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Abstract:

Keywords:

Graph theoretical analysis is an important area of research in biological
networks. In this work we define some new graphs called bipartite Pt-graphs and
their physicochemical subgraphs for peptides/proteins and their receptors based
on the physicochemical properties of amino acids. Here we analyze bipartite Pt-
graphs and their physicochemical subgraphs of human galanin and its three
receptors graph theoretically. From the graph theoretical analysis of bipartite Pt-
graphs and the physicochemical subgraphs we get some observations about the
relations among the amino acids, physicochemical properties, galanin and its
receptors. By a graph theoretical parameter of physicochemical subgraphs we get
all the collections of maximum independent pairs of amino acids which connect
the galanin and receptors by sharing exactly n(n=1,2,3,..) common
physicochemical properties. These analyses can be used to study all the
relationships between peptide/protein ligands and their receptors and this may
help in the field of drug designing.

Amino acid, galanin, galanin receptor, bipartite Pt-graph, physicochemical
subgraph.
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1. Introduction

Proteins are polymers of amino acids, with each amino acid residue joined to its neighbour by a
specific type of covalent bond [3]. Twenty different types of amino acids are commonly found in
peptide/protein. The sequence of amino acids in a protein is characteristic of that protein and is
called its primary structure [3]. Peptides/proteins are the compounds of amino acids in which a
carboxyl group of one is united with an amino group of another. Neuropeptides are peptides
formed and released by neurons. They are involved in a wide range of brain functions.

Galanin is a neuropeptide of 30 amino acids in humans and 29 amino acids in other
species [4]. It is expressed in a wide range of tissues including the brain, spinal cord and gut. Its
signaling occurs through three G protein-coupled receptors. It is linked to a number of diseases
including Alzheimer’s disease, epilepsy, depression, eating disorders, cancer, etc.

In [7], we can see so many graph theoretical applications in various fields. Amino acid
network with in protein was studied by S. Kundu [5]. By using some physicochemical properties
(Hydrophobicity, Hydrophilicity, Polarity, Non-polarity, Aliphaticity, Aromaticity and Charge
(Positive and Negative)) of amino acids, the amino acid network was studied by Adil Akthar and
Nisha Gohan graph theoretically [1]. The centralities in amino acid networks were used by Adil
Akhtar and Tazid Ali [2]. By using the concept of amino acid network we defined and analysed
the peptide/protein graph (Pt-graph) and species peptide/protein graph (SPt-graph) of galanin
present in fourteen species of animals graph theoretically [6]. In this work we define and analyse
new graphs - bipartite Pt-graphs and physicochemical subgraphs (physicochemical property-
wise) - of human galanin and its three receptors on the basis of the physicochemical properties of
amino acids. The maximum matching of physicochemical subgraphs is done to get all the
collections of maximum independent pairs of amino acids which connect the galanin and its
receptors by sharing exactly n (n = 1,2,3,...) common physicochemical properties of amino
acids. This method can be applied for all relationships between peptides/proteins and their
receptors and this may help in the field of drug designing.

2. Basic Concepts of Graph Theory

Definition 2.1: A Graph [7] G is a pair G = (V, £) consisting of a finite set V and a set £ of 2-
element subsets of V. The elements of V are called vertices and elements of € are called edges.
The set V is known as the vertex set of G and € as the edge set of G. Two vertices u and v of G
are said to be adjacent, if an edge join u and v, and two edges are adjacent if they have common
vertex. The number of vertices in a graph G is called its order and the number of edges is its size.
A graph with p vertices and g edges is said to be a (p, q) graph.

Definition 2.2: Centrality measures in Graphs [2] are the vertex representation which gives the
relative importance within the graph. A centrality is a real-valued function f which assigns every
vertex v € V of a given graph G a value f(v) € R.

Definition 2.3: Let G be an arbitrary (p, q) graph. M c £(G) is said to be a matching in G if its
elements are links in G and no two elements of M are adjacent in G. M is said to be a maximal
matching if there exists no matching M’ of G with |M'| > |M|. An edge e € E(v) is said to be
matched under M (resp. unmatched under M) if e € M (resp. if e € M). A vertex v is said to
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be saturated by a matching M (M - saturated) or matched vertex with respect to M if v is
incident with an edge of M. Otherwise, the vertex is said to be unsaturated by M (M -
unsaturated) or a single vertex with respect to M'. A matching M of a graph G is said to be a
perfect matching if all the vertices of G are saturated by M.

Definition 2.4: A Pt-graph is defined as a graph G = (V, €) of a peptide/protein in which the
vertex set, V is the collection of all different amino acids presented in the peptide/protein and
weight of a vertex in G is the number of times it appears in the sequence of the peptide/protein.
Two vertices are said to be adjacent in G if they are consecutive elements in the sequence and
also have at least one common physicochemical property.

For all terminologies and notations not mentioned in this work, we follow [7] (related to graph
theory) and [3] (related to biology).

Remark: Weight of a vertex implies the frequency of occurrence of a specific amino acid in a
sequence. Obviously greater the weight of a vertex of a Pt-graph implies greater the
characteristics of those particular amino acid can be attributed to the peptide/protein. Also the
centrality measures of a Pt-graph help us to determine the number of amino acids possess inter-
relationships with each other.

3. Bipartite Pt-graphs and physicochemical subgraphs of human galanin and its receptors

In this section we define some new graphs called bipartite Pt-graphs and physicochemical
subgraphs for peptides/proteins and its receptors. Also we construct and analyze bipartite Pt-
graphs and their physicochemical subgraphs of human galanin and its receptors using C-sets of
corresponding Pt-graphs.

efinition 3.1: A bipartite Pt-graph is defined as a simple bipartite graph G = (V, £) of a peptide/protein
and its receptors with X' and Y as the partitions of the vertex sets of the corresponding Pt-graphs of the
peptide/protein and its receptors respectively. Two vertices x € X and y € Y are said to be adjacent if
they have atleast one common physicochemical property.

Definition 3.2: A C-set of a Pt-graph of a peptide/protein is defined as the subset of the vertex set
whose elements are the amino acids which recieve the highest centrality measures for each
physicochemical properties of amino acids.

Pt-graphs of human galanin and its receptors
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Figure 3: Pt-graph of receptor-2
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Figure 4: Pt-graph of receptor-3

From Pt-graphs we get the C-set from the highest centralities of amino acids for each
physicochemical property. For human galanin, Gs (Hydrophoic and Non-polar), S, and N;
(Hydrophilic and polar), L, (Aliphatic), ¥; and W; (Aromatic), H,,K; and R, (Positive), D;
(Negative) are the amino acids which receive the highest centralities. Hence the C-set for the galanin is
{Gs, S4, N3, Ly, Y1, Wy, Hy, K1, Ry, D;}. Similarly we get the C-sets for the Pt-graphs of receptor-1,
receptor-2 and receptor-3. Then the C-set for receptor-1 is {A,q, N14, S32, L4g, F25, K29, E10 }, C-Set
for receptor-2 is  {Ase,S28, V30, F17, Ry7, Dg, I1ig, W} and C -set for receptor-3 is
{Aes, G32, P25, S19, Lso, Fg, R39, Eg, D9, Vg }.

Next we analyse the bipartite Pt-graphs of human galanin and its receptors.

Bipartite Pt-graphs of human galanin and its receptors

Ag Nyg Sz Ly Fiz Ky Eno

Figure 5: Bipartite Pt-graph of galanin and receptor-1
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Figure7: Bipartite Pt-graph of galanin and receptor-3

Definition 3.3: Physicochemical subgraphs }[ki(for i=1,23,..) of a bipartite Pt-graph G of a
peptide/protein and k receptors is defined as a subgraph whose vertex sets are same as that of G and

two vertices in the different partitions are adjacent if they have exactly i common physicochemical
properties.

Remark: Let G = (V, £) be a bipartite Pt-graph of a peptide/protein and its k receptors with X'and Y as
the partitions of the vertex sets and let }fki(x,yl-), where Y; €Y (for i =1,2,...,n) ben
physicochemical subgraphs,

Then,

(] vi=ead |J) w=v

i=1,2,3,.n i=1,2,3,.n

Next we analyse physicochemical subgraphs of bipartite Pt-graphs of human galanin and its

receptors. The dark edges indicate the maximum matching for physicochemical subgraphs as given
below.
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Physicochemical subgraphs of galanin and receptor-1

Figure 8: Hllsubgraph

Gg Sy Ly Yy Wy Hy Ky Ry Dy N;

Az Nyg S3z Ly Fos Kz Eio

Figure 9: .’]-[12 subgraph

Figure 11: .‘]-[14 subgraph
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Physicochemical subgraphs of galanin and receptor-2

Ase S2g Vao  Fiz Rey  Dg Iig Wg

s Sy Vao Fiz Ry Ds Iis Ws

Figure 14: 17-[23subgraph

Gs 55 Ly Y, W, H; K, R, Dy N

Asg  Sz3 Vi Fiz Ry Dg lig Wy

Figure 15: .‘]-[24 subgraph
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Physicochemical subgraphs of galanin and receptor-3

Aoz 6z Pos S1s Lso Fis Ry Es Dy Vi
Figure 18: 3 3 subgraph

Gs 5, Ly Y, W, H, Ky Ry Dy N

Eg Ds vy

Figure 19: .‘]-[34 subgraph
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Next we obtain the maximum matching of?-[ki subgraphs of bipartite Pt-graphs of human

galanin and its receptors. Table 1 represents all the collections of maximum independent pairs of amino

acids which connecting the human galanin and its receptors by sharing exactly i (i = 1,2,3,4) common
physicochemical properties.

Receptors k

Maximum matching of H,’ subgraphs

7, ' subgraphs

#,* subgraphs

7> subgraphs

7, * subgraphs

(Gs, Lag), (Lg, Azg),

(G5, K20), (S, Lao), | (Gs, N1a), (Sa, Aag), (W1, Fys), (Hz, Kz0) (Gs, A29), (S4, Nia),
1,425/, 2,020/,
k=1 (Lg, S32), (Y1, Ex0), | (Y1, Lao), (W1, S32), ( ), (R1,S32) (L4, Lag), (K1, K29),
Kl'N14— ’ Rl; 32
(Hy, Fas), (K1, Az9) (H2, E10) (D1, Eqp), (N3, S32)
(N3, E1p)
(GS' Ds), (54, V30),
(Ly, S25), (Wi, Ry7) (S4,Asg), (L, Wg), | (Gs,I1g), (L, Ase), | (Gs,Asg), (La, I1g),
4,928y 1, 127 ),
k=2 (Hy, Fi), (Kss W) (Y1, Lig), (W4, V3o), | (W4, Fi7), (Hy, Ry7), | (Y, We), (K1, Ra7),
217/ 1, Wg),
Dy, Aus), (N, Ing) (Hz,S28) (K1, S28), (R, Dg) | (Dy,Dg), (N3,Sy5)
1,446/ 3,118
(GSID9)I(S4,L50),
(Gs, Lsp), (S4, Vag),
(Ly, S19), (11, R39), | (Gs,S19), (4, Aes), R (Gs, Ags), (Ls, Vog),
4, 4365 /» 1, '15),
k=3 (W1, Eg), (Hz, Fis), | (1, Vas), (W1, Lso), T . (K1, R39), (Dy, Eg),
2,139/, 1,219/,
(Ky,Ags), (Ry, G3p), | (Hy, Eg), (N3, Pss) R &
1,+~8/» 3,9
(Dl'PZS)I(N3;V28)

Table 1: Maximum matching of #;,‘ subgraphs of human galanin and its receptors

Let G, (XC, Yy) (for receptors k = 1,2,3) be three bipartite Pt-graphs of human galanin and its
receptors, where X is the vertex set of Pt-graph of human galanin and Y;, Y, and Y3 are the vertex sets

of Pt-graphs of receptor-1, receptor-2 and receptor-3 respectively. Also let }[ki (X,Y,) be the
physicochemical subgraphs of G, (X, Y, ), where i indicates the number of common physicochemical

properties of amino acids. Also let we denote the amino acids with physicochemical properties as
P;* = Hydrophobic, P;~ = Hydrophilic,

P2+ =Polar, P, = Non-polar,

P;* = Aliphatic, P;~ = Aromatic, P3O = Neutral (aliphatic nor aromatic),

P,* = Positive charge, P,~ = Negative charge, P40 = Neutral in charge.
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By analysing %" subgraphs, we get some observations about the physicochmical property-wise
connections of amino acids of galanin and its receptors.

Observation 3.1: In the analysis of the bipartite Pt-graphs of human galanin and receptors, we
obtain Ny4, S5, (in receptor 1), S,g, Ws (in receptor 2) and S;4 (in receptor 3) are the amino acids
which receiving all highest centralities. Also we obtain Gs, S, Y;, W; and N3 are the common
amino acids of human galanin which receive the highest centralities in all the bipartite Pt-graphs.

Observation 3.2: In the physicochemical subgraphs with amino acids sharing exactly one
common property, the connections of amino acids of galanin to receptor-1, receptor-2 and
receptor-3 are

(1) P1+ is not connected with P1+ and P; is not connected with P;

(2) P, is not connected with P, .

(3) P;% is not connected with both P; ™ and P;~ but P; ™ is not connected with P; ™.
(4) P4+ and P, are not connected with both P4Jr and P,

Observation 3.3: In the physicochemical subgraphs with amino acids sharing exactly two
common properties, the connections of amino acids of galanin to receptor-1 and receptor-3 are

(1) P,;* and P, are connected with both ;" and P; .
(2) P, is not connected with P, .
(3) P;" is not connected with, P;*, P;~ and P30
P3;™ is not connected with P3~
P30 is not connected with P;™ and P; ™.
(4) P,% is not connected with P~
P, is not connected with P,*, P, and P4O

P40 is not connected with P,* and P, .

Observation 3.4: In the physicochemical subgraphs with amino acids sharing exactly two
common properties, the connections of amino acids of galanin to receptor-2 are

(1) P,* and P, are conected with both P; ¥ and P; .
(2) P, is not connected with P, .
(3) P;" is not connected with P;* and P30

P3;™ is not connected with P3~

P30 is not connected with P; ™.

(4) P,% is not connected with P~
P, is not connected with P,*, P, and P40

P40 is not connected with P,* and P, .

Remark: In the physicochemical subgraphs with amino acids sharing exactly two common
properties, the amino acids P;* and P;° of galanin are conncted with the amino acids P;~ of receptor-2
and not with receptor-1 and receptor-3. The only aromatic amino acid Tryptophan (W) of receptor-2 is
connceted to the aliphatic and neutral (neither aliphatic nor aromatic) amino acids of galanin.
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Observation 3.5: In the physicochemical subgraphs with amino acids sharing exactly three
common properties, the connections of amino acids of galanin to receptor-1, receptor-2 and
receptor-3 are

(1) P;* is not connected with P; ~ and P; ~ is not connected with P; ™.
(2) P,” is not connected with P, ™.

(3) P3" and P;™ are not connected with P ™.

(4) P,%is not connected with P, ™.

Observation 3.6: In the physicochemical subgraphs with amino acids sharing exactly four
common properties, the connections of amino acids of galanin to receptor-1, receptor-2 and
receptor-3 are

(1) P;~ have more neighbours than P; of X.
(2) P,~ have more neighbours than P,* of X.
(3) P,~ have more neighbours than P,* of X.

Observation 3.7: There is no neighbours for P;~ in receptor-2 of the physicochemical subgraph
with amino acids sharing exactly four common properties.

Observation 3.8: The physicochemical subgraph of galanin and receptor-3 with amino acids
sharing exactly one common property (figure 16) is the subgraph having a maximum matching
which is the only perfect matching among all the physicochemical subgraphs of galanin and its
receptors.

Conclusion

Here we analysed the amino acids and some of their physichochemical properties which
involved in the human galanin neuropeptide and its receptors graph theoretically. We have
constructed and analysed some newly defined graphs - bipartite Pt-graphs and their
physicochemical subgraphs - of galanin and its receptors using C-sets of the corresponding
peptide/protein graphs (Pt-graphs). We observed from the analysis of the bipartite Pt-graphs of
galanin and its receptors that Gz, S,, Y7, W; and N5 (in galanin), Ny4, Sz, (in receptor 1), S,g, Ws
(in receptor 2) and S;9 (in receptor 3) are the amino acids which receive all the highest
centralities. The analysis of physicochemical subgraphs shows that, (i) if the amino acids of
galanin and its receptors share exactly two common properties, the aliphatic and neutral (neither
aliphatic nor aromatic) amino acids of galanin are connected with an aromatic amino acids (ie.,
Tryptophan (W)) only in receptor 2 (figure 13). (ii) if the amino acids of galanin and its
receptors share exactly three common properties, (a) hydrophilic amino acids of galanin are
more connected than hydrophobic amino acids, (b) non-polar amino acids of galanin are more
connected than polar amino acids and (c) negatively charged amino acids of galanin are more
connected than positively chareged amino acids. The maximum matching of physicochemical
subgraphs shows that Leucine (L), Glutamate (E) and Alanine (A) (in receptor 1), Alanine (A)
and Isoleucine (1) (in receptor 2), Serine (S), Alanine (A) and Valine (V) (in receptor 3) and
Glycine (G), Leucine (L) and Aspargine (N) (in galanin) are the most repeated amino acids in the
independent pairs. The physicochemical subgraph of galanin and receptor 3 with amino acids
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sharing exactly one common property (figure 16) is the subgraph having a maximum matching
which which is the only perfect matching among all the physicochemical subgraphs of galanin
and its receptors. These analyses can be used to study all the relationships between
peptide/protein ligands and their receptors and this may help in the field of drug designing.
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