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Introduction
In its simplest form, a network is a collection of points, or nodes, joined by lines, or edges
[1]. According to the integrative nature of proteins and cooperative behavior of a large fraction
of residues in function at some level, it is relevant to consider the whole structure as a completely
connected network [2]. Protein Structure Network (PSN) is used extensively in the literature to
describe the three dimensional structure of protein as a graph where considers each amino acid
residue as a node and any relationship or contact between them as an edge.
This system’s perspective to protein structure prepared by 2D graphic visualization next to
traditional molecular perspective available by 3D molecular graphic methods provide a deep
concept in protein structure-function relationship and used to explain many challenging problems
in today structural biology as analyzing protein stability, folding, allosteric communication,
enzyme catalysis or mutation effect prediction [3, 4].

Fig. 1. The flowchart of PDB2Graph toolbox

PDB2Graph is the first Matlab-based interface for PSN construction, visualization and
analysis. It uses some of the Matlab built-in functions in Biograph section of Bioinformatics
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toolbox [5][5] for visualization. In this interactive and user-friendly interface, PDB serves as
input. The output is an undirected coarse-grained distance-based graph which can be exported in
standard graph formats of popular packages like Cytoscape (.sif), Pajek (.net) and UCINET (.dl).
This feature allows users to perform complementary analysis by other packages. Not only, there
are multiple options for graph construction, but also some different layout algorithms to display
the made adjacency matrix. 3D molecular view as well as 2D graph representation will provide a
wealth of information on the protein structure.
In the analysis section, two kinds of information can be retrieved. Simple graph features
such as average degree, hub degree besides global features like assortativity coefficient and
characteristic path length, shortest path between two given nodes and etc. are covered. In
advanced analysis section, some centrality measurements correlated with protein structural and
functional features like closeness, betweenness, clustering coefficient as well as degree
distribution are calculated. The table and plot of each quantity vs residue number is drawn and
then colored in different color maps upon user`s desire. The color of each node is fixed based on
the extent of that node for the given centrality parameter.
PDB2Graph is an appropriate tool for identifying critical nodes involved in protein structural
robustness and function. The straightforward implementation and independency to any other
accessory programs besides the possibility of further examinations by other packages are the
most important advantages. It just requires Matlab platform and Bioinformatics toolbox. The
flowchart of this toolbox is shown at Fig. 1.

Fig. 2. Main graphical interface of PDB2Graph toolbox
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Fig. 2 illustrates the main GUI of PDB2Graph toolbox. As it can be viewed, the toolbox is
divided up into three parts: Protein initialization, Graph visualization and Graph analysis.

Fig. 3. PDB2Graph load PDB service.

Running Instructions






Download the latest version of the program as a zip file from
http://bioinf.modares.ac.ir/software/pdb2graph.
Unzip the PDB2Graph.zip file in your desired path.
Add PDB2Graph folder to your Matlab path from Home tab: Click on the Set Path,
add PDB2Graph folder then save and finally close the window. All changes take
effect immediately.
Call PDB2Graph from the Matlab command window.

1. Protein Initialization
There are numerous ways to define the forms of a contact. The classical and simplest method
is through the establishment of threshold distance [6]. We chose a distance-based coarse grained
approach for residue representation to reduce the complexity of the protein system. In the
constructed graph, the nodes denote Cα/Cβ, geometric center of each amino acid or geometric
center of its side chain and edges show the contacts between nodes (Fig. 4).
For two given different Cα atoms {i,j}, i will be in contact with j if the latter is inside of a
sphere centered in the former with radius r, called cutoff. The common cutoff is in the range of
4.0-9.0 while 7.0 is the recommended distance cutoff [6]. The input of the program is a standard
PDB file which can be browsed or downloaded directly from RCSB (Fig. 3) and the output is an
adjacency matrix which is the base of the subsequent calculations. To facilitate further analysis,
the adjacency matrix of the graph is saved in a mat file by the name of ADmatrix in the home
directory of the program. Nevertheless the output graph can be exported to one of the standard
graph formats of .net, .sif or .dl which are used in popular packages of Pajek [7], Cytoscape [8]
and UCINET DL [9] respectively.
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Fig. 4. PDB2Graph File menu. From this menu, the user can get the input PDB file from RCSB or browse the desired file. It
is also possible to save the constructed graph in one of standard graph formats.

Fig. 5. Different graph type options in PDB2Graph interface.

Fig. 5 illustrates the graph type options available to construct the adjacency matrix from the
PDB file. The cutoff value can be modified using a slider bar to achieve desired cutoff. In Chain
ID box, all the chains of the given PDB are showed. For the proteins structurally determined by
NMR method, the number of models available in the PDB file is shown in Model box. The
number 1 is displayed X-ray crystallography structural data. These two boxes allow the user to
select the chain and model of interest from the PDB file. Finally, the adjacency matrix is built
based on one of the models of “Graph Type” box.
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2. Protein Visualization
After construction of the adjacency matrix as the corner stone of the whole program, the
graph can be visualized in numerous methods upon user`s request. As it can be viewed in Fig. 7,
in the Visualization section, a layout model should be selected to determine the type of algorithm
for the layout engine.

Fig. 6. The Visualization section of PDB2Graph







‘Real XY Position’ (default) provides the possibility to show nodes in their actual x-y
coordinate according to the original PDB file. This option is strongly recommended when
2D graph shape and 3D molecular view are compared simultaneously.
‘Hierarchical’ Uses a topological order of the graph to assign levels, and then arranges
the nodes from top to bottom, while minimizing crossing edges [10] .
‘Radial’ Uses a topological order of the graph to assign levels, and then arranges the
nodes from inside to outside of the circle, while minimizing crossing edges [10].
‘Equilibrium’ Calculates a layout by minimizing the energy in a dynamic spring system
[10].

The size of the nodes can be changed in 0-10 range by the Layout Scale before calling the
layout engine. The smaller number in Layout Scale range increases the size of the nodes while
the larger numbers in the range reduce the node size significantly. A variety of possible
schemes for node coloring have also been prepared. Numerous options for ‘Node Shape’
(Circle, Box, Rectangle, Diamond, Home, Trapezium, and Parallelogram) and ‘Edge type’
(Curved, Straight, and Segmented) are available too.

Notice: Biograph objects with Layout Type equal to 'equilibrium' or 'radial' cannot produce
curved or segmented edges [10].
There are also a variety of possible schemes for coloring the constructed graph in ‘Coloring’
part which are as follows:
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 ‘Secondary Structure’ colors the alpha-helices, beta-sheets and coils of secondary
structural elements by using PDB file header information. The alpha-helices are shown
by red nodes. The beta-sheets are colored in blue and the coils in green.
 Amino Acids’ in this scheme nodes are colored according to the type of amino acids.
 ‘Hubs’ or the node with highest degree is distinguished by circular nodes in violet while
the other nodes are in blue. Hub degree in the PSN is specified based on the criteria
defined by Gaci [11].
 ‘Mono Color’ colors all the nodes uniformly in sky blue (default color).

Fig. 7. Protein Visualization parameters for drawing 2D graph
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Fig. 8. The top part shows the PSN of protein Crambin ( PDB code 1CRN). The node colors are based on Secondary
Structure scheme in PDB2Graph (helices are displayed in red, sheets in thick yellow and coils in green). The bottom part shows
the same protein (1CRN). The hubs ( Cys 4, Ala9 and Cys26) are viewed in violet while the other nodes are in blue.
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Fig. 9. The Node Property Dialogue box. This Matlab built-in box helps to modify each node characteristics more easily.

Fig. 10. (Left) 2D graph representation of protein Crambin (a plant protein) in Secondary Structure scheme in
the same molecular orientation as its. (Right) 3D molecular view of MolViewer program.
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Fig. 11. Contour plot of 1CRN distance matrix

Fig. 12. (Left) Circular graph of protein Crambin (1CRN). (Right) Dot plot of protein Crambin (1CRN).

Fig. 8 illustrates the Secondary Structure and Hub coloring schemes of PDB2Graph for
protein Crambin (PDB code 1CRN) and Fig. 7 shows the visualization parameters. The color of
each node or edge as well as shape and size, font size, line color etc. can be changed by right
clicking through the Matlab built-in node or edge property dialogue box (Fig. 9).
PDB2Graph also supports 3D molecular structure of proteins by means of Molviewer
program (
in the tool bar). 2D graph representation along with conventional 3D view offer
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not only a profound knowledge about topological and global features of protein structure but also
provide detailed structural information (Fig. 10).
In the Visualization section, the distance matrix of the network is calculated and saved in the
Matlab current directory in a mat file by the name of Dis_Matrix. It is displayed as a contour plot
to distinguish distances between nodes more easily.
Circular view [12] draws a circular graph with links and nodes in order of degree of the created
graph. It is accessible by the Visualization tab in the
menu or icon in the tool bar. In
the tool bar stands for Dot Matrix [12] which represents sparsely plots of nodes sorted by
degree, betweenness, eigen centrality and modularity. This function displays the matrix as a
column/row sorted square dot-matrix pattern (Fig. 12).

3. Protein Analysis
In graph analysis section (Fig. 13), topological and global characteristics of the constructed
graph as well as other useful features are generated. This section is accessible from the main
GUI, menu bar and some of its items from the tool bar. Graph Analysis part of the main GUI has
been divided into two parts. In part one, minimum spanning tree (MST) and a breadth first search
(BFS) of the graph are calculated (Fig. 14).

Fig. 13. Graph Analysis section..
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Fig. 14. Minimum Spanning Tree of protein Crambin (1CRN)

Fig. 15. Shortest path between nodes Ser11 and Ala24 marked on the Secondary Structure scheme of the PSN of Crambin (
1CRN)

Let G = (V,E) be a connected weighted graph, a spanning tree of G is a subgraph T of G
which is a tree that spans G. In other words, it contains all of the vertices of G. The weight of a
spanning tree T is the sum of the weights of its edges. That is,
w(T) =
A minimum spanning tree (MST) of G is spanning tree T of minimum weight. It should be clear
that a minimum spanning tree always exists.
In part two, the shortest path between two given nodes is figured and then the path between
them is marked on the graph Figure (Fig. 15).
Although there are some alternative ways of defining the distance between two nodes in a
network, the notion of shortest path distance is widely recognized as the standard definition of
network distance. In an undirected network, the shortest path distance d(u, v) is the number of
links in the shortest path between the nodes u and v in a network. The average shortest path
length, otherwise known as the characteristic path length, gives the expected distance between
two connected nodes. This property is calculated in Graph Feature part of PDB2Graph.
PDB File Information section extracts essential information like protein classification,
sequence, experimental method of structure determination and resolution of the structure from
PDB header file (Fig. 16). This part is accessible from Analysis section in the menu bar and also
its shortcut

from tool bar.
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Graph feature part (and its shortcut on the menu bar depicted in ) calculates simple
topological properties such as number of nodes, number of edges, number of loops, link density
and hub degree. Global features like Pearson coefficient, graph average degree and characteristic
path length (average shortest path length) are also computed in Graph Features part (Fig. 16).
Table 1 shows the complete list of the calculated properties with a brief explanation for each
item.

Fig. 16. (Left) Graph Features box in Analysis section. (Right)PDB File Information box of Graph Analysis Section

Table 1 Description of graph

Graph Feature
Number of nodes
Number of edges
Number of loops

Link density

Graph average degree
Hub degree
Pearson coefficient
Average path length

Description
Computes the number of nodes which shows the number of alpha-carbon
or beta-carbon.
Computes the number of edges which depends to the cut-off value.
Computes the number of independent loops. This is also known as the
"cyclomatic number" or the number of edges that need to be removed so that
the graph cannot have cycles.
Computes the link density of a graph, defined as number of edges divided
by number of nodes where the latter is the max possible number of edges.
The graph needs to be non-trivial (more than 1 node).
Computes the average degree of a node in a graph, defined as 2*number
of edges divided by the number of nodes (every edge is counted in degrees
twice).
Computes the highest degree of the constructed graph.
Calculates pearson degree correlation of adjacency matrix
.
Calculates the average path length using dijkestra algorithm
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4. Advanced Analysis
One of the most intuitive concepts we can think about when dealing with the analysis of a
network is the identification of the ‘most important’ nodes [13]. Centrality measurement
analysis helps to determine the amino acid residues that make the most important contribution to
the structural robustness and function of the protein [14]. In this section, most relevant centrality
measurements which are often used in literature and show high compatibility to protein structural
and functional characteristics, are calculated. The output data of each quantity is listed in a table
and then plotted. It is also possible to have a larger view of the plot for a selected part of the data.
Getting a better intuition about the role of each node in the given centrality, it is provided to
draw the network separately for each quantity and then color it in different color spectrum based
on the value of each node. To facilitate the visualization and clarifying the display of the nodes
in the network, a slider bar has been designed next to the ‘Draw’ button to change the size of the
nodes easily. Like the slider bar in the Visualization section, larger numbers reduce the size of
the nodes while the smaller numbers increase the node size.

Notice:

For facilitating the display of the nodes in a specified color map, the amounts of
each quantity has been normalized, so the range of each centrality measurement changes between
zero and one in the network figure.

4.1. Degree Distribution
In undirected networks, the degree of a node n is the number of edges linked to n directly. The
node degree distribution gives the number of nodes with degree k for k = 0,1, 2, …(Fig. 17).

4.2. Clustering Coefficient Analysis
In undirected networks, the clustering coefficient Cn of a node n is defined as Cn =
2en/(Kn(Kn-1)), where Kn is the number of neighbors of n and en is the number of connected
pairs between all neighbors of n. The clustering coefficient is a ratio N / M, where N is the
number of edges between the neighbors of n, and M is the maximum number of edges that could
possibly exist between the neighbors of n. The clustering coefficient of a node is always a
number between 0 and 1.
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Fig. 17. Degree distribution plot of protein Crambin (1CRN).

4.3. Node Betweenness Centrality
The betweenness centrality of each node is a number between 0 and 1. It reflects the amount
of control that this node exerts over the interactions of the other nodes in the network under the
assumption that transfer follows shortest paths [15]. In other words, betweenness shows the
ability of a node for facilitation or inhibition of the communication between other nodes in the
network. It is equal to the number of shortest paths from all vertices to all others that pass
through that node. The program calculating node betweenness centrality has been taken from
Brain Connectivity Toolbox [16].

4.4. Node Closeness Centrality
In some situations we could be interested not in those nodes which are central due to their
number of connections or relationships with other well connected nodes, but those which are
relatively close to all other nodes in the network. In these cases, an appropriate measurement of
the centrality of a node is the inverse of the sum of shortest path distances from the node in
question to all other nodes in the network. This centrality measure is known as closeness
centrality. The closeness centrality of each node is a number between 0 and 1. It is a measure of
how quickly information spreads from a given node to other reachable nodes in the network.
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Fig. 18. (Top) The Advanced Analysis options. (Bottom) Closeness Centrality measurement vs. node number for the protein
Crambin (1CRN). The selected part in the table is shown in the Selection box.
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Fig. 19. The plot of Closeness vs. residue number of protein Crambin (1CRN) colored based on the closeness value of each
node. The color bar displays the normalized amount of closeness for each node in a way zero represents the min value and one
indicates the max value of closeness in the 1CRN network.

4.5. Degree Centrality
The idea behind the use of node degree as a centrality measure is that a node is more central
or more influential than another in a network if the degree of the first is larger than that of the
second. The degree of a node counts the number of walks of length 1 from a given node. This
means that the degree centrality accounts for immediate effects taking place in a network. For
instance, if we consider a process in which some ‘information’ is passed from one node to
another in a network, the opportunity of receiving such information through the network is
proportional to the degree of the corresponding node.

5. Menu Bar and Toolbar Items
For easy accessibility to different parts of the PDB2Graph, in addition to menu bar, a
graphical tool bar also designed. This tool bar covers different items from Protein Initialization,
Graph Visualization and Graph Analysis. It is composed of 11 distinct icon respectively illustrate
New/Reset, Open PDB File, Get PDB from RCSB, Save as Output Formats, Shows Molviewer
(3D view), Draws Circular Graph, Shows PDB File Information, Compute Graph Features,
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Shows Dot Matrix, Degree Distribution Plot and Computes Advanced Analysis. Fig. 21 shows
the PDB2Graph tool bar with description of each icon.

Fig. 20. The plot of Degree Centrality vs residue number of protein Crambin (1CRN) colored based on degree of
each node. The color bar shows the equivalent number of each color.

Fig. 21. Toolbar items description
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NOTE: PDB2Graph uses some of the built-in functions of Matlab Bioinformatics toolbox
[5]and also Matlab tools for network analysis [5, 12] for creating graph and then visualization,
and analysis.
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