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Homology searches for nucleotide and amino-acid sequences have been used widely to predict functions of genes and pro-

teins when genomes are decoded and thus become a basic bioinformatics tool. Whereas usefulness of the sequence homology

search is apparent, it has become increasingly clear that homology search can predict the protein function of only 50% of

genes, or fewer, when a novel genome is decoded. As a result of decoding of extensive genome sequences from a wide variety

of phylotypes, 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 industry. A method to estimate the protein

function that does not depend on the sequence homology search is in urgent need. We previously developed a Batch-Learning

SOM (BL-SOM) for genome informatics, which does not depend on the order of data input. This report focuses on BL-SOM

analyses on di to tri continuous amino acid frequencies. Concerning the di- and tripeptide frequencies in the 110,000 proteins

which have been classified into 2,853 function-known COGs (clusters of orthologous groups of proteins to represent individ-

ual functional categories), BL-SOMs that faithfully reproduced the COG classifications were obtained. This indicated that

proteins, whose functions are presently unknown because of lack of significant homology with function-known proteins, can

be related to function-known proteins with the BL-SOM.
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1. Introduction
Self-Organizing Map (SOM) is an unsupervised neural net-

work algorithm developed by Kohonen and his colleagues,

which is an efficient and easy interpretation of clustering of

high-dimensional complex data with visualization on a two-

dimensional plane. Previously, we developed a modified type

SOM (batch-learning SOM: BL-SOM) that depends on nei-

ther the order of data input nor the initial conditions, for

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

BL-SOM recognizes species-specific characteristics of

oligonucleotide frequencies in individual genomes, permitting

clustering (self-organization) of genome fragments according

to species without the need for species information during the

calculation. The BL-SOM was suitable for actualizing high-

performance parallel-computing with a high-performance

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

ent report, we describe use of the BL-SOM method for pre-

diction of protein function on the basis of similarity in compo-

sition of oligopeptides (dipeptides and tripeptides in this

study) of proteins. Oligopeptides are elementary components

of a protein and involved in formation of functional motifs

and structural organization of proteins. BL-SOM for

oligopeptides may extract characteristics of oligopeptide com-

position which actualizes protein structure and function.

2. Methods
SOM implements nonlinear projection of multi-dimen-

sional data onto a two-dimensional array of weight vectors,

and this effectively preserves the topology of the high-

dimensional data space. We modified previously the conven-

tional SOM for genome informatics on the basis of batch-

learning SOM (BL-SOM) to make the learning process and

resulting map independent of the order of data input (1). The

initial weight vectors were defined by PCA instead of ran-

dom values as described previously (1–5). The method is

fully automatic, does not require prealigned sequences, and

generates a mapping from a high-dimensional input vectorial

space to a two-dimensional output space. 

Amino acid sequences were obtained from http://www.

ncbi.nlm.nih.gov/Genbank/. Proteins shorter than 200 amino
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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.

When the remainder of the final segment was 50 amino

acids or less, the data in question was discarded, but a quan-

tity of 200 amino acids from the remaining amino acids was

added to the dataset if 50 amino acids or more remained.

BL-SOM with tripeptide frequency (203 = 8000 dimensional

data) required very long computation times, which exceeded

the limit available for our group. To reduce the computation

time, SOM was constructed in this report with frequencies

for the following 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. 

3. Results
Sequences of approximately 2 million proteins are regis-

tered in the public databases, and about 200,000 proteins

have been classified into approximately 5000 COGs (clus-

ters of orthologous groups of proteins), which are the func-

tional categories identified with bidirectional best-hit rela-

tionships between the completely sequenced genomes using

the sequence homology search. Proteins belonging to a sin-

gle COG have significant homology of amino acid

sequences over the whole range of the proteins and most

likely have the same function. While there are many COGs

whose function is unknown at the present moment, COG is

undoubtedly a useful categorization of proteins according to

functions. In the present study, we focused on oligopeptide

compositions in the 110,000 proteins, which have been clas-

sified into 2,853 function-known COGs, and prepared BL-

SOMs under various conditions to search for conditions that

would most faithfully reproduce the COG classification.

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 BL-

SOM 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 composi-

tion for the initial vectorial data. We again used this strategy. 

Lengths of proteins with similar functions are known to

differ significantly from each other and eukaryotes have

many multi-functional and -domain proteins. Even prokary-

otes have large proteins which originated often from the

fusion of different proteins during evolution. Because the

main purpose of the present BL-SOM method is to predict

functions of proteins 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, providing a window of 200 amino acids that is

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

200 amino acids. BL-SOMs were constructed with di- and

tri-peptide frequencies in these overlapped 200-amino acid

sequences. 

For testing the feasibility of the BL-SOM method for

function prediction of proteins, one important criterion of

the separation according to the functional category is at

what level individual nodes on a BL-SOM contain 200-

amino acid fragments derived from the proteins belonging

to a single COG category. The number of function-known

COGs analyzed here was 2,835, which gave 472,574 200-

amino acid fragments derived from the 110,000 proteins.

The size of BL-SOMs was chosen so as to provide a mean

ca. 8 sequence fragments per node. The average probability

that all 8 sequences were derived from a single COG cate-

gory can be estimated roughly to be (1/2853)8 (= 2.3 × 10–28)

if the sequence fragments are randomly distributed on a

map; the probability depends on various factors such as the

proportion of the fragments derived from the respective

COG in the total number of fragments derived from all

2,853 COGs. 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 differ-

ent BL-SOMs. 

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

these BL-SOMs, and the highest occurrence of pure nodes

was observed on the Tripeptide-SOM (Tri-SOM); approxi-

mately 35 and 45% of nodes of Dipeptide- and Tripeptide-

SOMs contained sequences derived only from a single

COG, respectively. Concerning these pure nodes, 12 exam-

ples of clustering according to COG on Tri-SOM are shown

in Fig. 1, where the number of sequences associated with

each pure node (and thus derived from a single COG) was

shown with the height of the vertical bar with a color repre-

senting each COG. Sequences belonging to a single COG

were localized often in the neighbouring nodes, resulting in

a high peak compose of adjacent high bars. 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-amino acid seg-

ments (e.g, anterior and posterior portions) derived from

one protein, which have distinct oligonucleotide composi-

tions 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. 

4. Conclusion
Protein sequences contain all the following information:
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(1) evolutionary origin of the sequence; (2) functional

requirements (e.g., the need to form an active reaction cen-

ter); and (3) structural demands (e.g., the need to form a cer-

tain globular structure). When we consider prediction of

functions especially of the proteins derived from novel

genomes, such genes that originated by ancient diversifica-

tions of one gene during evolution become important to pre-

dict functions because these may hold similar functions even

now. These may share common functional domains in parts

even in the absence of significant global homologies

detectable by the conventional homology search methods.

To predict function of novel proteins, comparison of

sequences with similar but not the identical function derived

from a wide rage of phylotypes becomes important, and

therefore, a large-scale BL-SOM has to be constructed in

advance with all available proteins with known functions.

Most environmental microorganisms cannot be cultured

easily under laboratory conditions, and genomes of the

unculturable microorganisms have remained mostly unchar-

acterized but are thought to contain a wide range of novel

protein genes of scientific and industrial usefulness.

Metagenomic approaches, which are sequence analyses of

mixed genomes of uncultured environmental microbes, have

been developed recently to identify wide varieties of novel

and industrially useful genes. The most important contribu-

tion of the present alignment-free method is thought to pre-

dict functions of increasingly vast amount of function-

unknown proteins derived from the less characterized

genomes as those studied in the metagenomic approaches.

The present unsupervised, self-classifying strategy to find

association of function-unknown proteins with function-

known proteins on a large scale BL-SOM constructed with a

high performance supercomputer "the Earth Simulator"

should serve as a new and powerful tool in function predic-

tion of vast amount of novel proteins collectively, systemati-

cally, and thus efficiently.
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