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Abstract In this paper, we present an approach based on
Burrows—Wheeler transform to compare the protein
sequences. The strings representing amino acid sequences
do not reflect the chemical physical properties better, and it
is very hard to extract any key features by reading these
long character strings directly. The use of the Burrows—
Wheeler similarity distribution needs a suitable represen-
tation which can reflect some interesting properties of the
proteins. For the comparison of the primary protein
sequences we convert the protein sequences into digital
codes by the Ponnuswamy hydrophobicity index, and for
the comparison of the structure of the proteins we adjust
the topology of protein structure strings, which are simple
but useful representation of the secondary structure of
proteins to match the Burrows—Wheeler similarity distri-
bution. At last, some experiments show that the approach
proposed in this paper is a powerful and useful tool for the
comparison of proteins.
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Introduction

Proteins are chains of 20 amino acids that are the source of
most biological activity and structure in cells. Analysis of
amino acid sequences can provide useful insights into the
tertiary structures of proteins and their biological functions.
The similarity of the two protein sequences may mean the
similar function or the similar structure of the two
sequences. Many studies have indicated that sequence-
based prediction approaches, such as protein interaction
based on sequence similarity (Cheng et al. 2009), protein
3D structure prediction based on sequence alignment
(Chou 2004), protein subcellular location prediction (Chou
and Shen 2008), estimations of amino acid background
distribution (Dou et al. 2009, 2010), can provide very
timely and useful information and insights into both basic
research and drug design and are widely welcomed by the
science community. Hence, one of the most important
problems is how to measure the similarity between two
biological sequences. The first widely accepted solution to
this problem is based on alignments. However, sequence
alignments seem inadequate for measuring mutations that
involve longer segments of sequences because they con-
sider local mutations only. There are many integral prop-
erties lost if we use the alignment methods only.

Many alignment-free methods have been introduced
recently (Ferragina et al. 2007; Vinga and Almeida 2003;
Mantaci et al. 2008; Nandy et al. 2009; Jia et al. 2009;
Liu et al. 2007; Feng and Wang 2008b). Graphical rep-
resentations of proteins have emerged as one kind of
alignment-free methods of sequences analysis (Randic¢
et al. 2006; Randi¢ 2007; Liu and Wang 2007; Zhang and
Zhang 2000; Liao et al. 2006; Cao et al. 2008). Such
representations can make some special patterns visuali-
zation. Besides those, there are many alignment-free
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methods based on the idea that the more similar two
sequences are, the greater the number of the factors
shared by two sequences is. One of the oldest approaches
based on this idea is the frequencies statistics of the
length k& words shared by the compared sequences
(Blaisdell 1986). In fact, it is proved that the dissimilarity
values observed by using distance measures based on
words frequencies are directly related to the ones
requiring sequence alignment (Blaisdell 1989). So it is
often used as a filtration before alignment. Since using the
k— words only cannot construct phylogeny tree, the
Markov model is often employed to get the information
of the biological sequences (Pham and Zuegg 2004; Pham
2007; Kantorovitz et al. 2007; Helden 2004; Dai et al.
2008).

Recently the idea based on text compression technique
has been noticed by many researchers (Ferragina et al.
2007). The core idea is that two sequences are considered
close if one sequence can be compressed significantly
under the condition that the other sequence information is
known. A theoretical precursor is a similarity metric based
on a notion from the Kolmogorov complexity theory (Li
et al. 2004; Li and Vitanyi 1997). Since the Kolmogorov
complexity is uncomputable, some compressors are intro-
duced to approximate it (Li et al. 2001, 2004; Chen et al.
2004; Cilibrasi et al. 2004).

There are also some other important methods such as
Lemple-Ziv (LZ) complexity, Burrows—Wheeler (BW)
transform (Mantaci et al. 2007, 2008; Otu and Sayood
2003; Zhang and Wang 2010) which are based on com-
pression algorithm, but do not actually apply the com-
pression. The Burrows—Wheeler Transform (BWT) was
introduced by Burrows and Wheeler (1994), and it is a
useful tool for textual lossless data compression. The BWT
algorithm can transform a string, defined over an alphabet
A, to another string which can be compressed easier.
The compression is lossless due to the reversible BWT
algorithm. To compare the similarity of two sequences,
Mantaci et al. (2008) introduced an extension of the
Burrows—Wheeler Transform (EBWT) and defined a class
of dissimilarity measures. However, they have not con-
sidered what is the role of the order relation on the alphabet
set A. There are 20 elements in the set A when the sequences
are proteins. So there are 20! order relations totally. Now
there is a question: which order relation is fit for our problem?

So far, almost all such comparisons, alignment or
alignment-free methods are based on the strings. The
strings representing the biological sequences, especially the
amino acid sequences, do not reflect the chemical physical
properties better. It is hard to extract any key features by
reading these long character strings directly. We need an
appropriate form which is suitable for some special pur-
pose to represent the sequences.
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In this paper, we use Burrows—Wheeler similarity dis-
tribution (BWSD) (Yang et al. 2009) based on Burrows—
Wheeler transform to express the similarity between two
protein sequences. There are some distance measures
spontaneously followed, such as expectation, entropy, and
some other divergence measures of the distribution. When
the primary protein sequences are considered, the Xiao and
Chou (2007) method is used to convert the protein
sequence to digital codes to reflect chemical physical
properties better. Since the protein sequences are repre-
sented by binary numbers, there are only 2 rather than 20!
order relations on the alphabet set A. Hence, we can choose
a suitable order relation easier. Further, the use of BWSD is
to compare the secondary structure of proteins based on the
adjusted TOPS strings which adapt to the BWSD. The
results show the validity of the approach in the field of
structure comparison. At last, we demonstrate the perfor-
mance of the BWSD in the field of the construction of
phylogenetic trees. Hence, the BWSD is a useful and
powerful tool for the comparison proteins.

Burrows—Wheeler transform

Let A be an ordered alphabet. If we denote the set of words
over A by A* and u, v € A*, then we can define the order of
the u and v by the lexicographic order. Hence, the set A* is
a total ordered set. We call u, v conjugate denoted by u~v
if u =xy and v = yx for some x, y € A*. u is called a
primitive word if u = x" implies u = x and n = 1.

If u=ajay---a, € A" is a primitive word, let S, =
{v € A*|u~v}. Then the number of the set S, is n. Since
S, SA* and A* is a total ordered set, the set S, can be
sorted. If the input of the BWT algorithm is the word u,
then the output of the BWT [denoted by bwt(u)] is the pair
(L, I) where L is the sequence of the last character of each
word in the sorted set S, and [ is the position of the original
word u in the sorted set S,,. That is bwt(u) = (L, I). Denote
BWT(u) = L.

For example, let u = babrbca, then the sorted set S, is:

ababrbc
abrbcab
babrbca
bcababr
brbcaba
cababrb
rbcabab

bwt(u) = (cbarabb, 3). BWT(u) = cbarabb.

There are some conclusions about the BWT. The proofs
can be found in Mantaci et al. (2007) and Mantaci et al.
(2003).

Proposition 1 u~v if and only if BWT(u) = BWT(v).
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Proposition 2 u~ v ifand only if BWT(v) = byb, - - - b,,
and BWT(u) = bib3 - - - b

Let C; = {L € A*IL = BWT(u), for some u € A* and u
is primitive}.

Proposition 3 For any L = l1l,---1, € C; and integer
I < n, there exists unique u € A* such that bwt(u) = (L, I).

In fact, the set S, can be obtained by L and u can be
obtained by I from the set S,,. The algorithm about the bwt
is represented in Mantaci et al. (2003, 2007, 2008).

Now consider two words u, v € A* which are primitive.
According to the BWT, we can obtain S, and S,. Let L be
the sequence of the last character of each word in the sorted
multi-set S, U S, (If u* € S,, v¥ € S, and u* = v*, then
u* < v*). Label the characters of L which are from the
word u* € S, by Os and label others by 1s. « is the vector
consisting of the labels. f is the vector consisting of the
positions of the u,v in the set S,U S,. Denote
bwt(u, v) = (L, f) and BWT(u, v) = L, char(u, v) = o.
Since v; < v, in S, implies v < v, in S, U S,, S, is shuffled
in the §,.

For example, u = babrbca, v = abrcabb, then the sor-
ted multi-set S, U S, is: {ababrbc, abbabrc, abrbcab, abr-
cabb, babrbca, babrcab, bbabrca, bcababr, brbcaba,
brcabba, cababrb, cabbabr, rbcabab, rcabbab}.

bwt(u,v) = (ccbbabaraabrbb, (5,4)),
%= (0,1,0,1,0,1,1,0,0,1,0,1,0,1).

The similarity analysis based on Burrows—Wheeler
similarity distribution

In Mantaci et al. (2008) a class of distance measures
between words was defined by the colored EBWT trans-
formation. All the distance measures in the family are
based on the intuitive idea that the greater the number of
factors shared by two sequences u and v is, the smaller the
distance between u and v is. To get these distance mea-
sures, the char(u, v) should be segmented at first. Let P =
{x1,x2,...,x¢} be the segment. Then Dp(u,v)=
> ep Inx(u) — ne(v)| where the n,(u) is the number of the
Os in the block x, n,(v) is the number of the 1s in the block
x. An important property of these measures is that it
includes, as particular case, the k— word counts Euclidean
distance which corresponds to a special choice of the
segment method P.

The order relation between primitive words in EBWT
is different from the order relation mentioned in BWT.
We notice that the new order relation used in EBWT is
not very important to compare two sequences while what
makes a great difference is the idea that in the sorted list
consisting of all the conjugates of the two words, the

greater the number of factors shared by two words is, the
greater the conjugates mix. As a result we use the original
order relation rather than the order relation used in
EBWT.

In this paper, we consider the char(u, v) from another
viewpoint. Given two words u, v, consider o = char(u, v).
First, we rewrite o to the form 0% 1%20% 1% ... QFn 1knn
where % means i repeats k; times. Note that if j % 1 and
J # m + 1, then k; > 0. Let ¢, be the number of k; such
that k;=n. Let s=t +t,+---+1,+---. Note that
there are only finite numbers of 7, such that ¢, # 0. The
BWSD of u, vis P{S,, =k} =t/s,k=1,2,3,...

For example, u = babrbca, v = abrcabb, P{S,, = 1} =
5/6, P{S,, = 2} = 1/6, P{S,, =k} =0ifk > 2.

One of the basic ideas of comparing two sequences is
that the more similar two sequences are, the greater the
number of the factors shared by the two sequences is.
Mantaci et al. (2008) pointed out that if the same factor
s appears both in u and v, then the conjugates of u and v
starting with s are likely to be close in the sorted set
S, U S,. That means the greater the scale of mixing of
conjugates of u and v in the sorted set S, U S, is, the
more similar # and v are. There are many methods to
compare the similarity of the two sequences through
considering the scale of the mixing. In this paper, we
compute the mixing scale of the two sequences by the
BWSD.

Definition 1 The distance of two sequence u, v is
Dy(u, v) = E(S,,) — 1, where E(S,,) is the expectation of
the BWSD of u, v.

Definition 2 The distance of two sequence u, v is

Dg(u, v) = — > k=1 k+ol/slogatils

Note that it is the Shannon entropy of the BWSD.

If u~v, then the BWSD is P{S, =1}=1,
P{S,, =k} =0 if k > 1. Hence we obtain:
Proposition 4 If u~v, then Dy(u,v)=0 and

Dg(u, v) = 0. Inparticular, Dy(u, u) = 0 and Dg(u, u) = 0.

Since S,,, S,, have the same distribution, the next
proposition is obtained:

Proposition 5 Dy (u, v) = Dy(v, u), Dg(u, v) = Dg(v, u)
for any two sequences u, v.

There are some other measures which can be defined
based on the BWSD, such as the relative entropy between
the BWSDs of the given sequences and the BWSDs of the
random sequences. There are still some other divergence
measures in Lin (1991) and Zhang et al. (2009).

Up to now, we have not considered what is the role of
the order relation on the alphabet set A. We cannot expect
the BWSD to be fixed when the order relation is changed.
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Table 1 Three different types for coding amino acids and Pon-
nuswamy hydrophobicity index

Character Binary Decimal Hydrophobicity index
K 00110 6 5.72
N 01000 8 6.17
D 01001 9 6.18
E 01010 10 6.38
P 01011 11 6.64
Q 01100 12 6.67
R 01101 13 6.81
S 01110 14 6.93
T 01111 15 7.08
G 10000 16 7.31
A 10001 17 7.62
H 10010 18 7.85
w 10100 20 8.41
Y 10101 21 8.53
F 10111 23 8.99
L 11000 24 9.37
M 11010 26 9.83
I 11011 27 9.99
v 11100 28 10.38
C 11110 30 10.93

There are 20 elements in the set A when we consider the
protein sequences. So there are 20! order relations totally.
Which order relation is suitable for our problem? We solve
this problem by representing the amino acids as digital
codes which reflect the chemical physical properties of
protein better.

The representations of proteins
An appropriate representation of protein sequence can
provide important insights into the tertiary structures,

functions or some other interesting properties. However,
the biological sequences are stored in the computer

Table 2 Seven protein sequences and structural specification

database system in the form of long character strings in
general. It would act like a snail’s pace for human beings to
read these sequences with the naked eyes. Also, it is very
hard to extract any key features by directly reading these
long character strings (Xiao and Chou 2007). We do not
think that there is any representation of proteins which can
reflect all the properties. But we can obtain an appropriate
representation to reflect some particular properties we are
interested in.

Digital coding methods and some topology structure
representation methods are employed to analyze the protein
sequences. There are many kinds of models on amino acid
digital encoding. Through converting the DNA sequences
into digital signals and using a base for representation of
the nucleotides, Cristea (2001) converts the codons into the
numbers in the range 0—63 and the amino acids into the
numbers in the range 0-20. According to his model, the 20
amino acids and the terminator are coded as: F = 0,L = 1,
S=2,Y=3,end=4,C=5 W=6P=7 H=38,
Q=9 R=10, I=11, M=12, T=13, N= 14,
K=15V=16,A=17,D =18, E = 19, G = 20. This
model distinguishes each amino acid in the process of
encoding amino acid only; however, the chemical physical
properties of the amino acid are neglected. To append the
chemical physical properties, Feng and Wang (2008a)
characterize the amino acids using the acid dissociation
constants. According to their model, the 20 amino acids are
expressed by vectors, i.e., F = (3/17,5/18), L = (15/17,5/9),
S=(11/17,1/3), Y = (10/17,2/9), C = (1/17,1), W =
(172,16/17), P = (4/17,17/18), H = (2/17,7/18), Q =
(7117,5/18), R = (7117,1/6), I = (15/17,13/18), M = (12/17,
4/9), T = (1,8/9), N = (5/17,1/18), K = (8/17,1/9), V =
(13/17,11/18), A = (14/17,7/9), D = (6/17,5/6), E = (9/17,
2/3), G = (14/17,5/9). To reflect better chemical physical
properties and degeneracy, Xiao and Chou (2007) encode
the amino acids based on hydrophobic index. The hydro-
phobic amino acids tend to repel the aqueous environ-
ment, and therefore reside predominantly in the interior
of proteins. The hydrophobicity is one of the major fac-
tors that influence the amino acid substitution during
evolution. The coding principle is that the larger the

Protein Length GenBankID Class Super family
(HAHU) Human o hemoglobin 142 HAHU All o proteins Globin-like
(HAHO) Horse o hemoglobin 142 HAHO All o proteins Globin-like
(HBHU) Human f hemoglobin 147 HBHU All o proteins Globin-like
(CCPQG) Pig cytochrome c 104 CCPG All o proteins Cytochrome ¢
(LEGH) Lupine leghemoglobin 154 P02239 All o proteins Globin-like
(MYWHP) Sperm whale myoglobin 153 MYWHP All o proteins Globin-like
(FGFH) Basic human Fibroblast growth factors 288 NP_001997 All f8 proteins Cytokine
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Ponnuswamy hydrophobicity index of an amino acid is,
the greater its digital code is. The digital codes of the 20
amino acids are listed in Table 1. In this paper, we use
Xiao and Chou (2007) method to convert the protein

Table 3 Similarity by wavelet-based method (Trad et al. 2002)

sequence to digital code. Since the digital code reflect
the hydrophobicity properties well, we can consider the
similarity of two protein sequences from the view of the
hydrophobicity.

HAHU HAHO HBHU CCPG LEGH MYWHP FGFH
HAHU 58 5S I1SIW3N 1W4N 2W3N 2W3N 5N
HAHO 58 5S 1S1TW3N 1W4N 2W3N 2W3N 5N
HBHU 1S1W3N 1S1W3N 5S 1W4N 2W3N 2W3N SN
CCPG 1W4N 1W4N 1W4N 5S 1W4N SN SN
LEGH 2W3N 2W3N 2W3N 1W4N 5S 1W3N SN
MYWHP 2W3N 2W3N 2W3N SN IW3N 5S IW4N
FGFH 5N SN 5N 5N 5N 1W4N 5S
Table 4 Similarity matrix by spectral-distortion (Pham 2007)

HAHU HAHO HBHU CCPG LEGH MYWHP FGFH
HAHU 0 0.0029 0.0006 0.0582 0.0148 0.0023 0.0512
HAHO 0.0029 0 0.0043 0.0750 0.0169 0.0042 0.0546
HBHU 0.0006 0.0043 0 0.0488 0.0133 0.0033 0.0479
CCPG 0.0582 0.0750 0.0488 0 0.0365 0.0562 0.0384
LEGH 0.0148 0.0169 0.0133 0.0365 0 0.0072 0.0112
MYWHP 0.0023 0.0042 0.0033 0.0562 0.0072 0 0.0350
FGFH 0.0512 0.0546 0.0479 0.0384 0.0112 0.0350 0
Table 5 Similarity matrix by Dy,

HAHU HAHO HBHU CCPG LEGH MYWHP FGFH
HAHU 0 0.3181 0.4393 1.8080 0.5346 0.5387 0.6220
HAHO 0.3181 0 0.4899 1.8488 0.5836 0.5393 0.6262
HBHU 0.4393 0.4899 0 1.8866 0.5347 0.4958 0.6285
CCPG 1.8080 1.8488 1.8866 0 1.6909 1.9283 2.0467
LEGH 0.5346 0.5836 0.5347 1.6909 0 0.5233 0.6842
MYWHP 0.5387 0.5393 0.4958 1.9283 0.5233 0 0.6905
FGFH 0.6220 0.6262 0.6285 2.0467 0.6842 0.6905 0
Table 6 Similarity matrix by Dg

HAHU HAHO HBHU CCPG LEGH MYWHP FGFH
HAHU 0 1.0443 1.2751 2.4541 1.4264 1.4354 1.5218
HAHO 1.0443 0 1.3580 2.4742 1.5002 1.4345 1.5257
HBHU 1.2751 1.3580 0 2.5179 1.4281 1.3648 1.5242
CCPG 2.4541 2.4742 2.5179 0 2.3658 2.5065 2.6229
LEGH 1.4264 1.5002 1.4281 2.3658 0 1.4117 1.5876
MYWHP 1.4354 1.4345 1.3648 2.5065 1.4117 0 1.6261
FGFH 1.5218 1.5257 1.5242 2.6229 1.5876 1.6261 0
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Besides the digital coding methods, topology structures
representations are other important methods reflecting the
secondary or the tertiary structures of proteins. TOPS
diagrams are simple but useful descriptions of the struc-
tural topology of proteins. The objects of TOPS diagrams

are the secondary structure elements (SSEs) in which each
o-helix is a circle and each f-strand is a triangle. Each SSE
in a TOPS diagram is associated with a direction repre-
sented with up or down, which is relative to the protein
fold. The SSEs is usually represented by characters

Fig. 1 The cluster tree using 7 T T T T T
UPGMA method for the seven
proteins and the seven random i O o MYWHP
sequences. The HAHU, HAHO,
and HBHU are in the same il > O o rand1
group, and MYWHP and LEGH
in another group. All but one i a0 - LEGH
random sequence are in the
same group which is different B O -+ HAHO
from the group consisting of
five similar proteins " > 0 - HAHU
r 0 - HBHU
N O - FGFB
B O~ rand3
=
B X O randé
r O - rand7
®
i O - rand2
[ ]
o
1l O - rand5
r O - rand4
I 0 -+ CCPG
1 1 1 1 1 1
0 05 1 15 2 25
Fig. 2 The multidimensional Mean En

scaling of the distances Dy, Dp
with TOPS strings (Mean and
En) and with ATOPS strings
(MeanA and EnA). The distance
Dg with ATOPS strings
performs better than the others.
The globin and alpha proteins
are clearly separated from the
others
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Fig. 3 The cluster tree of T T T T
Chew-Kedem data set
constructed by distance matrix |
Dr with UPGMA method -

I

|
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1ithAo
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-1 3sdhA0"
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- 2mnro1$
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- Exia00%

UUDDDUMP—DUUDDUUUU[lJﬁU
11 1 |

- 1ct9A1~

belonging to the alphabet {h, H, e, E}, where h is for the
‘down’ helix, H is for the ‘up’ helix, e is for the ‘down’
strand and E is for the ‘up’ strand. More details about the
TOPS diagrams are described in Ferragina et al. (2007),
Chew and Kedem (2003) and Liu and Wang (2008).
However, it is hard for BWSD to compare the difference
between i and H with the difference between & and E. To
represent the direction, we use the ‘0’ and ‘1’ rather than
the capital letters. To show the difference between the
direction and the class of the SSE, we write the letters
double. According to those, we change the alphabet
{h, H, e, E} to {hhl, hhO, eel, ee0}. The strings of SSEs
based on set {hhl, hhO, eel, eeO} are called adjusted
TOPS (ATOPS) strings. For example: the 1hnf01’s TOPS
string is NeEehEHeEeHEeC while its ATOPS is
NeeleeOeelhhleeOhhOeeleeOeelhhOeeOeel C.

Experiments and results

Experiment 1: the comparison of the protein primary
sequences

To test the performance of our proposed approach with
protein sequences, we selected the same protein data sets
which were studied by Trad et al. (2002) and Pham (2007).

-
-
-
o
-
@

LS

Table 7 Transferrin sequences, sources, and accession numbers

Sequence Name

Species

Accession No.

Human TF

Rabbit TF

Rat TF

Cow TF

Buffalo LF

Cow LF

Goat LF

Camel LF

Pig LF

Human LF

Mouse LF

Possum TF

Frog TF

Japanese flounder TF
Atlantic salmon TF
Brown trout TF
Lake trout TF
Brook trout TF
Japanese char TF
Chinook salmon TF
Coho salmon TF
Sockeye salmon TF
Rainbow trout TF
Amago salmon TF

Homo sapien
Oryctolagus coniculus
Rattus norvegicus
Bos taurus

Bubalus arnee

Bos taurus

Capra hircus
Camelus dromedaries
Sus scrofa

H. sapiens

Mus musculus
Trichosurus vulpecula
Xenopus laevis
Paralichthys olivaceus
Salmo salar

Salmo trutta
Salvelinus namaycush
Salvelinus fontinalis
Salvelinus pluvius
Oncorhynchus tshawytscha
Oncorhynchus hisutch
Oncorhynchus nerka
Oncorhynchus mykiss
Oncorhynchus masou

595936
X58533
D38380
U02564
AJ005203
X57084
X78902
AJ131674
M92089
NM_002343
NM_008522
AF092510
X54530
D88801
L20313
D89091
D89090
D89089
D89088
AHO008271
D89084
D89085
D89083
D89086
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The protein sequences with their GenBank identities are
shown in Table 2. In terms of structural classification,
human o hemoglobin (HAHU), horse « hemoglobin
(HAHO), human f hemoglobin (HBHU), Lupine leghe-
moglobin (LEGH) and sperm whale myoglobin (MY WHP)
belong to the same super family, and others to a different
super family. Based on the protein structure, HAHU,
HAHO, HBHU, LEGH, MYWHP are more similar than
others. HAHU and HAHO are orthologous sequences.
Orthologous proteins are found in two or more organisms
that have very high similarity and almost have similar
three-dimensional structure, domain structure, and biolog-
ical function (Pham 2007). HAHU and HBHU are para-
logous sequences. Those sequences have about 43% of
identical residues.

Tables 5 and 6, respectively, show the similarities of
Dy, and Dy, of the seven protein sequences. Tables 3 and 4
show the result of the method based on wavelet (Trad et al.
2002) and the method based on spectral distortion measure
(Pham 2007) with the same seven protein sequences. For
the wavelet-based approach, the cross-correlation of

HAHU and HAHO is 5S (highly correlated); between
HAHU and HBHU the cross-correlation is 1S1W3N; and
the cross-correlation of LEGH and MYWHP against
HAHU are 2W3N. Those sequences belong to the same
protein family. Even though LEGH has only 14% identical
residues with HAHU, they are distantly related. Too weak
correlations are detected in two different resolutions by the
wavelet-based method. While if 0.005 is chosen to the
cutoff value, the spectral distortion measure can detect
HAHU, HAHO, HBHU and MYWHP as related proteins.
The similar results can be found by our method with which
the cutoff value for Dp and D,, are 1.45 and 0.55,
respectively. Further, seven random sequences with the
same size of the seven proteins mentioned above are gen-
erated to detect the impact of the random sequence. Fig-
ure 1, which is the cluster tree using UPGMA method for
the seven proteins and the seven random sequences, shows
that the HAHU, HAHO, HBHU are in the same group and
MYWHP, LEGH in another group. All but one random
sequence is in the same group which is different from the
group consisting of five similar proteins. That’s to say, the
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= T g - Brown trout TF
- 0 - Japanese flounder TF
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Fig. 4 The phylogenetic tree of transferrin sequences generated by Ford (2001)
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Fig. 5 The phylogenetic tree of T T T T
transferrin sequences generated =

by the distance Dy,
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random sequences make little trouble in comparing the
protein sequences using our approach.

Experiment 2: the comparison of the structure of the
proteins based on adjusted TOPS strings

The Chew—Kedem data set, which is introduced by Chew
and Kedem (2003) and well studied by Ferragina et al.
(2007), Liu and Wang (2008) and Guo and Wang (2008), is
selected to test the performance of the structure comparison
on proteins. The proteins are as follows:

globin: leca00, 5mbn00, 1hlb00, 1hIm00, 1babAO,
1babB0, 1ithAO, 1mba00, 2hbg00, 21hb00, 3sdhAO,
1ash00, 11lp00, 1myt00, 11h200, 2vhbAO, 2vhb00;
alpha-beta: 1aa900, 1gnp00, 6q21A0, 1ct9A1, 1qraA0,
5p2100;

tim barrel: 6xia00, 2mnrO1, 1chrAl, 4enl0O1;

beta: 1¢d800, 1ci5SA0, 1ga9A0, 1cdb00, 1neu00, 1qfoAO0,
1hnf01;

alpha: 1cnpAO, 1jhgAO0.

The TOPS strings for 36 protein chains can be found
in Liu and Wang (2008). Using the TOPS strings, we
can obtain the ATOPS strings of the 36 proteins. Then

we compute the distance of each pair of the proteins by
BWSD. When the distance matrices of the proteins are
obtained, the multidimensional scaling method (Borg and
Groenen 1997; Shepard 1966) is used to analyze those
distance matrices. Multidimensional scaling (MDS)
allows you to visualize how near points are to each other
for many kinds of distance or dissimilarity metrics and
can produce a representation of your data in a small
number of dimensions. MDS does not require raw data
but only a matrix of pairwise distances or dissimilarities.
Figure 2 shows the results of the distances D,;, Dy with
TOPS strings and with ATOPS strings. The distance Dg
with ATOPS strings performs better than the others. The
globin and alpha proteins are separated from the others
clearly. Although there are some mixes between the
globin and tim barrel proteins in the result of D,, with
ATOPS strings, the beta proteins are separated more
clearly than other methods, and the distance between
lcnpAO and 1jhgAO are the smallest in all the methods.
Besides those results, there is a phenomenon that the
globin proteins are divided into two groups clearly by
the D with ATOPS strings. The reason for this phe-
nomenon may be worth further considering. Those
results are reappeared by the cluster tree constructed by
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Fig. 6 The phylogenetic tree of T ‘ ! L 7 I 1 I I I Y
transferrin sequences generated - 0 - Atlantic TF
by the distance Dpg L —+ a | Brown trout TF
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Table 8 The comparison of phylogenetic trees by symmetric
difference distance

D,,UP Dy/NJ D;UP DgNJ
Non-code 28 22 22 22
Code 12 12 12 10

distance matrix Dr with UPGMA method and illustrated
in Fig. 3.

Experiment 3: the phylogenetic analysis of transferrin
proteins

The transferrin sequences from 24 vertebrates, which are
well studied by Ford (2001) (The accession numbers are
listed in Table 7 and the topology structure of the phylo-
genetic tree is illustrated in Fig. 4), are selected to test the
performance of our proposed approach on constructing the
phylogenetic tree. After converting the protein sequences to
the digital codes, we can obtain the BWSDs of all species
pairs through the bwt algorithm. Once the distance matrices
named D,, and Dy, are obtained from BWSD, it is straight-
forward to generate a phylogenetic tree using NJ method or

@ Springer
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UPGMA method. The widely known symmetric difference
distance of Robinson and Foulds (1981) is employed to
compare the phylogenetic trees. The symmetric difference is
simply a count of how many partitions there are, among the
two trees, which are on one tree and not on the other. When
the two trees are fully resolved bifurcating trees, their
symmetric distance must be an even number; it can range
from O to twice the number of internal branches, which for n
species is 4n — 10 (for three species or more).

The phylogenetic trees illustrated in Figs. 5 and 6 are
constructed by D,, and Dy using NJ method. Both are
substantially consistent with the tree constructed by Ford
(2001). Further, considering the impact of the order rela-
tion on the alphabet set A, we construct the phylogenetic
trees based on D,; and Dg computed without converting the
protein sequences to the digital codes and compare these
phylogenetic trees, using symmetric difference distance,
with the tree constructed by Ford (2001). Table 8 lists the
distance values. It can be found that (1) the trees con-
structed after converting the proteins into digital codes
perform better than the trees constructed with the primary
sequence without coding, (2) the trees constructed by NJ
method perform better than the trees constructed by the
UPGMA method, and (3) the trees constructed by the
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distance measure Dg perform better than the trees con-
structed by the distance measure D,,.

The widespread occurrence and diverse roles of the
family of transferrin proteins drive investigations into their
evolution and function. Their binding and transport of
hydrolysis prone Fe(Ill) are well studied. The correct
construction of the phylogenetic trees shows that the
hydrophobicity plays an important role in the evolution of
the transferrin proteins.

Hence the Burrows—Wheeler similarity distribution is
valid on similarity analysis. In the field of phylogenetic
analysis, the distance measures Dy, and Dy are efficient.

Conclusions

A novel alignment-free method for protein sequence
comparison is proposed in this work. We use the BWSD to
describe the similarity of the two proteins. The BWSD
needs an appropriate representation which can reflect the
properties of the proteins better. Hence, when we consider
the primary sequences of the proteins, we use the digital
codes which can reflect the amino acid’s chemical physical
properties to represent the protein sequences and when we
consider the structure of the proteins, we use the ATOPS to
describe the secondary structure of the proteins in this
paper. Some experiments have shown that the approach
proposed in this paper is a powerful and useful tool for the
comparison of proteins. Besides the representation methods
proposed in this paper, there are some other methods rep-
resenting the proteins to reflect the properties we are
interested in. If the BWSD is employed, the representations
should match the BWSD which is a tool to describe the
similarity of two strings.
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