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Abstract. The mirror tree is a method to predict protein-protein inter-
action by evaluating the similarity between distance matrices of proteins.
It is known, however, that predictions by the mirror tree method include
many false positives. We suspected that the information about the evo-
lutionary relationship of source organisms may be the cause. of the false
positives, because the information is shared by the distance matrices.
Therefore, we excluded the information from the distance matrices and
evaluated the similarity of the residuals as the intensity of co-evolution.
We developed two different methods with a projection operation and par-
tial correlation coefficient. The number of false positives were drastically
reduced by our methods.

Keywords: protein-protein, co-evolution, projection operation, partial
correlation coefficient. '

1 Introduction

Information about protein—protein interactions in living cells provides deep in-
sight into the biological functions of proteins at the cellular level. The devel-
opment of large-scale experimental analyses, such as the yeast 2-hybrid system
[7,21] and pull-down method [3,6], has facilitated understanding the protein—
protein interaction network in cells. However, such experimental approaches have
problems in coverage and accuracy [20,22]. Following the trend, the prediction of
protein—protein interactions has become one of the major issues in bioinformat-
ics. The predicted protein—protein interactions can provide complementary or
supporting evidence to the large-scale experimental studies on protein—protein
interactions although computational analyses also have the same drawbacks as
experimental studies, that is, low coverage and low accuracy.
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Various computational wmethods to predict protein-protein interactions have
been developed uatil today. Co-evolutionary behavior between interacting pro-
teins provides useful information for the prediction of protein-protein interac-
tion. The mirror tree method [15] and the in silico 2-hybrid system method [14)
are two represcutative methods to predict protein-protein interaction with co-
evolutionary information. In this paper, we explain our studies [18,19] aiming at
improvement of the mirror tree method. The mirror tree method was developed
by Pazos and Valencia [15], although there are several preceding works, such
as Goh et al. [5]. The mirror tree method predicts protein-protein interactions
under the assumption that the interacting proteins show similarity in molecular
phylogenetic tree because of the co-evolution through the interaction. To avoid
the difficulty to evaluate the similarity between a pair of phylogenetic trees,
however, the mirror tree method compares a pair of distance matrices. Consider
two proteins, proteins A and B. The orthologous amino acid sequences of pro-
tein A are collected from n species. The n sequences of protein A are aligned
and the distance matrix, Dj, is calculated. The size of Dy is n x n, and each
row or column of the matrix corresponds to a species under consideration. An
element of the matrix, Da(%, j), represents the genetic distance between species
i and j, which is calculated by comparing the amino acid sequences of protein
A between the two species. A distance matrix is symmetric, and only the upper
or lower half of the matrix includes sufficient information for tree construction.
Likewise, the orthologous amino acid sequences of protein B are collected from
the same n species, and the distance matrix, Dg, is calculated. The intensity of
co-evolution between proteins A and B is evaluated as Pearson’s correlation coef-
ficient, pYIFROR  between the distance matrices Da and Dp, which is calculated
as follows:

T 35 (DaGi,9) - Ave(DA)(Ds (i, ) — Ave(Ds)
MIRROR _ =1 j=i+1 (1)

PaB /Var(Da)Var(Da)

where Ave and Var represent the average and the variance of the upper (or lower) -
half elements of a distance matrix. High correlation between the distance matri-
ces indicates the resemblance of the corresponding phylogenetic trees. Therefore,
a pair of proteins are predicted to interact with each other, when the distance
matrices of the proteins show high correlation. Because of the simplicity, modi-
fication and improvement have been introduced into the mirror tree method by
several groups (4,9,16]. On the other hand, it has been recognized that the mirror
tree predictions include many false positives. That is, evén protein pairs that are
known not to interact often show high correlation coefficients. Then, such pairs
are predicted to interact in error. The abundance of false positives in the mirror
tree prediction reduces the reliability of the method in actual applications. We
suspected that the cause of the false positives is the information about the evo-
lutionary relationship among the source organisms of the collected orthologous
sequences. The distance matrices of orthologous proteins from the same set of n
source organisms are compared in the mirror tree method. Therefore, all of the
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distance matrices of the proteins are considered to include the same inforatiou
about the cevolutiontary relationships among the same 7 sowvees. The inforwatiou
shared by the distance matrices would generate high correlation even between
the matrices of non-interacting proteins. If our hypothesis is corvect, the munber
of false positives in the predictions could be reduced by excluding such informa-
tion from the distance matrices. We developed two different methods to exclude
the information from the distance matrices for the prediction of protein-protein
interaction. One of thewn nses a projection operator, whercas the other is based
on multiple regression. The two wethods were applied to physically contacting
proteins, to evaluate their performances. Then, it was found that our methods
drastically reduced the number of false positives in the predicted protein-protein
interactions as expected.

2 Material and Method

2.1 Data Preparation

13 pairs of Fscherichia coli proteins that are physically in contact were selected
from the Database of Interacting Proteins (DIP) (17]. The pairs are listed in
the legend for Table 1. Each pair was selected so that neither of the interacting
proteins participated in the remaining 12 pairs of interacting proteins. Then, -
(putative) orthologues corresponding to the 26 proteins were collected from 40
different bacterial species, according to the KEGG KO database [10]. We as-
sumed that a pair of proteins, which are orthologous to the interacting proteins
of E. coli, are also physically in contact.

2.2 DMultiple Sequence Alignment and Distance Matrix

A multiple alignment of each set of orthologous amino acid sequences was made
with the alignment software MAFFT [11]. A distance matrix for the orthologous
sequences was calculated from the multiple alignment. A genetic distance be-
tween every pair of aligned sequences was calculated as a maximum likelihood
estimate using the PROTDIST in the PHYLIP package [2]. JTT model [8] was
used as a model for the amino acid substitution for the estimation.

2.3 Transformation from Distance Matrix to Phylogenetic Vector
[19]

The distance matrix was transformed into a vector. The upper or lower half
of the non-diagonal elements of the distance matrix was arranged as a one-
dimensional array of the numerical values in a certain order. All of the matrices
were transformed into vectors with the same arrangement of the elements. When
the matrix has a size of n x n the dimension of the vector is n(n — 1)/2. The
vector is hereafter referred to as a 'phylogenetic vector’. The dimension of the
phylogenetic vector is 820, because n is 41. Consider a pair of phylogenetic
vectors, which are transformed from distance matrices D; and D;. The subscripts
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i and j indicate different sets of orthologues, that is, ditferent proteins. Then,
the clements of cach vector are novmalized with the average and the standard
deviation of the clements as follows:

|V1#> _ ) =) ‘ (2)
v/ Var(;)

where i) is a vector with the same dimension as |;). All the elements of |
are coustant, and arc equal to the arithmetic average over the elements of |v;).

Var(v;) is the variance over all the elements of |14). The superscript # in l~uf>
indicates that the vector is normalized. Then, the inner product hetween a pair of
normalized vectors is the Pearson'’s correlation coefficient used for the mirror tree
wethod, which is defined by formula (1). Hereafter, the correlation coefficient by

the mirror tree method is denoted as p}fIRROR,

pMIRROT: — (%, %y, (3)

2.4 First Method with Projection Operator [19]

Consider an n(n — 1)/2-dimensional unit vector |u), which represents the evo-
lutionary relationship of the source species under consideration. Given such a
vector, following projection operator P can be defined:

P=1—|u)(ul. (4)

The projection operator is a matrix with the size of n(n —1)/2 xn(n—1)/2. The
method to obtain |u) is explained below. I represents an identity matrix with
the size of n(n — 1)/2 x n(n — 1)/2. By applying the projection operator (4) to
a phylogenetic vector, say, |v;), the component within |v;), which is orthogonal
to |u), is generated:

les) = Plui) = |vi) — Ju) (ufws) . )

le;) is a residual vector obtained by excluding the information about the evolu-
tionary relationship from the phylogenetic vector . The same projection operator
was applied to all of the phylogenetic vectors under consideration. Each of the
residual vectors was then normalized with the average and the standard devia-

)

and |ef> represents the Pearson’s correlation coefficient between the residual
vectors:

tion of the elements. The inner product between the two residual vectors

pf'jROJECTION _ <€#|Ej#) (6)

was used as a new measure to evaluate the intensity of co-evolution between
proteins 7 and j.
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In order to obtain the unit veetor representing the phylogeuetic relationship
of the source organisms. three different wethods were considered. Iu the hrst
method, 16S tRNA was used for the calenlation. Basically, at least one copy
of the 16S rRNA gene is encoded by cach genowe. Therefore, the distance ma- '
trix or the phylogeuctic vector of the 16S rRNAs is considered to represcut the
evolutionary relationship among the source organisins. The nucleotide sequences
of rRNA were collected from the same sources as the proteins under considera-
tion according to the KEGG GENES database [10] and the Ribosomal Database
Project-II Release 9 [1]. The nucleotide sequences of the 165 rfRNA were aligned,
and the distance between every pair of the aligned nucleotide sequences was cal-
culated by using the F84 model [12] with the DNADIST in the PHYLIP package
[2]. The distance matrix was then transformed into a phylogenetic vector |vi6s).
Then, a unit vector |uigs) was obtained as |vigs)/||v16sll-

In the second method, all of the phylogenetic vectors of proteins under con-
sideration were normalized so that the size of the elements in each protein was
"1’ at first. Then, they were averaged as

"

|vave) = - Z IIIZH (7)

where m is the number of proteins. So, m was 26 here. The second unit vector
|uave), was obtained as |vave)/||lvavel|-

In the third method, the phylogenetic vectors were used again. Let X be a
matrix of n{n — 1)/2 x m in which the i-th column corresponds to a normalized
phylogenetic vector of protein i. Then, a correlation coefficient matrix ¥ of
"'m x m was calculated as XT X. The superscript T indicates the transpose of
a matrix. The principal component analysis for the data corresponding to X is
equivalent to solving the eigenvalue problem of Y. Then, |vpc1) was obtained
as |vpc1) = X|z1), where |2;) is a vector corresponding to the first principal
component axis. Then, |vpc1)/||veci|| generated the third unit vector, lupci).

The Pearson’s correlation coefficients between the residual vectors for a pair of
proteins 4 and j, which were generated by the projection operations constructed
with |uies), |uave) and |upci), were represented by plS°, pf}VE and pLCt. The
type of correlation coefficient is collectively represented by p* without the sub-
scripts, 7 and j where the superscript indicates the type of correlation coefficient.

2.5 Second Method with Multiple Regression {18]

Suppose that m proteins are given and we want to predict interacting pairs from
them. Consider multiple regressions of |v;) and |v;) with (m — 2) phylogenetic
vectors:

i) = a0 + Z o |vie) + 163, (8)
k#1,7

lvi) = Bo+ Y Bilw) + |5 ) | (9)
l#£1,7
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