing the

sink domains. It is remarkable that TyrRS from

Figure 6. Pictorial depiction of the paths of communication (OP=SOPs) from D133 in the ligand binding pocket to F139 at the

Gs protein coupling interface for the (a) inactive and (b) active states of b2-AR. The path is blocked due to lack of appropriate

interactions in the inactive state. Binding of Gs protein and agonist in the active state appears to re-establish this path of com-

munication=signaling. The b2-AR and Gas backbones are depicted in green and blue cartoon representation, respectively. The

OP is shown in red and the SOPs are shown in blue lines. The source and the sink residues are highlighted as yellow van der

Waals’ spheres. The key F139 and Y141 residues and the ligand (inverse agonist=agonist) are shown in blue and violet stick

representation, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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both archeal (Pdb_id: 1J1U) and yeast (Pdb_id:

2DLC) systems exhibit similar patterns of communi-

cation between and across the two subunits. The

inter subunit paths from the active site of subunit A

pass through the active site of subunit B to reach its

anticodon binding region. The inter subunit commu-

nication paths are symmetric since the starting

structure is symmetric. Due to their ability to

exhibit both intra and inter subunit communication,

both archeal and yeast TyrRS would exhibit higher

flexibility in charging their corresponding tRNAs in

comparison to their bacterial counterpart. As a

result, tRNA1 bound to subunit A can charge itself

and also the tRNA 2 bound to subunit B and vice

versa. Although significant results are obtained here

based on the analysis on single static-crystal struc-

tures, it should be noted that an ensemble of simula-

tion snapshots can provide more insights. For

example, ensemble from the simulation of human

TrpRS (an aaRS belonging to the same class as

TyrRS) showed41 asymmetric behavior of the two

subunits and also that the frequency of inter-

subunit communication was extremely low, suggest-

ing the possibility of intra-subunit communication.

Analysis of interface clusters: structural sup-

port for the absence of inter subunit communi-

cation in TyrRS from Thermus

thermophilus. We further explored the three sys-

tems using PSN-Ensemble to establish a rationale

for the existence of long-range inter-subunit commu-

nication only in archeal and yeast TyrRS and not in

bacterial TyrRS. As intra subunit communication

pathways exists in all three systems, the possible

break in the inter subunit pathway in bacterial

TyrRS should occur in the region connecting the two

Figure 7. Pictorial depiction of paths of communication between source and sink residues of TyrRS from (a) Thermus thermo-

philus (bacteria), (b) Methanococcus janachsii (archea), and (c) Saccharomyces cerevisiae (yeast). TyrRS backbone is shown in

cartoon representation in green (subunit A) and cyan (subunit B) and tRNA molecules are depicted as cartoons in wheat color.

Tyrosine and ATP molecules are shown in stick representation in pink and steel green, respectively. The source=sink residues

and the residues common to all paths are depicted as van der Waals spheres in orange=yellow and blue, respectively. Intra

subunit, inter subunit and those common to both intra and inter subunit pathways are depicted as lines in blue, red, and green,

respectively. As evident, inter subunit communication exists in archeal and yeast TyrRS, while it is absent in its bacterial coun-

terpart. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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subunits, that is, at the interface. On comparing the

largest interface clusters in the three systems at

Imin 4 and 6% (see Fig. 8), it is evident that the

interface connectivity is greater in the archeal=yeast

system when compared with bacterial TyrRS. At an

Imin of 4%, the archeal=yeast TyrRS exhibit a single

highly connected cluster spanning both subunits. On

the other hand, the bacterial system forms two dis-

tinct clusters, with each cluster sparsely connecting

the two subunits. Greater connectivity between the

two subunits spanning across the interface in

archeal and yeast TyrRS facilitates better communi-

cation between their active sites in contrast to a

point connection at the interface in bacterial TyrRS.

On increasing the Imin to 7%, the sole connection

between the two clusters completely vanishes in bac-

terial TyrRS, while no such breakage happens in the

archael=yeast counterparts.

The paths of communication obtained at Imin 5

3% between active sites of the two subunits are

shown on the interface clusters obtained at 4% and

6%. Most of the residues important for communica-

tion in the interface clusters at 4% are retained at

6% in both archeal and yeast system. The paths in

archeal TyrRS [Fig. 8(b)] span throughout the

interface explaining the strong interac-

tion=communication between the two subunits. It is

remarkable to note that in the archeal system, all

the residues (except for I153, shown as green van

der Waal sphere) involved in communication across

subunits feature in the interface cluster at 4%. At

6%, the number of residues important for communi-

cation not featuring in the interface cluster increases

to 7 (shown in green=cyan). Most of the paths from

the active site in subunit A to the active site in subu-

nit B pass through one or more of these green=cyan

colored residues which do not feature in the interface

clusters, hence, these paths (which exist at 3%) do

not exist at 6%. Only four paths from subunit A

manage to pass through the interface to subunit B

thorough the residues A-154 C-119 A-150 C-150 A-

119 C-154 (labeled in the figure) which come up in

the interface clusters even at 6%. Although the paths

in the yeast TyrRS [Fig. 8(c)] do not span throughout

the interface as in the archeal system, they do exist

across subunits with relatively fewer residues in the

interface at 4% being involved in communication.

The key residues Thr 134 (labeled in the figure) from

both subunits through which all the paths from sub-

unit A pass to reach subunit B are absent from the

interface clusters at 6%. This being the case, there

would be no paths from subunit A to subunit B at

this Imin. Nevertheless, it is clearly evident that the

connectivity between different subunits through the

interface clusters is greater in archeal=yeast TyrRS

than bacterial TyrRS.

The strength of PSN-Ensemble to effectively

compare various network parameters of proteins

performing the same function across species is illus-

trated using the above example. The absence of

long-range inter-subunit communication pathways

in TyrRS from Thermus thermophils is analyzed effi-

ciently using the package. The results presented

here for TyrRS and from GPCR structures are

obtained effortlessly within a few seconds and with

practically no computational cost. Thus, it serves as

an extremely useful module to quickly compare allo-

steric communication from a large number of struc-

tures from diverse proteins. Furthermore, the

analysis of ensemble structures generated from MD

simulations on proteins selected from the set, can be

performed (as demonstrated in the case of UbcH5b

system) to obtain detailed information.

Methods

Description of the PSN-Ensemble package

A comprehensive blueprint of PSN-Ensemble is pro-

vided in Figure 1. PSN-Ensemble is a freely distrib-

uted, standalone package. The input to the program

comprises of MD snapshots=NMR models=single crys-

tal structure or multiple crystal structures of the

same protein (in PDB format). The program com-

putes various network parameters that are dynami-

cally stable (i.e., occurs in greater than a user-defined

fraction of the structure ensemble) and stores them

in relevant folders (see PSN-Ensemble documentation

for details). A set of well-defined user options are

available at each step of the program execution. The

user has to choose the strength of noncovalent inter-

action (denoted by the parameter Imin as described in

a later section) to define the edge in the construction

of PScN. The various network parameters that can

be evaluated using PSN-Ensemble are hubs, clusters,

cliques, communities, paths of communication

between a given pair of important residues (user

defined) and “junction residues” that flux communica-

tions between domains=modules (user defined). The

network parameters related to long-range communi-

cation can be evaluated using various weighing

schemes, like dynamic stability, dynamic cross-

correlation and interaction energies (the cross-

correlation=interaction energy matrices has to be sub-

mitted by the user).10,13 The main objective of the

program is to evaluate the network properties of pro-

tein structures at the detailed side-chain interaction

level from an ensemble perspective. It is to be noted

that many previous studies which focus on allosteric

communication have concentrated on the PBNs.42–44

Hence, for the communication related modules in

PSN-Ensemble, the option for using PBN is addition-

ally made available to the users for ease of compari-

son, along with PScN.

To summarize, the user can interactively choose

a suitable combination of input options from the

package (Fig. 1) based on the questions being
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addressed. Furthermore, the output network param-

eters thus generated are automatically mapped back

by the package to the original=starting PDB struc-

ture. For multimeric proteins, the chain details are

preserved in the final output. These features facili-

tate an easy interpretation and comparison of the

results with existing data in the literature. An addi-

tional feature of the program is the storage of pre-

computed adjacency matrices for PScN in

appropriate folders for a given dataset at a given

Imin value. This can always be reused to obtain the

desired network parameters for a given dataset bar-

ring the requirement of re-evaluating the adjacency

matrix representation for PScN, which is a computa-

tionally expensive step. All these features make

PSN-Ensemble user-friendly and effective.

Input=output formats in PSN-Ensemble

The user has to feed in the structural ensemble in

PDB format (from MD snapshots, NMR models, mul-

tiple crystal structures of the same protein). Water

and other ions must be stripped off from the MD

snapshots before input to PSN-Ensemble. The user

has to also key in the desired Imin, cutoff percentage

for dynamic stability and the full path to the folder

containg the structure files. For an MD ensemble,

the user has an option of either using the number-

ing scheme in the MD snapshots (here the residues

are renumbered continuously, which leads to a

change in the residue number and the chain infor-

mation is lost in some packages, particularly in the

context of multimers) or the original=starting struc-

ture for MD (X-ray or modeled structures; the user

has to provide the full path for the folder containing

this structure.) for representing the results from

network analysis. A set of options (1–7) are provided

to the user to appropriately choose the network

parameter of their interest. Options 1–5 deal with

parameters like hubs, clusters, cliques, and k-1=k-2

communities, respectively, which are broadly

Figure 8. Pictorial representation of interface clusters in TyrRS from (a) Thermus thermophilus (bacteria), (b) Methanococcus

janachsii (archea), and (c) Saccharomyces cerevisiae (yeast) at Imin of 4% and 6%. TyrRS backbone is shown in cartoon repre-

sentation in green (subunit A) and cyan (subunit B). Tyrosine and ATP molecules are shown in stick representation in pink and

blue, respectively. The interface cluster residues are depicted as van der Waals spheres in blue and red. Source residues and

residues not part of the interface cluster (which are present in paths between active sites in the two subunits) are depicted as

van der Waals spheres in orange and green (in subunit A)/cyan (subunit B), respectively. The intra subunit paths between the

active sites are shown in red. Presence of a single large interface cluster at 4% and two distinct interface clusters spanning the

interface at 6% ensures effective communication between the two subunits in archeal and yeast TyrRS which is absent in bac-

terial TyrRS. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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associated with conformational organization in pro-

teins, from a sidechain noncovalent interaction per-

spective (i.e., using PScN). Options 6–7 are relevant

to characterizing long-range communications in pro-

teins, and the user has to define a set of source and

sink residues=domains between which the signal

transfer has to be evaluated. Herein, apart from

using dynamically stable PScN, additional features

that include weighing the network using average

cross-correlation=interaction energy matrix and the

flexibility to use PBN is introduced. The user has to

provide the average cross-correlation=interaction

energy matrix for weighing and these matrices can

be obtained from multiple packages based on the

nature of the structural ensemble and the questions

at hand (see later section on weighing schemes).

The corresponding output files for various net-

work parameters are stored in the folder PSN-

Ensemble=Results=Adj_Imin=

representative_PDB_id. The network parameters

computed are also automatically visualized on the

three-dimensional structure of a representative

structure using Pymol. All the hub residues, cliques

and “junction residues” and top three largest clus-

ters and k-1=k-2 communities are plotted. The larg-

est, second largest, and the third largest clusters

and communities are color coded in dark blue, red,

and yellow, respectively. For paths of communica-

tion, both OP (in red) and top six SOPs are plotted.

Additionally, the cost of communication between a

pair of residues or between user-specified

domains=modules is also plotted using Matlab, and

the plots are stored in PNG format within the PSN-

Ensemble=Results=Adj_Imin=representative_PDB_id

folder. The individual chains in multimeric proteins

are colored differently in the PyMol representation

of the results. The various output files also contain

the chain details from the original PDB structure on

which the results are being mapped back. A detailed

stepwise description for the execution of the pro-

gram is provided in Supporting Information Figure

S1(a,b).

Cleaning of input PDB files

A continuous, unique numbering scheme is required

to generate the connectivity matrix (adjacency

matrix), representing the noncovalent interactions

between pairs of residues in protein structures. This

requires preprocessing of the X-ray and NMR struc-

tures to address problems such as the removal of

heteroatoms that are not part of the protein

sequence, choosing one set of coordinates for resi-

dues having multiple occupancy and so on. This is

internally handled by PSN-Ensemble. Furthermore,

the NMR model can be entered in the PDB format

and the individual models are extracted automati-

cally by the program. For multiple crystal structures

of the same protein, the input list is also filtered to

bin structures of equal length. The bin with the

largest number of entries is chosen for further anal-

ysis. On the other hand, MD snapshots are cleaned

to remove hydrogen atoms. This cleaning process of

the input structure files are performed for internal

execution of the programs, and all the results

obtained are mapped back onto the starting X-

ray=NMR structure or the starting structure for MD

simulation (the flexibility of obtaining results based

on MD snapshots is also provided) (Supporting

Information Fig. S2). The processed structure=s are

subjected to further analysis.

Construction of protein sidechain network

Protein sidechain networks (PScN) are constructed

by considering amino acid residues as nodes and

edges are constructed between the nodes on the basis

of noncovalent interactions between them (as eval-

uated from the normalized number of contacts

between them) for each system. The details of the

construction of such a graph at a particular interac-

tion cut-off (Imin) and the implications of such graphs

have been previously described.6,11 The noncovalent

interaction between side chain atoms of amino acid

residues (with the exception of Gly where Ca atom)

are considered, ignoring the interaction between

sequence neighbors (62 immediate neighbors). The

interaction between two residues i and j has been

quantified previously in our laboratory as

Iij5
nij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðNi3NjÞ
p 3100

where nij is number of distinct atom pairs between

the side chains of amino acid residues i and j, which

come within a distance of 4.5 Å and Ni and Nj are

the normalization factors for residues i and j.6 The

pair of amino acid residues having interaction

strength (Iij) greater than a user-defined cut-off

(Imin) are connected by edges to give a PScN for a

given interaction strength Imin. Generally, Imins in

the PScNs vary from 1% to 15%. We construct an

adjacency matrix (a mathematical representation of

the PScN) based on the noncovalent side-chain inter-

actions at a given cut-off for Imin.

Imin is a measure of the extent of connectivity in

the PScNs. A lower Imin is associated with higher

connectivity and vice versa. Several previous reports

from our group have shown that the optimal interac-

tion strength in a protein structure is exhibited at

an Imin at which the size of the largest noncovalently

connected cluster (LClu) undergoes a transition.7

Earlier studies have pointed out that a transition in

the size of the LClu is noted between an Imin of 2%–

5%. Additionally, largest community [assemblage of

cliques as discussed below] (LComm) profile as a

function of different Imin values also indicated a
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transition in the Imin range of about 2%–4%. At

lower Imin values (pretransition region), the network

is too densely connected, whereas at higher Imin val-

ues (post-transition region) the network is very

sparse, marking the two extremes of the Imin range.

As a consequence, the transition regions in LClu

and LComm profiles have been shown to highlight

the meaningful connections in the network.7,11 In

this article, investigations on UbcH5b and b2-

adrenergic receptor are reported at Imin 5 2% and

3%, respectively. The analysis on paths of communi-

cation in the TyrRS systems is done at Imin 5 3%,

while the analysis on interface clusters in the same

system is done at an Imin of 4% and 6%.

Construction of PBN

PBN is constructed by considering interactions

between the backbone-Ca atoms of the amino acid

residues. An edge is constructed between residue

pairs (with the exception of two immediate sequence

neighbors) in PBN if their respective Ca atoms come

within a distance of 6.5 Å. PBN is implemented only

for the paths of communication and “junction resi-

dues” modules (Option: 6–7) in the program.

Weighing schemes for network and

normalization of weights

The option of evaluating network parameters related

to allosteric communication from weighted PScN=PBN

is included in PSN-Ensemble. In this case, the user is

prompted to input the residuewise cross-correlation or

pairwise interaction energy matrices. The analysis of

MD simulation trajectories to obtain cross-correlation

or residue pairwise interaction energies (e.g., using

MM-PBSA in AMBER,45,46 or related modules in

GROMACS,47 CHARMM,48 and so on) is fairly

straightforward. One can also obtain the residuewise

cross-correlation values from elastic network models

(ENM=GNM)49 or knowledge based pairwise interac-

tion energies50 among residues to weigh the network.

The cross-correlation=interaction energies between

two residues is a measure of the ease of information

transfer between them. We have used Dijkstra’s algo-

rithm for the shortest path computation (detailed in a

later subsection) which is based on an efficient optimi-

zation of cost of communication. So, we normalize the

edge weights in our package as cost by a simple

inverse linear transformation such that the higher

cross-correlation=interaction energy connection

(Cij=Eij) is read as low cost (lower Wij) and vice versa

(for details, see Ref. 10).

Network parameters

Various network parameters are characterized to

unravel the topological features of PScN. The parame-

ters which appear in greater than a user-defined frac-

tion of the structure ensemble (default is 50%) are

termed as dynamically stable. A brief definition of each

parameter and its general physical significance follows

(a detailed pictorial description is given in Fig. 1).

Hubs. Highly connected nodes are defined as hubs.

In the context of protein structures, there is a limit

to the possible number of noncovalent connections

made by an amino acid due to steric constraints.

Consequently, hubs are defined as residues=nodes

connected by four or more edges to its neighbors.

The hub residues are suggested as potential struc-

tural and=or functional “hot spots” in proteins.

Cluster. A connected set of amino acids in a graph is

defined as a cluster. The size of the largest cluster

(SLClu) varies as a function of the Imin and provides an

estimate of the noncovalent connectivity in a network.7

Protein–protein interaction between the constituent

subunits in a multimeric protein is captured by the

interface cluster (IntClu). Of particular relevance is

the investigation of interface clusters that are com-

prised of nodes from two different subunits, which give

insights into protein–protein association. For identify-

ing meaningful interface clusters, Imin values of 5%–

6% have been shown to be appropriate in previous

studies36,41 (lower Imin leads to SLClu � equal to the

length of the protein, thus merging the subtle interface

specific clusters into one large cluster).

K-cliques. A k-clique is defined as a set of k nodes

in which each node is connected to every other node.

The algorithm used for the construction of cliques is

proposed by Palla et al.51 The cliques indicate

regions of rigidity in protein structures in terms of

higher order connectivity. Again, the number and

the size of the cliques in a protein structure are a

function of Imin. However, cliques of size three or

four are found most often even at a greater connec-

tivity level (i.e., lower Imin).

Community. A community is an assemblage of

smaller k-cliques that share node=s. In mathemati-

cal literature, a community is defined as set of k-cli-

ques sharing k-1 nodes (k-1 community). However,

for PScN, a variation of this definition is introduced

by our laboratory in terms of k-2 communities,

where a set of k-cliques share k-2 nodes. CFinder33

is used to obtain k-1 community. In house codes are

used to obtain k-2 community using outputs from

CFinder.33 Communities are percolating rigid units

in PScN and indicate highly connected structural

features. The cliques=communities are ideal parame-

ters for examining rigidity=flexibility in protein

structures. These parameters are also apt in captur-

ing ligand induced conformational reorientations in

terms of rigidity=flexibility=percolation.8,52

Paths and cost of communication. Dijkstra’s

algorithm is used to determine the shortest paths
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or OPs of communication between two residues in

the PScN=PBN. The cost of path between pairs of

residues of interest, i and j (termed termini), lack-

ing direct noncovalent interaction is the sum of the

edge weights (Wkl) between the consecutive inter-

acting nodes (kl) constituting the path and is

defined as (costij) 5 RWkl. The lower the cost, the

higher is the efficiency of communication along a

path. The SOPs are the alternate routes of commu-

nication with costs greater than those of the OPs.

SOPs are identified in this study by systematically

removing all interactions of OP node(s) in the net-

work, thus forcing the traversal of a less than OP.

The paths and cost of communication are ideal

parameters to investigate allosteric crosstalk

between distant pair of termini. The path cost in an

unweighted graph is the sum of edges connecting

the termini residues. Edge weights (Wkl) can be fur-

ther introduced by various methods. Our program

provides options to choose Wkl by following ways:

using dynamic cross-correlation or average pairwise

interaction energies obtained from MD simulations

to weigh the edges constituting the paths of com-

munication. In the later case, the path cost is the

sum of edges weights.

“Junction residues” between domains. Herein,

we define the term “junction nodes” as the residues

that flux information between domains=modules.

This is similar to the concept of node betweenness

(NB) in network terminology, where the nodes with

high NB are responsible for signal transmission

within the network. The “junction residues” are

important for capturing the key players=nodes that

are critical for information transfer between

domains=modules, much like the “sociometric super-

stars” in Milgram’s experiment.53 These residues

can be identified by constructing OPs=SOPs from

every residue in the source domain to every residue

in the sink domain from the PScN=PBN. The resi-

dues which appear in more than 10% of the commu-

nication paths in greater than a user-defined

fraction of the structure ensemble are considered to

be important for transmission of information

between the chosen domain=modules in the protein.

The average cost of information transfer between a

pair of domains=modules (costflux), is the average

cost of communication through all the constituent

paths (OPs and SOPs) between the two domains. A

lower value of costflux indicates higher efficacy of

interdomain communication. Again the weighing

schemes that are described in the previous section

can be implemented in this module.

To summarize, network parameters such as

hubs, clusters, cliques=communities (k-1=k-2), com-

puted at a user-defined Imin and dynamic stability

cutoff, capture the detailed topological features in

proteins. On the other hand, allosteric communica-

tion in proteins can be probed by evaluating the

paths=cost of communication between important res-

idues or by identifying “junction residues” that are

responsible for signal transfer across domains. The

user is given an option of calculating these later

parameters not only from a dynamic stability per-

spective but also applying weighing schemes as

described previously on PScN=PBN.

System requirements, benchmarking, and

application

The package PSN-Ensemble is freely available for

Linux platforms. The system requirements are mini-

mal. Basic packages like Perl, Matlab (MatlabBGL:

http:==www.cs.purdue.edu=homes=dgleich=packages-

matlab_bgl=), and Pymol are the only software

requirements, apart from CFinder,33 for running

PSN-Ensemble. The application of PSN-Ensemble to

probe biologically relevant problems is demonstrated

using three examples. The key feature of the pro-

gram, in terms of handling and examining various

structural ensembles, is exemplified by using long

MD trajectories of UbcH5b (PDB_id: 2ESK), an ubiq-

uitin conjugating enzyme and an NMR ensemble

(PDB_id: 1W4U) of the same.27,54 The strength of

the package in providing important insights even

from a single crystal structure is further manifested

by using examples from one of the largest family of

membrane proteins, the G-protein coupled recep-

tors,35 and a tRNA binding protein, tyrosyl-tRNA

synthetase from three different organisms. Herein,

we have chosen the b2-adrenergic receptor (PDB_id:

3SN6=2RH1) in its active and inactive states for our

analysis. The structure of the inactive form is deter-

mined in the presence of an inverse agonist (carazo-

lol) and the active form is bound to Gs protein (a

heterotrimer comprised of Ga and Gbg subunits)

and an agonist.28,29 In the active state, only the Ga

subunit has been found to interact directly with the

b2-AR.29 Consequently, for our analysis of the active

state, we have considered only the b2-AR complexed

with the Ga subunit (Chain A and Chain R in

3SN6). Also we have removed all the components

that facilitate crystallogenesis (such as lysozyme,

antibody, etc.) in both the structures for ease of com-

parison between the active and inactive states and

visualization. For our analysis on the ternary com-

plex of tyrosyl tRNA synthetases, the coordinates of

the dimers are provided as input to PSN-Ensemble

after removing tRNA from the structure.

The total runtime depends on the size of the

protein, the number of structures in the ensemble,

and the number of network parameters being com-

puted. However, the package is optimal in terms of

time and gives results within few a minutes to a few

hours. It is worth mentioning that the construction

of PscN=PBN is the rate determining step during

the computation.
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MD simulations protocols

Explicit solvent MD simulations (150 ns) are performed

on apo UbcH5b (PDB_id: 2ESK) at 300 K using

AMBER945 suit of programs with ff03 force field and

parm99 parameters. The MD simulations are per-

formed in aqueous medium using the TIP3P water

model. The solvation box is 12 Å from the farthest atom

along any axis. Na1 ions are added to neutralize the

net charges on UbcH5b using the Leap module in

AMBER9. The MD simulations are performed under

NPT conditions using the Berendsen thermostat and

periodic boundary conditions. Particle Mesh Ewald

summation is used for long-range electrostatics and the

van der Waals cut-off used is 10 Å. The pressure and

temperature relaxations are set to 0.5 ps21. SHAKE

constraints are applied to all bonds involving H atoms.

A time step of 2 fs is used with the integration algo-

rithm, and the structures are stored every 1 ps. All the

simulations are implemented and analyzed using a 264

core Intel Xeon HPC cluster.

Conclusion

PSN-Ensemble is a standalone, extensive, robust,

time-optimized, and easy-to-use program, which is

developed with the perception of using a generalized

package for probing the network organization of

structure ensembles from MD simulations, NMR, and

multiple X-ray structures. The package can efficiently

handle monomeric as well as multimeric proteins. At

a simpler level, the program can be used to extract

answers to biological questions of consequence even

from single crystal structures. The multiple modules

available in the package for computing various net-

work parameters empowers users to make a judicious

choice from an array of options based on the biologi-

cal question being addressed. A flexible weighing

scheme permits inclusion of residue pairwise cross-

correlation or interaction energy edge weights into

the topology based network, thereby facilitating intro-

duction of dynamical=chemical knowledge into the

communication related calculations, respectively.

Additionally, PSN-Ensemble offers a convenient and

user-friendly output format in terms of automatic

representation of the evaluated network parameters

on the three-dimensional structure, along with the

raw data being stored in appropriately labeled fold-

ers. All the results are mapped back onto the original

input structure for ease of comparison with comple-

mentary experimental and theoretical data. To sum-

marize, the package is a unique tool that can cater to

the understanding of protein structures in terms of

their spatial three-dimensional organizations, includ-

ing the intricate details of side-chain conformations,

keeping in mind the biological questions that are

widely relevant. The applicability of this package

(which is freely available from http:==vishgraph.

mbu.iisc.ernet.in=PSN-Ensemble=psn_index.html) is

demonstrated by investigating three examples per-

taining to different biological problems.
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