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Abstract
Developed proteome-scale ortholog and paralog pre-
diction methods are mainly based on sequence simi-
larity. However, it is known that even the closest BLAST 
hit often does not mean the closest neighbor. For this 
reason, we added conserved interaction information to 
find orthologs. We propose a genome-scale, automated 
ortholog prediction method, named OrthoInterBlast. The 
method is based on both sequence and interaction 
similarity. When we applied this method to fly and 
yeast, 17% of the ortholog candidates were different 
compared with the results of Inparanoid. By adding pro-
tein-protein interaction information, proteins that have 
low sequence similarity still can be selected as ortho-
logs, which can not be easily detected by sequence ho-
mology alone. 

Keywords: interolog, ortholog, protein-protein interaction

Introduction
Ortholog is a term of evolution, which means that pro-
teins have originated from the same ancestor protein 
but exist in different species, in contrast to paralogs in 
the same species (Koonin, 2005). They have the nature 
of sequence and function similarity. Therefore, finding 
the ortholog of certain proteins is important for further 
analysis of the protein (Chervitz et al., 1998). 
  Automated proteome-scale ortholog identification me-
thods are categorized into BLASTp-based, phylogeny- 
based, and evolutionary distance-based approaches 
(Chen et al., 2007). “Automated” means that there is no 

human interference, which frequently happens in the 
phylogenetic tree construction method. BLASTp-based 
methods have recently developed and mainly depend on 
sequence similarity. Phylogeny- and evolutionary dis-
tance-based methods have also been suggested to 
overcome the lack of evolutionary information of the 
BLASTp-based approach-for example, Orthostrapper 
(Hollich et al., 2002), and RIO (Zmasek and Eddy, 2002). 
  COG (Tatusov et al., 2001) is designed for finding 
prokaryote orthologs, and KOG (Koonin et al., 2004), 
Inparanoid (Remm et al., 2001), and OrthoMCL (Li et al., 
2003) are for eukaryotes. The basic idea of COG is the 
use of the selection of a 3-way reciprocal best match 
and protein sequence comparisons that are conducted 
by BLASTp (Altschul et al., 1990). Once the proteins are 
selected as orthologs in COG, they are excluded in the 
candidate gene pool. Therefore, when an ortholog is de-
fined, it can not be replaced by other reasonable candi-
dates, even if they have higher scores. Because COG 
selects orthologs using domain information, it is difficult 
to apply it to eukaryotes, which are abundant in multi-
domain proteins (Tatusov et al., 2001). For this reason, 
KOG has been developed for eukaryotes by the group 
who developed COG (Koonin et al., 2004). Inparanoid 
works by selecting orthologs by a reciprocal best hit, 
like COG. The method also considers the existence of 
paralogs. Therefore, Inparanoid defines ortholog rela-
tions that are sometimes one-to-many or many-to-many 
(Remm et al., 2001). 
  OrthoMCL (Li et al., 2003) is another kind of ortho-
log-finding system. This method can find orthologs 
among several species at the same time, which was im-
possible for other methods. OrthoMCL uses an all- 
against-all BLAST search and a clustering algorithm 
based on the Markov model to select an ortholog 
group. 
  However, these approaches above are basically using 
BLAST to check sequence similarity, and the proteins 
that have the best BLAST score are selected as the 
main orthologs. It has been known that proteins that 
have the best similarity scores in BLAST search are of-
ten not the closest relatives phylogenetically (Koski and 
Golding, 2001). This implies that there is a possibility 
that genuine orthologs can not be found using sequence 
similarity alone. 
  Not only can sequence similarity be used for ortholog 
finding but also structure and interaction data. Even 
though the sequence similarity is not discovered, the 
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Fig. 1. System Architecture of 

OrthoInterBlast.

Table 1. Comparison of the proteome-scale ortholog prediction systems

OrthMCL Inparanoid OrthoInterBlast

BLAST version WU-BLAST NCBI-BLAST BLASTp

BLAST Search All-against-all All-against-all All-against-all

Similarity cutoff p＜1e-5 Score≥50 bits Overlap ＞50%

Score≥50 bits Overlap＞50%1

Reciprocal best hits p-value Percent identity score Percent identity score

1These options can be changed by the user in OrthoInterBlast.

proteins that have similar structures could conduct sim-
ilar functions (Fribourg and Conti, 2003). Structural in-
formation, therefore, is an important key to classify the 
family and could be used to detect remote homologs. 
However, known protein structures are quite limited for 
use in genome-scale ortholog finding. 
  Alternatively, proteome-scale interaction data are avail-
able in E. coli, yeast, fly, worm, and human. It is known 
that proteins that have more interactors evolve more 
slowly (Fraser et al., 2002), interacting proteins 
co-evolve with their counterparts (Goh et al., 2000), and 
protein interfaces are more conserved than other surfa-
ces (Caffrey et al., 2004). These findings are strong evi-
dence of the relationship between evolution and pro-
tein-protein interaction data. The proteins that have con-
served interactions are called “interologs” (Matthews et 
al., 2001; Yu et al., 2004). For this reason, we added a 
new criterion, “interaction data,” to Inparanoid, which is 
a BLASTp-based ortholog finding system. The in-
formation of conserved protein-protein interactions is 
applied to identify functionally related proteins (Bandyo-
padhyay et al., 2006). However, they only analyze 121 
cases of functional orthologs. In this paper, we suggest 
a genome-scale ortholog prediction system, OrthoInter-
Blast. In this method, not only sequence similarity but 
also protein-protein interaction data are used for finding 
orthologs across species. Comparison of the proteom-
scale ortholog prediction system is shown in Table 1.

Methods
OrthoInterBlast predicts the orthologs by the following 
steps; (1) choosing ortholog candidates based on se-
quence similarity, (2) comparing the interacting partner 
of the ortholog candidates, (3) scoring the sequence and 
interaction similarity by graph alignment, and (4) decid-
ing orthologs according to their score. OrthoInterBlast 
consists of three different modules: a sequence score 
module, interaction score module, and resolve module. 
The architecture of OrthoInterBlast is shown in Fig. 1.

Input data and Pre-processing

OrthoInterBlast requires 4 types of files as inputs: pro-
tein ID, protein sequence, sequence similarity, and inter-
action data. Protein ID file consists of a SwissProt or 
TrEMBL ID and its related information, such as the pro-
tein name and description (Boeckmann et al., 2003). 
Except for the protein ID, other information is not 
essential. They can be used as additional information for 
verification only. The information of protein sequences 
came from Inparanoid. We used 18,932 protein se-
quences of fly (Drosophila melanogaster) and 6706 pro-
tein sequences of yeast (Saccharomyces cerevisiae). 
The third one is the BLAST result of fly-fly, fly-yeast, 
yeast-fly, and yeast-yeast. In OrthoInterBlast, a pro-
teome-scale BLAST search should be performed 4 times 
to find orthologs of the two species, because a change 
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Fig. 2. Construction of local graph alignment.

Table 2. The numbers of proteins and interactions used in 

OrthoInterBlast

Organism

Fly Yeast

No. of proteins from DIP 7,052 4,749

No. of proteins from Inparanoid 18,931 6,705

No. of interactions from DIP 20,789 15,131

No. of proteins from OrthoInterBlast 6,628 4,398

No. of interactions from OrthoInterBlast 18,197 12,868

of query and target in a BLAST search sometimes gives 
different results. Therefore, we compared fly-yeast and 
yeast-fly separately and used the mean value as a sim-
ilarity score (Li et al., 2003). 
  If we conduct a BLAST search whenever OrthoIn-
terBlast is running, the speed of the system will be 
decreased. Therefore, we conducted BLASTp prior to 
the main search and saved the result as an input file. 
The conditions for the BLASTp search were as follows: 
Grey zone is 0 bits, Score cutoff is 50 bits, In-paralogs, 
paralogs defined by Inparanoid, with confidence less 
than 0.05, Sequence overlap cutoff is 0.05, Group merg-
ing cutoff is 0.05, and Scoring matrix is BLOSUM62 (Li 
et al., 2003). 
  The result of BLASTp between different species, such 
as fly-yeast and yeast-fly, is used to find ortholog 
candidates. For example, a' and a'' show the similarity 
of a and a', and a'' is the ortholog candidate in 
OrthoInterBlast. Then, the information is analyzed further 
by using the interaction score module for finding the 
main ortholog. The result of BLAST between the same 
species, such as fly-fly and yeast-yeast, will be used to 
find the paralog.
  The last input data are the information of interacting 
partners. The information originates from the DIP (Data-
base of Interacting Proteins) (Xenarios et al., 2002). The 
numbers of data used in OrthoInterBlast that are the 
overlap of both databases (DIP and Inparanoid) are 
12,868 interactions among 4398 proteins and 18,197 in-
teractions among 6628 proteins for yeast and fly, re-
spectively (Table 2).

OrthoInterBlast

OrthoInterBlast consists of sequence, interaction, and 
resolve modules, as shown in Fig. 1. First, the sequence 
module selects ortholog candidates according to their 
sequence similarity. The threshold of sequence similarity 
score was set to the cutoff value. The current default 
value is 50 bit homology, as used in Inparanoid, and 
each candidate also has the sequence similarity score. 

  Then, the candidates enter the interaction module. 
OrthoInterBlast performs a local graph alignment only 
for the candidates that have a sequence score above 
the cutoff value. The process of the local graph align-
ment is as follows: (1) If A’s ortholog candidate is a, it 
generates new node Aa. (2) A’s interacting partner is B, 
D, and F in yeast. Its ortholog candidates are b, d, and 
f, which are interacting with a in fly. Then, the new no-
des Bb, Dd, and Ff are generated by direct interaction 
with Aa in local graph alignment. (3) c protein is related 
to a directly, but C protein is related to A through B (the 
distance between C and A is 2). This situation between 
Aa and Cc is defined as a “gap” in graph theory. The 
relation between Bb and Cc is the same. (4) The 
“mismatch” stands for the case that has the same dis-
tance through a different bridge node, as shown in the 
relation between Aa and Ee (Fig. 2).
  Local graph alignment is similar to sequence align-
ment. “Direct interaction” in the graph is the same as 
“match” in the sequence alignment. “Gap” and “mis-
match” are used terms in sequence alignment, too. 
These concepts are applied in PathBlast (Kelley et al., 
2004) at the first time, which is aligning two different 
protein interaction networks to find conserved pathways. 
OrthoInterBlast follows the same graph alignment rule to 
find new ortholog candidates from the interaction 
network.
  After the construction of a global network for each or-
tholog candidate, we were able to get the score of in-
teraction similarity. We calculated the interaction sim-
ilarity scores of each ortholog candidate according to 
the sum of the direct, gap, and mismatch interaction 
numbers with their weights. The weights were 10, 7, 
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Fig. 3. Snapshot of OrthoInterBlast result. The 

ortholog pairs are shown in the first line of each 

cluster number. Protein function description, 

score, and interaction pair list are supplied as 

additional information.

and 4 for the direct, gap, and mismatch interaction, re-
spectively, which are used in the PathBlast scoring 
function. In case of Fig. 2, 3 direct interactions, 2 gaps, 
and 1 mismatch were found, so the total sum will be 48 
(3×10+2×7+1×4=48). Then, the total sums are divided 
by the average number of interacting protein partners.
  Finally, the sum of the calculated sequence and inter-
action similarity scores enters the resolve module as an 
input. Then, the resolve module defines orthologs and 
paralogs from the candidates by using their interaction 
and sequence similarity scores. The final decision of or-
tholog and paralog is made by the rules used in 
Inparanoid (Remm et al., 2001). The major difference 
from Inparanoid is that the score in OrthoInterBlast con-
tains interaction similarity scores.

Results
OrthoInterBlast suggests 1922 ortholog groups between 
fly and yeast. Part of the results is shown in Fig. 3, and 
the full results are available in the supplementary 
materials. For further analysis, we compared the results 
with Inparanoid (Fig. 4) and summarized them in Table 

3. An identical cluster should have the same ortholog 
and paralog pair. A non-identical cluster can be classi-
fied to mismatch and match groups. Match means that 
its cluster has the same ortholog protein but has a dif-
ferent paralog protein(s). Mismatch has a different ortho-
log protein pair but includes it as a paralog protein. 
  To find out the relative contributions of two pieces of 
information, sequence and interaction information, 2 sets 
of the ratio between sequence and interaction scores 
were tested (50:50, and 20:80). As the portion of the in-
teraction score increased, the identical cluster with the 
result of Inparanoid decreased from 83% for 50:50 to 
78% for 20:80. The number of clusters found with 
OrthoInterBlast decreased slightly compared to that of 
Inparanoid. Because proteins that are used in Ortho-
InterBlast should have the protein interaction information 
as well, the proteins without any interaction information 
were eliminated prior to the OrthoInterBlast calculation 
(As shown in Table 2).
  For the case of 50:50, the number of identical clus-
ters is 1622 out of 1963 (83%). The 17% difference has 
been made by introducing the interaction score into 
OrthoInterBlast compared to Inparanoid. The trend for 
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Table 3. Comparison of ortholog groups identified by Or-

thoInterBlast with Inparanoid

50:501 No. of fly 

proteins

No. of yeast 

proteins

Clusters from OrthoInterBlast 3,398 2,368

Clusters from Inparanoid 3,792 2,473

Match 104 40

Mismatch 284 12

20:801 No. of fly 

proteins

No. of yeast 

proteins

Clusters from OrthoInterBlast 3,185 2,239

Clusters from Inparanoid 3,792 2,473

Match 98 38

Mismatch 247 16

Ratio OrthoInterBlast
Identical clusters 

with Inparanoid

Percent of 

identical 

clusters2

50:501 1,922 1,622 83%

20:801 1,814 1,533 78%

1Ratio between the sequence similarity and interaction da-

ta used, 2Compared to Inparanoid.

Fig. 4. Comparison of ortholog groups identified

by OrthoInterBlast with those with Inparanoid 

(Each column indicates OrthoInterBlast Fly, Inpar-

anoid fly, OrthoInterBlast yeast, Inparanoid yeast 

from left to right. This is a snapshot of Ortho-

InterBlast output).

20:80 is similar to that of 50:50 (Table 3). 
  We tried to verify the results in several ways. First, 
the EC number was used to evaluate the quality of the 
predicted orthologs with OrthoInterBlast. However, EC 
numbers are mostly based on sequence similarity and 
the groups in EC gene numbering system that are larger 
than the clusters in OrthoInterBlast and Inparanoid. 
Most of the EC numbers of the members in the clusters 
from both methods are the same, so it does not dis-
criminate the superiority of our systems to Inparanoid. 
Second, structural similarity among orthologs has been 
considered. Unfortunately, structural information for 
yeast and fly are not enough to verify the result. As the 
structural information is increased, the results will be 
verified in the future. 
  Most of the methods so far have been developed 
based on sequence similarity, so it has a genuine limi-
tation for finding remote homology that has very low se-
quence similarity. Even though it was not successful to 
find a proper way of validating our method, this method 
can overcome the genuine limitation of a sequence- on-
ly-based method, and the ability of the method could be 
improved as the interaction data increased. Also, global 
graph alignment without using sequence similarity would 
improve the predictability of OrthoInterBlast. 
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Discussion
One advantage of OrthoInterBlast is its expansibility to 
other groups of species when genomic-scale interaction 
data are available. We also applied it to E. coli, yeast, 
fly, C. elegans, mouse, and humans using OrthoInter-
Blast. The tendencies are also shown to have the same 
trend with fly-yeast (you can find these results at ebio.s-
su.ac.kr/OIB∼).
  The difference between Ideker’s methods (Bandyo-
padhyay et al., 2006) and OrthoInterBlast is the usage 
of sequence information. Although sequence similarity 
decides the first ortholog candidate in Ideker’s system 
and OrthoInterBlast, sequence score also contributes to 
the final decision of the ortholog in OrthoInterBlast. It is 
because we want to reduce the effect of false positive 
interaction data (Li et al., 2006).
  We suggest a new system for finding ortholog pro-
teins, OrthoInterBlast, based on sequence similarity and 
graph alignment. The result is compared to that of 
Inparanoid, and 17% of clusters are different between 
both methods. For verification, comparing the EC num-
ber shows as good a result as Inparanoid. Structural 
verification was not successful, because structural in-
formation for yeast and fly are very limited. However, in-
cluding interaction data is very useful to find orthologs 
that have very low sequence similarity (remote homolo-
gous protein). As the quantity of interaction data in-
creases, OrthoInterBlast can be a more powerful tool for 
functional ortholog finding. 
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