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As a result of decoding of extensive genome sequences, a large number of proteins whose function cannot be predicted by

the homology search of amino acid sequences is progressively accumulated and thus remains of no use in science and indus-

try. A method to predict the protein function that does not depend on the sequence homology search is in urgent need. We pre-

viously developed a Batch-Learning SOM (BLSOM) for genome informatics, and in the present report, we describe use of the

BLSOM method for prediction of protein function on the basis of similarity in composition of oligopeptides (di-. tri- and

tetrapeptide in this study) of proteins. Oligopeptides are elementary components of a protein and involved in formation of

functional motifs and structural organization of proteins. BLSOM for oligopeptides could extract characteristics of oligopep-

tide composition actualizing protein structure and function and thus predict functions.
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1. Introduction
The development of DNA sequencing technology has

drastically accelerated the process of genome sequencing,

and the genomes of more than 750 species, ranging from

eukaryotes including human, to prokaryotes including

Escherichia coli, lactic acid bacteria, and various archaea,

have been completely sequenced and published. Furthermore,

nearly 3,000 genome projects are currently in progress.

Homology search of base and amino acid sequences has

become a basic analysis method in the bioinformatics field

that is essential not only for analyzing the evolution and phy-

logeny of genes and proteins but also for predicting the func-

tion of each protein gene in the sequenced genomes. While

sequence homology search is obviously useful, it has also

been revealed that this method cannot predict protein func-

tions for almost half of genes in newly sequenced genomes,

especially of novel species. For protein functions, three-

dimensional configurations of functional components, which

are composed of oligopeptides, have great significance, and

therefore, there are many cases in which no significant

homology is found over the entire one-dimensional sequence

of amino acids between proteins with identical or similar

functions. Considering this fact, large-scale projects have

been promoted to determine the three-dimensional structure

of function-unknown proteins by X-ray crystallographic

analysis and NMR methods and to predict their functions

based on the similarity of higher-level structure with func-

tion-known proteins. However, with limitations in terms of

cost, workforce, and technology, such projects may be inade-

quate to predict the functions of function-unknown proteins,

especially those of environmental microorganisms that will

be increasingly identified in the near future. 

To complement the sequence homology search, it is

urgently required to establish methods for predicting protein

functions based on different principles. Previously, we

developed a batch-learning SOM (BLSOM) that depends on

neither the order of data input nor the initial conditions, for

oligonucleotide frequencies in genome sequences (1–5). The

BLSOM recognized species-specific characteristics of

oligonucleotide frequencies in individual genomes, permit-

ting clustering of genome fragments according to species

without the need for species information during the calcula-

tion. This BLSOM was suitable for actualizing high-per-

formance parallel-computing with a high-performance

supercomputer such as the Earth Simulator (3–5). In the

present report, we describe use of the BLSOM method for

prediction of protein function on the basis of similarity in

composition of oligopeptides of proteins. 
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2. Methods
Amino acid sequences were obtained from URL

(http://www.ncbi.nlm.nih.gov/COG). Proteins shorter than

200 amino acids in length were not included in the present

study. We provided a window of 200 amino acids that 

is moved with a 50-amino acid step for proteins longer 

than 200 amino acids. BLSOM with tripeptide frequency

(203 = 8000 dimensional data) required very long computa-

tion times, which exceeded the limit available for our group.

To reduce the computation time, BLSOM was constructed

with tripeptide frequencies of the degenerate eleven groups

of residues; {V, L, I}, {T, S}, {N, Q}, {E, D}, {K, R, H},

{Y, F, W}, {M}, {P}, {C}, {A}, and {G} (113 = 1331

dimensional data): and with tetrapeptide frequencies of

degenerate six groups of residues; {V, L, I, M}, {T, S, P, G,

A}, {E,D,N,Q}, {K,R,H}, {Y,F,W}, and {C} (64 = 1296

dimensional data). 

In the case of the conventional SOM, the initial vectorial

data are set at a random value but this results in a final map

which is changed by each initial data set and thus inconven-

ient for interpretation of map results. In our previous

BLSOM analyses for genome sequences (1–5), we obtained

a reproducible map by using the first and secondary primary

components in the PCA analysis of oligonucleotide compo-

sition for the initial vectorial data. We again used this strate-

gy in the present study. When the PCA method was applied

to dipeptide composition in proteins in a preliminary study,

the first component tended to reflect the length of proteins.

While the length of a protein undoubtedly relates to its func-

tion, the length sometimes differs significantly even between

proteins with the same function. Furthermore, lengths of

proteins with similar functions are known to differ signifi-

cantly from each other and eukaryotes have many multi-

functional and -domain proteins. Even prokaryotes have

large proteins which originated often from the fusion of dif-

ferent proteins during evolution. Because the main purpose

of the present BLSOM method is to predict functions of pro-

teins obtained from rapidly accumulated sequences derived

from a wide range of novel phylotypes, we introduced a

method that is less dependent on the length of proteins, pro-

viding a window of 200 amino acids that is moved with a

50-amino acid step for proteins longer than 200 amino acids.

BLSOMs were constructed with di-, tri- and tetrapeptide fre-

quencies in the overlapped 200-amino acid sequences. 

3. Results
For the dataset to examine whether proteins are clustered

(i.e., self-organized) according to function by BLSOM, we

chose proteins that have been classified into function known

2,853 COGs (clusters of orthologous groups of proteins) by

NCBI (6, 7), which have been identified on the basis of an

all-against-all sequence comparison of the proteins encoded

in complete genomes using the sequence homology search

(6, 7). Proteins belonging to a single COG have significant

homology of amino acid sequences over the whole range of

the proteins and most likely have the same function. We pre-

pared BLSOMs under various conditions to search for con-

ditions that would most faithfully reproduce the COG classi-

fication. One important criterion of the separation according

to functional category is at what level individual nodes on a

BLSOM contain 200-amino acid fragments derived from

proteins belonging to a single COG category. Dipeptide

composition (202 = 400 dimensional vectorial data) in ca.

120,000 proteins belonging to the 2853 function known

COGs was first investigated. In addition to the BLSOM for

the dipeptide composition (abbreviated as Di20-SOM), the

BLSOM for the tripeptide composition after classification

into 11 groups, 1331(= 113) dimensional data (abbreviated as

Tri11-SOM), or tetrapeptide composition after classification

into 6 groups, 1296 (= 64) dimensional data (abbreviated as

Tetra6-SOM). These three different BLSOM conditions

were examined how similar prediction results were obtained

and which gave the best accuracy. 

The size of BLSOMs was chosen so as to provide a mean

ca. 8 sequences per node. The average probability that 

all 8 sequences were derived from a single COG category 

by chance should be extremely low, e.g. (1/2853)8 = 

2.3 × 10–28, while this value depends on the number of frag-

ments derived from proteins belonging to the respective

COG. We designated here the node that contained fragments

derived only from a single COG as "pure node". Considering

the probability of occurrence of a pure node as an accidental

event to be extremely low (e.g., 2.3 × 10–28), we compared

the occurrence level of pure nodes on different BLSOMs.

Even no COG information was given during calculation,

high percentages of correct clustering (self organization) of

proteins according to the COG category was observed on all

three BLSOMs, and the highest occurrence of pure nodes

was observed on the Tripeptide BLSOM (Tri11-SOM).

Approximately 45, 34 and 17% of nodes of Tri11-, Di20-

and Tetra6-SOMs, respectively, contained sequences derived

only from a single COG. Concerning these pure nodes, 20

examples of clustering according to COG on these BLSOMs

are shown in Fig. 1, where the number of sequences associ-

ated with each pure node (and thus derived from a single

COG) was shown with the height of the vertical bar with a

color representing each COG. Sequences belonging to a sin-

gle COG were localized often in the neighbouring nodes,

resulting in a high peak compose of adjacent high bars. 

The figures show that classification (self-organization)

with high accuracy has been achieved for each functional

category. There also observed a few high peaks located far

apart from each other. Detailed inspection showed that these

detached high peaks are mostly due to the different 200-
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amino acid segments (e.g, anterior and posterior portions)

derived from one protein, which have distinct oligonu-

cleotide compositions and possibly represented distinct

structural and/or functional domains. This type of distinct,

major peaks may be informative for prediction of functions

of multifunctional multidomain proteins. Based on the clas-

sification with high accuracy for each functional category,

BLSOM is shown to be a powerful tool for function predic-

tion of function-unknown proteins.

4. Conclusion and Perspective
Recently, a sequencing method for mixed genome sam-

ples that directly extracts the mixed genome DNA of uncul-

tured microorganisms from environmental samples without

cultivation (metagenomic analysis) is increasingly used.

Sequences determined by metagenomic analysis are very

novel, and their data are registered to international DNA

sequence databases with almost no annotation regarding

gene functions, and therefore, in a useless manner.

Previously, we reported a method of phylogenetic prediction

using BLSOMs of oligonucleotide frequencies for genome

fragments determined by metagenomic analysis. In the pres-

ent study, we introduced the BLSOM method developed for

conducting function prediction for protein sequences deter-

mined by metagenomic analysis. For the verification of its

usefulness, we have used the data of protein sequences

among metagenome sequences from the Sargasso Sea (man-

uscript in preparation). 

The prediction of functions of function-unknown proteins

requires the BLSOM analysis that covers all function-known

proteins in databases in advance. In addition, the analysis on

all proteins, including function-known and unknown pro-

teins, on a single BLSOM is valuable. To understand which

function-unknown proteins self-organize with which func-

tion-known proteins provides an important guideline for

function estimation. For the large-scale BLSOM analysis,

use of high-performance supercomputers is essential. In the

cases of function-unknown proteins for which the consisten-

cy of the predicted function is determined by analyzing

dipeptide, tripeptide and tetrapeptide frequencies, their pre-

dicted functions will be published. Such data are unique

datasets for function estimation and provide a guideline for

research groups of academia and industries to prove the

functions of proteins through experiments.
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Fig. 1  Clustering of protein sequences according to COG (20 examples).
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