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Similarity analysis of protein sequences
based on a new graphical
representation method

YUYAN ZHANG AND JIA WEN

Similarity analysis of protein sequences is often utilized to iden-
tify the similarities/dissimilarities of protein sequences, which is
the key step to predict the structures and functions of the newly
identified proteins. Integrating the properties of isoelectric point
and hydrophobic factors for amino acids, a new graphical repre-
sentation of protein sequence is proposed to depict the features of
proteins, in which both the local and global information of protein
sequence are shown. Our new graphical curve has no degeneracy
or arbitrariness, and the relationship between a protein sequence
and its corresponding graphical curve is one-to-one. In addition,
two numerical characterizations derived from the protein graph
are utilized to quantify each protein sequence. The examination of
similarity of the DN6 proteins from eight different species shows
the utility of our new method.

Introduction

Similarity analysis of protein sequences is often utilized to identify the sim-
ilarities/dissimilarities of different protein sequences, which is also the key
step to predict the structures and functions of newly identified proteins.
Mathematical comparison for a large volume of DNA and protein molecu-
lar data is still one of the challenges for bio-scientists. The traditional ap-
proaches for the similarity analysis of DNA and protein sequences are based
on computer-oriented and computer-intensive comparison of sequences by
sequence alignment. In recent years, many methods have been reported to
analyze the huge amounts of gene data. The graphical representation method
is one of those methods, which has such an important advantage over other
methods: it provides not only visual qualitative inspection of gene data to
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recognize major differences among similar gene sequences, but also mathe-
matical characterizations of graphical curves. Hamori and Ruskin first used
a 3-D H curve to represent a gene sequence [I]. Later, Gates published a 2-D
graphical representation that is simpler than H curve [2]. However, Gates’
graphical representation has high degeneracy. Several authors outlined dif-
ferent graphical representations for proteins and DNA sequences [3H20].

The first graphical representation of protein sequence emerges more than
ten years, and a lot of works proposed in graphical representation of proteins
have been outlined [16-26]. The team from Prof. Yau has published several
papers in this area [9, 27-31]. Following their previous work, they utilized the
moment vectors to depict protein sequences and generate a universal protein
map [27, 28]. Then motivated by the protein map, a novel method called
protein space was developed to realize the nature of protein space. Their
proposed methods are applied successfully in the graphical representation for
protein sequence. Especially, a vector graph was used depict the distribution
of bases in a protein sequence, and the relationship between a vector and its
corresponding sequence is one-to-one.

Most existing graphical representations for protein sequence involve some
degree of arbitrariness, such as the assignment of amino acids to vertices of
graphs of geometrical objects considered. One feasible way to avoid such
difficulties is to search for ordering 20 natural amino acids according to
some of their physicochemical properties. Randic [22], Yao et al. [23], He
et al.[24], Wen and Zhang [25], and Yu et al.[26] outlined different protein
maps by constructing these spatial order points based on a selected pair of
physicochemical properties of amino acids. However, Randic’s protein map
is static, and will be invisible for the long sequence. Similarly, protein graphs
proposed by Yao et al., He et al., and Yu et al. accompany with the loss of
information due to overlapping and crossing of the curve with itself, or some
degree of arbitrariness.

From the work of Yao et al. [23], among all physicochemical properties of
amino acids, the isoelectric point and hydropathy index have been verified to
be the most important indexes for protein molecules, which display the essen-
tial features of protein molecule efficiently. Therefore, utilizing the isoelectric
point and hydropathy index for 20 amino acids, a new 2-D graphical repre-
sentation of protein sequences is proposed to reflect the innate information of
protein sequences. Significantly, our new graph effectively conquers the de-
generacy of graphical curve, and has no arbitrariness. Associating with this
new graphical representation, two numerical characterizations of mutations
are utilized to compare the similarities among protein sequences belonging to
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Amino acid | Symbol | Isoelectric | Hydropathy | z-Coordinate | y-Coordinate
point (pI) index

Glycine G 5.97 —-04 5.97 —-04
Alanine A 6.01 1.8 6.01 1.8
Threonine T 5.87 -0.7 5.87 -0.7
Serine S 5.68 —-0.8 5.68 —0.8
Proline P 6.48 —-1.6 6.48 —1.6
Valine \% 5.97 4.2 5.97 4.2
Leucine L 5.98 3.8 5.98 3.8
Isoleucine I 6.02 4.5 6.02 4.5
Methionine M 5.74 1.9 5.74 1.9
Phenylalanine F 5.48 2.8 5.48 2.8
Tyrosine Y 5.66 —-1.3 5.66 —-1.3
Tryptophan W 5.89 -0.9 5.89 -0.9
Aspartic acid D 2.77 -3.5 2.77 -3.5
Glutamic acid E 3.22 -3.5 3.22 -3.5
Aspargine N 5.41 -3.5 5.41 -3.5
Glutamine Q 5.65 —-3.5 5.65 -3.5
Lysine K 9.74 -3.9 9.74 —-3.9
Arginine R 10.76 —4.5 10.76 —4.5
Histidine H 7.59 -3.2 7.59 —-3.2
Cysteine C 5.07 2.5 5.07 2.5

Table 1: The selected pair of properties of 20 amino acids and their corre-
sponding coordinates in 2-D Cartesians.

eight ND6 (NADH dehydrogenase subunit 6) proteins: human (Homo sapi-
ens, AP_000650), gorilla (Gorilla gorilla, NP_008223), common chimpanzee
(Pan troglodytes, NP_008197), wallaroo (Macropus robustus, NP_007405),
harbor seal (Phoca vitulina, NP_006939), gray seal (Halichoerus grypus,
NP_007080), rat (Rattus norvegicus, AP_004903), and mouse (Mus muscu-
lus, NP_904339).

1. A new graphical representation of protein sequence

Twenty kinds of natural amino acids form the completed protein molecule
with diverse functions. Recognizing the properties of amino acids is essential
to separate protein molecules. There are several different kinds of physic-
ochemical properties for amino acid, such as the relative molecular mass,
solubility limit, specific rotation, isoelectric point (pI), hydropathy index,
melting point, and pK, values for terminal amino acid groups COOH and
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NHs+, etc., which are all important factors for the structure and function of
protein molecule. After analyzing and comparing six types of physicochemi-
cal properties of amino acids, Yao et al. [23] found the isoelectric point and
hydropathy index are two of the most important factors in characterizing
amino acid, which is consistent with the fact that hydrophobic interaction
and charges are the key factors for sustaining the structures and function
of protein molecules. Therefore, in this study, the isoelectric point and hy-
dropathy index are selected to characterize the identities of 20 amino acids,
which are presented in Table 1.

tha
T
]

Figure 1: Twenty special vectors in 2-D Cartesian coordinates representing
20 amino acids, respectively.

If point (0,0) is taken as the origin, Figure 1 illustrates 20 special vec-
tors representing 20 amino acids in a 2-D Cartesian coordinates, respectively.
The numerical values in the last two columns of Table 1 are the x and y
coordinates for 20 amino acids along the x-axis representing the isoelectric
point and along the y-axis representing the hydrpathy index, respectively.
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Hence, each amino acid is numerically characterized by a unique special vec-
tor. Obviously, the numerical values of x and y coordinates of each amino
acid are identical to the numerical values of the isoelecric point and hydropa-
thy index, respectively, which could reflect the innate information of protein
molecular, and have no arbitrariness. Similar to our previous work [25], the
points in the protein graph are obtained by the sum of vectors representing
amino acids in the protein sequence. Given a protein sequence with N amino
acids, S = 5152 - -+ Sy, inspect it by stepping one amino acid at a time. For
stepi (i =1,2,...N), the point P;(z;,y;) can be constructed as follow:

7 i
1 2
=Y S, vi=Y»_ Sk
k=1 k=1

where Si (j = 1,2) represents the jth component of the vector corresponding
to Sk. When ¢ from 1 to NV, we have points P;, Ps, ..., Py. Connecting the
adjacent points, we can obtain a protein graph.

In addition, we can easily prove that our new graph has no circuit or
degeneracy in our proposed model [9, 25 27], as follows: Let the number of
amino acid forming a circuit be and let the number of G, A, T, S, P, V, L,
LM F, Y, W,D, E, N, Q, K., R, H, and C in a circuit be g, a, t, s, p, v, [,
i, m, f,y, w,d, e n,q,k,r h, and c, respectively. Therefore, we have ¢gG,
aA, tT, sS, pP, vV, IL, il, mM, fF, yY, wW, dD, eE, nN, ¢Q, kK, rR, hH,
and cC form a circuit, the following equation will hold:

9(5.97,-0.4) + a(6.01,1.8) + t(5.87, —0.7) + s(5.68, —0.8)

+ p(6.48, —1.6) + v(5.97,4.2) + 1(5.98, 3.8) + (6.02,4.5)
+m(5.74,1.9) + f(5.48,2.8) + y(5.66, —1.3) + w(5.89, —0.9)
+d(2.77,-3.5) 4+ e(3.22, -3.5) + n(5.41, —3.5) + ¢(5.65, —3.5)

+ k(9.74, —3.9) + r(10.75, —4.5) + h(7.59, —3.2) + ¢(5.07,2.5) = (0,0).

The sum of xz-coordinates indicates that

5.97g + 6.01a + 5.87t + 5.68s + 6.48p + 5.97v 4 5.98] + 6.02¢ + 5.74m
+5.48f + 5.66y + 5.89w + 2.77d + 3.22e + 5.41n + 5.65q + 9.74k
+10.75r + 7.59h + 5.07¢ = 0.
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It follows that

as the number of amino acids is a nonnegative number. Therefore, no circuit
exists in the graph in a nontrivial case where N > 0.

Moreover, the relationship between a protein graph and its correspond-
ing protein sequence follows one-to-one, and sequence alignment can be done
by simply identifying similar segments of protein graph. In addition, protein
sequence can be recovered from its protein graph mathematically without
loss of any biological information.
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Figure 2: The 2-D graphical representations for segmented proteins I and 11
from P00729 and P38109, respectively.

We illustrate our graphical representation method on two shorter seg-
ments of proteins from yeast (P00729) and Saccharomyces cerevisiae
(P38109). These two segments, taken from the Handbook of Chemoniformat-
ics by Randic [22], have been testified in several graphical representations.
Figure 2[a(1)] and 2[a(2)] show zigzag curves for these two shorter segments
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of proteins based on our model and the corresponding protein sequences are

Segmented protein I: WTFESRNDPAKDPVILWLNGGPGCSSLTGL
Segmented protein II: WFFESRNDPANDPIILWLNGGPGCSSFTGL.

Compared with Yu et al.’s protein graphs [26] (Figure 2-[b(1), b(2)])
for the same sequences, our protein graphs are more visible, intuitional,
and easily analyzed. But Yu et al.’s protein curves are tedious for having
degeneracy, and visual inspection will be difficult for a long sequence.
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Figure 3: The graphical alignment for segmented proteins I and II from
P00729 and P38109, respectively.

Taking a closer look at Figure 2, we also find that two protein graphs
are similar on the whole which indicate that they have several local match-
ing segments. In order to quantify the differences between two proteins, we
paint two graphical curves in the same palette (see Figure 3(a)). Because
each amino acid is numerically characterized by a unique special vector, the
same vectors denote with the same amino acid. In Figure 3(a), it is easy
to observe the similarities between two protein fragments which have dif-
ferent amino acids only at the sites of 2, 11, 14, and 27. And the relative
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distance is proposed to depict the diversities of proteins through consider-
ing the Euclidean distance between corresponding vectors of amino acids
in Figure 3(b). The relative distances at the sites of 2, 11, 14 and 27 are
3.5217, 4.3484, 0.3401 and 1.1180, respectively. Obviously, based on ordering
of amino acids with respect to acid dissociation constants of the side chains,
the graphical alignments of proteins indicate that not all mismatches are
equal. For example, at the site of 14, where Valine in Protein I is substi-
tuted by Isoleucine in Protein II, the mismatch is accompanied with a small
relative distance. The two amino acids, both classified as ‘small hydropho-
bic’, can more easily replace one another than amino acids belonging to
different classes. While there are four mismatches between the two proteins,
the relative distances associated with small amplitudes are less likely to dras-
tically change the properties of proteins. As said by Randic [22], proteins
could be more similar than that would be suggested by the mere count of
mismatches.
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Figure 4: The 2-D graphical representations of eight ND6 protein sequences.

In Figure 4, we illustrate the 2-D graphical representations of ND6 pro-
tein sequences from eight different species. Comparing with these curves, we
find that the protein graphs of human, gorilla, and common chimpanzee are
more similar on the whole, as well as the protein graphs for harbor seal-gray
seal and rat-mouse. In addition, the protein graph of wallaroo is obviously
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different from the other species. These results are consistent with the known
fact of evolution and results by other authors [26H34].

2. Numerical characterization of protein graph

In this section, two numerical characterizations of protein graphical curve
are utilized to facilitate quantitative comparison of protein sequences. One
of the possibilities to achieve this aim is to characterize the graphical curve
by mathematical invariants. We first transform the graphical curve into a
matrix. Once we have a matrix to represent a sequence, we can use some
of matrix invariants as descriptors of protein sequences. Here, we will avoid
the difficulties in computational complexity, and introduce two numerical
characterizations of such 2-D graphical curve which is easy to obtain.

2.1. Geometrical center of protein graph

According to the graphical curves of proteins, each protein sequence can
be represented by a set of vector points in a 2-D Cartesian coordinates.
In order to find some invariants that are sensitive to the graphical curve,
the geometrical center of the points in corresponding 2-D graphical curve
(29,40 is regarded as a descriptor of characteristic curve [I3], 23, 25], which
is calculated as follows:

1Y 1 Y
xOZNZIi, yozﬁzyh
i=1 i=1

where x; and y; are the coordinates of the ith amino acid in Cartesian
coordinates with the point (0,0) as the origin of all the sequences, and N is
the length of the sequence.

2.2. Leading eigenvalue of a graphical curve matrix

The eigenvalues of a graphical curve matrix is a graph invariant representing
the characterizations of original protein graph which can better reflect upon
the inherent properties of protein sequence. Especially, the leading eigen-
value of matrix has been widely used in the comparison of protein sequences
[7, 13| [16], 19], 20, 23] B5H37].
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Species Human | Gorilla | C.Chimpanzee | Wallaroo | H.Seal G.Seal Rat Mouse
(length) (174) (174) (174) (167) (175) (175) (172) (172)
20 508.5879 | 509.8840 509.7814 487.3193 | 509.3739 | 509.3193 | 497.1198 | 497.0613
y° 113.5316 | 112.1448 105.8448 117.3629 | 120.3017 | 117.0760 | 106.6884 | 111.1767
Amas 1.4918 | 1.5004 1.5016 1.2084 | 14794 | 14739 | 1.3908 | 1.3964
(1.0 x 107)

Table 2: The geometrical centers (z°,4%) and leading eigenvalues Apqp of
2-D graphical curves representing eight ND6 protein sequences.

The numerical characterization of the graphical curve is given by matrix

M, as follows:
M, M
M — Ty .Z’y) ,
(Myﬂc My,

whose components are defined as:

N
My:v = Z(l'l - il‘o)(yz - yO)’
=1

My,

N

(z; — xO)Q’ My, = Z(yz - 90)2-
1 =1

MZE$

I
WE

<.
I

The above four numbers give a quantitative description of protein graph.
The leading eigenvalue A4, of matrix M is used as a descriptor to numer-
ically characterize corresponding protein graph, and further applied to the
similarity analysis of protein sequences.

In Table 2, we list geometrical centers (z°,y") and leading eigenvalues
Amaz gotten from the graphical curves of eight ND6 proteins, respectively.

3. Similarities of eight DN6 protein sequences

In this section, the geometrical center of protein graph and leading eigen-
value of protein graphical curve matrix are utilized to compare similarities
of eight DN6 protein sequences, respectively.

If each geometrical center of protein graph represents corresponding pro-
tein sequence in a 2-D Cartesian coordinates, the protein map corresponding
to eight DNG6 proteins is shown in Figure 5. Using the relative distance be-
tween two points as an index for comparison, we perform similarity analysis



Similarity analysis of protein sequences 203

125 T T T T T T T
120+ narbor seal 4
wallaron way sedl
M5 &
fuman
gorilla
mouse
M- B
£t

sommom chirm ]
1051 e 4

| | 1 | | | 1
485 450 495 500 505 510

@
(L]
g

Figure 5: The protein map of eight ND6 protein sequences.

of eight DN6 proteins on protein map. If two protein sequences are more
similar, the relative distance of corresponding points should be smaller. Ob-
serving Figure 5, we can easily find that the proteins of human, gorilla and
common chimpanzee are more similar with each other, although the common
chimpanzee seems a little far from human and gorilla. In addition, the groups
of (harbor seal, gray seal) and (rat, mouse) are also similar. However, the
wallaroo is far from other species. These results coincide with former results
in Figure 4. It is obvious that the protein map reflecting the similarities of
protein sequences is more visible and intuitional, and the obtaining results
are also credible.

Meanwhile, the similar results are also obtained by the leading eigen-
value of protein graphical curve matrix. In Table 3, the similarity matrix
for eight DN6 proteins is constructed by computing the absolute value of
the difference between any two leading eigenvalues listed in Table 2. The
similarity comparison presented by the numerical value is based on the as-
sumption that two proteins are more similar and their corresponding value
should be smaller. That is to say, the smaller is the value, the more simi-
lar are the two proteins. From Table 3, the proteins of human, gorilla, and
common chimpanzee are more similar to each other, as well as DN6 proteins
of harbor seal-gray seal and rat- mouse. On the other hand, the wallaroo is



204 Yuyan Zhang and Jia Wen

dissimilar to others among the eight species. The results of Table 3 are more
consistent to the known fact of evolution and former results [26H34].

Species Human | Gorilla | C.Chimpanzee | Wallaroo | H.Seal | G.Seal | Rat | Mouse
Human 0 0.0858 0.0974 1.9341 | 0.1248 | 0.1797 | 1.0102 | 0.9546
Gorilla 0 0.0116 2.0199 | 0.2105 | 0.2654 | 1.0960 | 1.0404
C.Chimpanzee 0 2.0315 | 0.2222 | 0.2771 | 1.1076 | 1.0520
Wallaroo 0 1.8093 | 1.7544 | 0.9239 | 0.9795
H.Seal 0 0.0549 | 0.8854 | 0.8298
G.Seal 0 0.8305 | 0.7749
Rat 0 0.0556
Mouse 0

Table 3: The similarity matrix (1.0 x 10°) for eight ND6 protein sequences.

4. Conclusions

Integrating a selected pair of physicochemical properties of amino acids, the
isoelectric point and hydrophy index, we propose a new graphical represen-
tation of protein sequences to depict the features of protein sequence, which
can precisely reflect the innate information of protein molecular. Comparing
with former methods, our new graphical representation cannot only visual-
ize the local and global features of protein sequence, but also effectively
avoid the loss of information for graph degeneracy. Importantly, our protein
graph is more visible, intuitional, and having no arbitrariness. Associating
with our new graphical representation, two numerical characterizations de-
riving from protein graphical curve are utilized as descriptors to characterize
protein sequence which facilitate the similarity comparison of sequences, in
that, their computational complexity is very low, and it can be easy to
implement. Moreover, the results obtained from the similarity analysis of
protein sequences demonstrate that the geometrical center of protein graph
and leading eigenvalue of the graphical curve matrix are powerful in precisely
reflecting the relationship of protein sequences.
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