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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
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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
(20° = 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} (11° = 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} (6* = 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
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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 (20° = 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(= 11%) dimensional data (abbreviated as
Tril1-SOM), or tetrapeptide composition after classification
into 6 groups, 1296 (= 6%) 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)° =
2.3 x 107, 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
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event to be extremely low (e.g., 2.3 x 10™), 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 (Tril1-SOM).
Approximately 45, 34 and 17% of nodes of Trill-, 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-



Di20-SOM
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Tri11-SOM

M [E] COGO0133 Tryptophan synthase beta chain
M [7] COGO050 GTPases - translation elongation factors
W[T] COGO752 Glycyl-tRNA synthetase, alpha subunit
[H] COGO0214 Pyridoxine biosynthesis enzyme
M [H] COG0408 Coproporphyrinogen I oxidase
[P] COG3627 Uncharacterized enzyme of phosphonate metabolism
[H[E] COGO0804 Urea amidolydrolase (urease) alpha subunit
M [M] COG3064 Membrane protein involved in colicin uptake
W[ C] COGO0056 FOF1-type ATP gynthase, alpha subunit
[ [N] COG5651 PPE-repeat proteins
H[1] COG5433 Transposase
W[ G] COG1980 Archaeal fructose 1,6-bisphosphatase
M [C] COG1049 Aconitase B
[P] COGOD753 Catalase
I [M] COG3203 Outer membrane protein (porin)
M [G] COG2115 Xylose isomerase
M[L] COG2826 Transposase and inactivated derivatives, IS30 family
M [L] COG4584 Transposase and inactivated derivatives
W[C] COG1062 Zn-dependent alcohol dehydrogenases, class IT
W[ C] COGO05S FOF1-type ATP synthase, beta subunit

Fig. 1 Clustering of protein sequences according to COG (20 examples).

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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F— I R—ZIZERMDFE L VRBERAND ¥ VX7 EH D
FRREHERE D720 DO — K E Mo H MR L~ v 71k

TaYes FEEHE

AT HGE FBiENA T K% NL T4 v %Y
HH

BiEp B B KRS N A A T R
WAy WGE EENA GRS NA FH A L A%EY

YRILTH R el DS L 7 ATHN O I RENICIME L TB Y. b b2l & 32 BEEWH» S MAEw F
T.I50/i %2 2EWHE O ) AESBES SIS TEY, 300008 or ) aTu Yy v AR THEITRTH
%o MHRT I VMRV OMEIMFELIZ, CRODOMGEINTT ) 2DE Y VX7 B BR T ORREHE E AT R O
MELTHASIN NAFA VT3 T4 7 AOERFEE o720 COFRAEPHLPICR LT, Fikomvs
J ARG S N BRI BCAIAHFE YRR T o8 7 MO E TE L WEEF I PEECICR RZ L P52
Totze &N EOBEEEICO VT, BESRMEOIXIT ETOVARBEIEETH D | FH—2% v LIiZFEBoOEEZ #
Dy UNRZEMTH . 7 I BOL RIS ETOEBICHE S CORBERMAEE BT SN R VERL WV, OB AR
5 Xk i i T o NMR LT 8 v X7 B o3 kockEE 2 Pue Uy BREIEA &~ 87 B & o @ kil B oM TRk
FHEETAARBB A T OV 22 PR SN TEZ, LALADES, BRSO CICHM EOBRRALS 58T F
TEMT 2R HOBRERN LS o8y BHOBRIES 345 L E 2005, BEYIMEEREZHET 5. B
S 72BN ¥ YR B ORI OMN N BB LS 2 5.

RealZy o Ry EO2HR3E T I WM EE & i 502 L 7-BLSOMEN 2 BI%E L7=0 AN CIEMAEw &2l L7k
Beh T T =BT — % X— A Tah %COG (Cluster of Orthologous Group) |2 E N7z 7 87 HEWRIZLTHY,
FEReDSEEAN 22 BeRe 1 7 2V — (COGID #4132,853 & FeH %13 113,738) IchF ST\ 2 ¥ ¥ 87 BB 2 AT ISV 72, 2
WY I VBHELZLTIC. 2007 3 BEYHEALEN 2EUMETLLO Y FT) —ICHEH L ETo3E T I BBE. &
LUNCONF T —ICHEH LA ETo4ET I VBB EICH H L <. BLSOMfi## % 17 - 72, window % 317 % Z & T, i@
HWOREEIDY YNy TRy Vs F L AT 2 2 LT REE 2 %,

WERI I 2LV =3 ZHWT, 7= RXR— AW ER SN AN O KR EL ¥ 237 H AR, #kt 7 I 7 BB EICA
HL7ZBLSOM % ia7-& 2 A, & v 87 BABRECHEEIC X ) HOMMRIL T 2 @z R L, 8512007 3 7 % Wit
FWREOBEBPET LA FT) =~ V=T L7237 I VB (N XTF F) 3 EOBLSOM i3 kge 12 3o < ik
DEACDIR D Eh o 72e MIFAMERZBIIRE L 2wy oy Aotk Eke LCHAEom I FE2 ML TE 72,

WA R MM AW O ) ADNARESY % RERE 2 S8 230 R 2 Il Emn L. BREr 7 2 R 235 L
LBk EHE (X7 7 ) DI DBERLD0DH b TDRAFH ) MENH KO FNIH B IET 12 & < BIE 5
BICHT27 /77— aryblitAonTEod, FURAM MR £ EICEBERY 7 — FX— 2 EHFIN TV,
F= I R=Z RSN OKRBER Y VX7 HE X 57 ) AR CHRONZ ZHOERRNO Y v 37 E %2R
HGLIEET— 5 2512, KABBLSOMRNT 247\, 2 7 7 ) AT CTHO NI LH D 5 V87 otk e 217 -
Too 237 3 FRMHEE, LT L 72337 3 7 BRHHEE, 61 L 22438 7 3 B ot <. [ UHRE s fiEe T & 72
BERERIN S VS BEHh o ZOMHERELZ AMT L2 FETH L. WRGICHEBIOME N, ¥ 287 BHREHEEDTFT—5 £
FTHYERTN— TR F IS 5 EBRZ1T) L TOR2IRMETE, EERNOKRX L EMIWETE S,

F—7—F: HOMM L~ v 7, BLSOM, B8, 9V IX75 FEE, ¥ v o8y Bt e,
WNAFA VT HFT A7 A
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