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Protein molecules are polymers of amino acids linked by peptide bonds, and they
play various roles in innumerable biological functions. This remarkable functional di-
versity of biological proteins originates from linear sequences of 20 different amino acid
residues. Their sequence information, which is encoded in genes as DNA sequences, is a
product of molecular evolution at the genetic level. Upon completion of many genome
projects, amino acid sequence records of proteins in databases, which include conceptu-
ally translated sequences from DNA, have already been accumulated over 1.24 million,
and more than ever, the number of records is still increasing rapidly. Although these se-
quence databases have been mainly used for similarity searches, fundamental characters
of these databases have not been examined thoroughly. Here we investigated biolog-
ical significance of 8000 combinatorial sets of three amino acids (triplets) in proteins.
Defining the number of each triplet in a database as “triplet count”, we constructed a
histogram for the frequency distribution of triplet counts in the non-redundant protein
(nr-aa) database downloaded from the National Center for Biotechnology Information as
of November 2002. Distribution range of the histogram was shown to be larger than that
of the theoretical histogram generated randomly from the population having the amino
acid composition of the nr-aa database, although overall shapes of these histograms were
similar to each other. The difference between these two distributions was more dramat-
ically highlighted in histograms showing the ratio of the original triplet counts in the
nr-aa database or of the theoretical triplet counts generated randomly to the expected
triplet counts derived from the amino acid composition in the database. Whereas the
theoretical distribution well fitted the normal error curve due to the random fluctuations
inherently associated with the sampling procedure itself, the distribution for the existing
triplets in the nr-aa database peaked much less and skewed much more toward higher
values than the theoretical one, indicating a non-random and possibly biological nature
of triplet counts in the nr-aa database. We also performed the same procedure in five
phylogenetically distinct species: human (Homo sapiens), mouse (Mus musculus), fruit
fly (Drosophila melanogaster), soil nematode (Caenorhabditis elegans), and a colon bac-
terium (FEscherichia coli). We found similar trends in all species examined here, largely
excluding the possibility that the characteristic trend of the triplet-count distribution
that was found using the entire database records might have resulted solely from some
“sampling artifacts” of the database itself. In other words, the existence of the species-
independent distribution trend mostly ruled out the possibility that the nr-aa database
over-represents or under-represents particular kinds of proteins simply because of the
arbitrary research history of biological sciences. Taken together, this study suggested
the existence of non-random and species-independent biological preferences for partic-
ular triplets in proteins at the population level, which might have been “fixed” either
accidentally or for functional reasons early during the course of biological evolution.
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Introduction

Among various types of biological mol-
ecules, two chemically distinct groups of
macromolecules are of great importance in
molecular biology: nucleic acids (DNA and
RNA) and proteins. They are informational
molecules whose sequences of monomers pri-
marily determine their structural and func-
DNA and RNA mole-

cules are polymers of 4 different nucleotides

tional specificities.

linked by phosphodiester bonds, whereas
protein molecules are polymers of 20 differ-
ent amino acids linked by peptide bonds.
Protein sequence information is encoded in
genes as DNA sequences. Once known, a
DNA sequence of a particular gene can con-
ceptually be translated into an amino acid
sequence of “hypothetical” protein, accord-
ing to the semi-universal genetic code.
Proteins are an almost exclusive source for
innumerable catalytic reactions and a main

source for structural measures in biological
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systems. This remarkable functional diver-
sity of biological proteins originates from lin-
ear sequences of 20 different amino acids,
and it is a product of long evolutionary his-
tory of biological systems at the genetic level.
Since sequences of amino acids are of pri-
mary importance in protein research, algo-
rithms for sequence similarity searches have
been developed extensivelyl! %, resulting in
several programs such as BLAST (basic lo-
cal alignment search tool), one of the most
popular web-based search system!®![6l. Since
early 1980s, these algorithms use the “word
hit” strategy, defining a “word” for two or
three amino acid residues as a seed for fur-
ther alignment(7.

In spite of the primarily linear nature
of proteins, they are three-dimensional ex-
From

the primary sequences, it has been dif-

istence in their functional forms.

ficult to deduce three dimensional struc-
tures of proteins with limited success in
19707s[3-101,
tal three-dimensional data have been ac-

Since then, more experimen-

cumulated, and accordingly many efforts
have been made to computationally ex-
tract structural information from linear pro-
tein sequences through intensive similarity
searches for proteins with three-dimensional
dataBIMIUA2 - These structure predictions
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including those of 1970’s take advantage
of structural redundancy in proteins, espe-
cially, small secondary structural units called
a-helix and S-strand™12. These efforts
yielded several prediction programs such as
PredictProtein('3) and PSIpred™4.

These computer-aided biological sciences
have recently shown remarkable advance-
ment with the expansion and maintenance
of the web-based databases for biological
research community. Upon completion of
many genome projects including those of hu-
man and mouse, amino acid sequence records
of proteins in databases have already been
accumulated over 1.24 million, and more
than ever, the number of records is still
exponentially increasing, although a signif-
icant proportion of records are “hypotheti-
cal proteins” that are products of concep-
tual translation of DNA. Much attention is
being paid to these protein databases in this
“post-genome” era, as proteome research ad-

(15]16] . However, fundamental charac-

vances
teristics of these databases have not been ex-
amined thoroughly.

Here we considered 8000 combinatorial
sets of three amino acids (triplets) as a
unit of information, on the assumption that
the amino acid triplets in proteins could be
This reflects the

fact that key residues in “active sites” of

of biological significance.

proteins are often composed of small num-
ber of amino acids, although these sites
must be three-dimensionally supported by
other residues to form characteristic struc-

tures17118]

. Many hairpin loops, which of-
ten participate in active sites, are composed
of just a few residues, usually 3-5 residues
in length. Packing of two a-helices is made
between the ridge of one helix and groove of
other helix, which are mostly made of 3 or

4 residues!'?!. Functional and evolutionary
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significance of such short stretch of amino
acid sequences among the existing proteins
is of our interest in this study.

For convenience, we here define the num-
ber of each triplet in a database as “triplet
count”. We also interchangeably use the
term “triplet composition”. Similarly, we de-
fine the number of each amino acid residue
“amino acid count”

in a database as or

“amino acid composition”. Triplet count
and amino acid count can be expressed as ab-
solute number of count, percentage, or prob-
ability. According to this definition, we sta-
tistically examined the frequency distribu-
tion of triplet counts in the non-redundant
protein (nr-aa) database downloaded from
the National Center for Biotechnology In-
formation®?). We constructed a histogram
for triplet counts in the database, together
with a histogram for the randomly generated
theoretical triplet counts. These two fre-
quency distributions were compared to each
other, and we concluded that their difference
seemed to originate not from an inherent bias
of the database itself but from some biologi-
cal consequences of either accidental or func-

tional nature.

2 Methods

2.1 Database
Records

and Sample

We analyzed about 1.24 million of all
of the
protein (nr-aa) database maintained by
NCBI (National Center for Biotechnology

Information) (2%,

entry records “non-redundant”

“Non-redundant” indi-
cates that identical sequence entries are
represented by one entry when they have
and identical residues
at every position. We downloaded the

“nr.Z” FASTA file from the NCBI FTP

identical lengths
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site, ftp://ftp.ncbi.nih.gov/blast/db/
as of November 2002. The number of total
records was 1,242.001 (Table 1). This file
contains all non-redundant records of PDB
(Protein Data Bank, Research Collaboratory
for Structural Bioinformatics), Swiss-Prot
(Swiss Institute of Bioinformatics and Euro-
pean Bioinformatic Institute), PIR (Protein
Information Resource, National Biomedical
Research Foundation, Georgetown Univer-
sity Medical Center), and conceptual trans-
lations of GenBank coding sequences. Bio-
logical existence of many in-silico-generated
proteins deduced from DNA sequences has
not directly confirmed in vivo or in vitro.

All data were then converted to XML (Ex-
tensible Markup Language) file with sev-
eral tagsl?!l. Sample records with annota-
tion of “mutant”, “Mutant”, “mutation”,
“Mutation”, or “Engineering” in the “defi-
nition” section were deleted (Table 1). Al-
though this exclusion of artificially created
sequences may not be complete, the remain-
ing artificial records, if any, would be in-
significant in terms of the data analyses per-
formed afterwards.

2.2 Definitions and Operations

We analyzed 8000 combinatorial sets of
three amino acids (triplets). A three-amino-
acid window that defines a triplet in a large
linear sequence is conceptually slid one by
one along the protein chain so that a given
amino acid residue is an overlapping part of
three different triplets unless it is located at
the ends of the chain. Thus, the total num-
ber of existing triplets in all sample records
(defined as S below) can be written as:

N
S=> (n;—2)=A-2N (1)
j=1

where n; is the number of amino acid

R A
T = aD
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residues in a given protein j, N is the num-
ber of protein records in the database, and
A is the total number of amino acid residues
in the database. Alternatively, based on
triplet count for each triplet ara;a,, or a in
the database, Tk.;.,m, or Ty, the total number
of existing triplets (S) can be expressed as
follows, considering there are 8000 different

triplets:
8000

S:§:n
a=1

Conversely, from the probabilistic expression

(2)

of amino acid count for each amino acid (p,
g, or r) in the database, P,, P,, or P, , the
expected triplet count, F,, for each triplet
apaqa, or « is given as follows:

Eo=S-P,P,P, (3)

Difference between theoretically-estimated
triplet count F,, and the real triplet count Ty,
for each triplet in the database is expressed
as follows:

To—FE, T,
B B (4)

Likewise, difference between theoretically-

Dy = -1

estimated triplet count F, and randomly-
generated triplet count R, from the popula-
tion with the identical amino acid composi-
tion is expressed as follows:

Ra — Eo | (5)

E, E,

We call Dy and Dp the relative triplet-
counts. The frequency distribution of Dp is

D = R

supposed to show random fluctuations of the
sampling procedure itself around a central
value, resulting in the normal error curve.
Distribution histograms for Dy and D were

compared to each other.

2.3 Computer Programs

We developed a JAVA program to count
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the number of each amino acid and each
triplet in the database, and to subsequently
execute several operations. The output data
were exported to the Microsoft Excel 2000
and processed numerically and graphically.

To generate a theoretical random dis-
tribution from the population with the
identical amino acid composition, we used
the Mass.Random program in JAVA. Sam-
pling procedure was exhaustively repeated
as many times as the number of amino acid
residues in the database, which was equiva-
lent to having a random reconstitute of the-
oretical proteins from all the real database
records that are conceptually broken into
pieces of amino acid monomers. The ran-
domness of the sampling procedure was con-
firmed by comparing the result of sampling
repeated much less times to that of the ex-
haustive method (data not shown).

To demonstrate the operational accuracy
using the JAVA program developed by our-
selves and the one for the random sampling
procedure, we employed the “ABC model”
in which three imaginary amino acids repre-
sented by letters, A, B, and C, were treated
using these programs with a given composi-
tion and an imaginary population of 100 mil-
lion letters. In this case, only 27 triplets ex-
ist, making the system simpler and amenable
to calculations by hand. The output data
generated by the programs were compared
to the hand-calculated ones. We found these
outputs were virtually identical except for
unavoidable fluctuations from the random
sampling procedure itself, confirming the op-
erational accuracy (data not shown).
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3 Results

3.1 Frequency Distribution of
Triplet Counts in the Data-
base

From the nr-aa database that contains
about 1.24 million sample records and about
394 million residues (Table 1), we obtained
“amino acid count” for each chemical species
of 20 amino acids (Fig. 1). As expected,
each amino acid count varied, ranging from
the lowest count, triptophan (W; 1.35%) to
the highest count, leucine (L; 9.68%). We
note that this count order of amino acids
has some aspects of similarity to the order
of molar concentration of amino acids in hu-

22-24]with notable exceptions of

man plasmal
glutamine (Q; the highest plasma concentra-
tion but relatively small amino acid count),
cysteine (C; very small amino acid count but
reasonably abundant in plasma), leucine (L;
the most frequent amino acid count but not
so abundant in plasma), and asparatic acid
(D; very low concentration in plasma but not
so small amino acid count). There seemed to
be no other conspicuous tendency of physio-
logical or physicochemical properties in this
count order.

Similarly, we obtained “triplet count” for
each of 8000 triplets as shown in Equations
(1) and (2), from which we constructed a
histogram for the frequency distribution of
triplet counts. That is, since each triplet has
one numerical value of triplet count, their
distribution can be examined in a histogram.
This histogram skewed extensively toward
higher values (Fig. 2). For comparison, we
also produced a histogram for the theoretical
distribution of triplet counts randomly gen-
erated from the population of the identical
amino acid composition. Although distribu-
tion range of the real triplet counts in the
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Table 1 Numbers of records in the nr-aa database®.

Total records Mutant excluded®

Total residues Total triplets

Species

all species 1,242,001
human 99,032
mouse 76,821
fruit fly 23,917
nematode 23,598
colon bacterium 8,781

1,238,414 394,228,622 391,508,133
98,891 33,676,936 33,474,218
76,782 22,444,370 22,284,395
23,900 12,735,836 12,678,652
23,597 10,843,796 10,796,287

8,760 2,507,399 2,489,619

#: As of November, 2002.

. Records of artificial sequences were excluded, on which “Total residues” and “Total triplets”

were based (see Methods).
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Fig. 1 Amino acid counts in the nr—aa database.

X-axis shows 20 different amino acids

expressed as single-letter codes. Y-axis shows amino acid counts in percentage. Amino acids
are ranked from the highest to the lowest counts.

database was larger than that of the theo-
retical one, overall shapes of these two his-
Like-
wise, ranked orders of triplets according to

tograms were similar to each other.

the triplet counts in these two populations
were similar to each other, although not
identical (Table 2).

To clarify their difference, these distri-
bution data were operationally transformed
based on Equations (3), (4), and (5), and
the relative triplet-count D or D was used

in X-axis (Fig. 3). By comparison, it is

- 30 -

clear that the distribution of the real triplet-
count (Dr) had much smaller and wider sin-
gle peak and much larger distribution range
than the random fluctuations of triplet count
(Dgr). Ranked orders of triplets according
to the relative triplet-counts also exhibited
a clear difference (Table 3). It is likely
that this characteristic distribution cannot
be explained by the random fluctuations of
triplet formation. Rather, certain triplets
exist much more in the database than their
random expectations.
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Fig. 2 Triplet-count distribution in the nr-aa database. X-axis shows triplet count in absolute
number, and Y-axis shows its frequency in absolute number. In constructing this histogram,
bar width was set at 1000, and each frequency point was connected by a line. Total number
of triplets is 8000. Arrows and an arrowhead indicate most deviated samples in the nr-aa and

random distributions, respectively.

Table 2 Ranked orders of triplets with the highest and lowest counts in absolute numbers.

nr-aa

(1*)LLL-AAA-SSS-ALL-LAA-LLA-ALA-AAL—

— CHW-MWW-WMW-MCW-MWC-CMW-WWC-WCM(8000t")
random (1°)LLL-LLA-LAL-ALL-SLL-LSL-LLS-LLG—
—WHW-CCW-CWC-WCC-WWC-WCW-CWW-WWW (8000th)

Note: The highest rank was indicated as 15!, and the lowest rank as 8000'".

The triplet

counts of the nr-aa database and random sampling range from 459769(LLL) to 1222(WCM)
and from 357081(LLL) to 850(WWW), respectively. The presented result of the random
procedure is merely one example because the precise order has random fluctuations.

Among the 8000 triplets here examined,
some triplets such as WLT (Dy = Dgp =
0.001) and EIQ (Dr = Dgr = 0.002) had
the same values of Dy and Dp, whereas
some other triplets such as HCN (Dp =
3.015; D = —0.024) and YYC (Dr
4.796; Dr = —0.001) had totally different
The former can be considered to

values.
have theoretically reasonable counts in the
nr-aa database, whereas the latter to have

theoretically-deviated counts.

-31-

3.2 Species-Independent Dis-
tribution of Triplet Counts

The more the database records increase,
the less the frequency distribution of triplet
counts is biased by database characters, be-
cause the sample population becomes closer
to the parent population, a collection of all
protein species on the earth. Since there are
already 1.24 million records from more than
130 thousand biological species in the nr-aa
database, it is unlikely that the character-
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Fig. 3 Triplet-count distribution after operational transformation in the nr-aa database.
X-axis shows relative triplet-count, and Y -axis shows its frequency in absolute number. Theo-
retical triplet-count distribution generated randomly (Dg) is expressed as almost a single bar
in this histogram as indicated by an arrow. In contrast, real triplet-count distribution (D7)
is markedly different as indicated by an arrowhead. In constructing this histogram, bar width
was set at 0.05. Inset shows the theoretical distribution (Dg) with much smaller bar width,

indicating its normality.

Table 3 Ranked orders of triplets with the highest and lowest relative counts.

nr-aa

(1°")QQQ-HHH-YYC-NNN-CCC-HCN-WWN-PPP—

— PCM-WPK-WPM-KCA-EWP-IMW-KWP-EPN (8000th)
random (1) QWW-WYW-WWE-YQW-HRW-WCG-HWM-MYW-—
~CCQ-CTW-ECH-CCH-FCC-WCF-CHC-CWW (8000t

Note: The highest rank was indicated as 1%, and the lowest rank as 8000*". The relative
triplet-counts of the nr-aa database and random sampling range from 5.743 (QQQ) to
—0.500 (EPN) and from 0.060 (QWW) to —0.052 (CWW), respectively. The presented
result of the random procedure is merely one example because the precise order has random

fluctuations.

istic triplet-count distribution shown above
is simply because of a database bias it-
self.
that the characteristic distribution might

However, the possibility still exists

have resulted from over-representation or
under-representation of particular proteins
in the database. Accordingly, we further per-
formed similar triplet analysis in five phy-
logenetically distinct biological species, hu-

-32-

man (Homo sapiens), mouse (Mus muscu-
lus), fruit fly (Drosophila melanogaster), soil
nematode (Caenorhabditis elegans), and a
colon bacterium (Escherichia coli), whose
genome sequences have already been known.

We first obtained amino acid counts in
each species (Fig. 4). Although they were
slightly different from one another, their
overall trend of the ranked counts seemed to
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Fig. 4 Amino acid counts in five species. X-axis shows 20 different amino acids expressed

as single-letter codes. Y-axis shows amino acid counts in percentage. Amino acids are ranked
from the highest to the lowest counts of the nr-aa database.

be almost invariable throughout species. Ac-
cording to Equations (3) and (4), we further
obtained histograms for the relative triplet-
count (D7) distributions in each species.
They were all essentially similar to that of
the whole nr-aa database, compared to the
randomly generated one (Fig. 5). This result
showed that the characteristic distribution of
the whole nr-aa database was unlikely to be
biased by the database records themselves.

4 Discussion

Here we observed the characteristic
triplet-count distribution with a non-random
and species-independent nature in the nr-aa
database. Together with the large number
of sample records from various species in the
database, it is unlikely that the character-
istic distribution is a product of a database
artifact.

Some of these fundamental database char-
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acters have still remained obscure in spite
of intensive research efforts in bioinformat-
ics, whose main interest is to develop suit-
able algorithms for similarity searches and
structural predictions. To be sure, these al-
gorithms are extremely valuable in molecular
biology™ 4. Yet, a different approach such
as the one performed here may shed light on
a new biological aspect that can intellectu-
ally be derived from database searches. With
some practical limitations in terms of main
memory capacity we could examine not only
three but also four, five, and more residues of
amino acid sets in this procedure, in which
case the procedure becomes increasingly sim-
ilar to similarity searches.

Amino acid compositions of a given pro-
tein or entire proteins in a given species
has been used to identify proteins from non-
model organisms?®, to classify thermophilic
species?9) to infer environmental status of a

§[27][28

specie I, and to recapitulate prebiotic
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Fig. 5 Triplet-count distributions after operational transformation in the nr-aa database.
X-axis shows relative triplet-count, and Y-axis shows its frequency in absolute number. Data
were treated as in Figure 3, except that they were separately examined according to species
which original records belong to. In constructing this histogram, bar width was set at 0.05,
and each frequency point was connected by a line. Both right and left sides of this graph were

truncated.

291 Although we also

molecular evolution!
observed some species differences in amino
acid compositions in five species, here we
paid more attention to their overall similari-
ties. Their similarities were more obvious in
the triplet-count distributions after the oper-
ational transformation, compared to the ran-
domly generated one.

Although biological significance of the
characteristic triplet-count distribution is
obscure at this point, it is reasonable to con-
sider the fact that structural and functional
similarities among proteins are not always
observed in a long stretch of amino acids but
sometimes detected in a few amino acids. A
notable example can be drawn from the G-
protein-coupled receptor (GPCR) superfam-
ily, in which little sequence similarity can be
found unless two receptors are very closely
related%B This makes the conventional
similarity search much less useful than one
might expect. To alleviate this problem, we

_34-

have previously performed length analyses, a
collection of statistical analyses of particular
lengths of GPCRs, which clearly showed that
biological information can computationally
be extracted from lengths of terminal and
loop regions of GPCRs[32-34],

The triplet analysis performed here can be
placed in this line of research. In GPCRs,
there are several sites with just a single
or a few residues that are relatively con-
served among a group of GPCRs, one of
which is called “DRY sequence” (triplet of
aspartic acid, arginine, and tyrosine) located
at the boundary between the third trans-
membrane domain and the second intracel-
lular loopl3%B1, Regardless of the fact that
this DRY sequence of GPCRs cannot readily
be identified by the conventional similarity
searches, it is highly important in the func-
tional integrity of GPCRsP3IB6l  together
with other key residues371[38]

Functional importance of triplets or just
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small sets of residues is also exemplified
in other proteins. A potassium channel,
another transmembrane molecule, also uses
triplets to interact with other molecules39.
Triplet repeats in collagen, a major struc-
tural molecule in biological systems, sta-
bilizes the triple helix structure of colla-

s and a similar triplet in

gen fiber
collagen constitutes a protein-protein in-
teraction sitel*2l.  Hypervariable regions
of immunoglobulins are composed of clus-
ters of relatively short loops from 4 to 15
residues!4349,

Although some physicochemical interac-
tions between amino acids and its associ-
ated free energy cost may be a cause of
the skewed triplet-count distribution shown
in this study, more likely but not exclusive
explanation would be that its origin could
be traced to biological evolutionary history.
The biological fixation of the triplet compo-
sition in proteins may be either for functional
reasons or simply for accidental reasons dur-
ing the course of biological evolution.

The number of triplets and their corre-
sponding proteins is so large that it is not
trivial to examine them thoroughly. Here
we only point out some interesting exam-
ples: the relative triplet-counts of WGQ and
YEC in the human records (3.682 and 1.868,
respectively) and those in the bacterium
ones (—0.506 and —0.502, respectively) were
highly deviated in the positive and negative
directions, depending on species, from the
theoretically expected values that ranged be-
tween 0.060 and —0.052. Conversely, the
relative triplet-counts of KPW and YWH
were deviated in the negative direction in
the human records (—0.257 and —0.303, re-
spectively) but in the positive direction in
the bacterium ones (1.174 and 1.285, respec-

tively). More systematic and quantitative
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analyses will be necessary to clarify differ-
ences between species.

It would be valuable to examine relation-
ship between triplets and secondary struc-
tures, especially for triplets with extremely
high or low counts. As some residues are pre-
ferred in a given secondary structurel810
some triplets may be favored in a given sec-
ondary structure. Non-randomness of the
triplet-count distribution may be a reflec-
tion of the number of these secondary struc-
tures in proteins at the population level. An-
other possibility is that proteins containing
a particular triplet may preferably belong to
a particular protein family, and the family
composition in the database may be a cause
of the non-random nature of triplet count.
It is reasonable that protein records for a
given triplet are to be examined with respect
to structural and functional protein classifi-
cations using specialized databases such as
PDB (Protein Data Bank)“®l and SCOP

(structural Classification of Proteins)“7].
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