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Organisms generally display two contrasting properties:
large biodiversity and a uniform state of “life”. In this
study, we focused on the question of how genome sequences
describe “life” where a large number of biomolecules are
harmonized. We analyzed the whole genome sequence of
2664 organisms, paying attention to the nucleotide com-
position which is an intensive parameter from the genome
sequence. The results showed that all organisms were
plotted in narrow regions of the nucleotide composition
space of the first and second letters of the codon. Since
all genome sequences overlap irrespective of the living
environment, it can be called a “habitable zone”. The
habitable zone deviates by 500 times the standard devi-
ation from the nucleotide composition expected from
the random sequence, indicating that unexpectedly rare
sequences are realized. Furthermore, we found that the
habitable zones at the first and second letters of the codon
serve as the background mechanisms for the functional
network of biological systems. The habitable zone at the
second letter of the codon controls the formation of trans-
membrane regions and the habitable zone at the first
letter controls the formation of molecular recognition
unit. These analyses showed that the habitable zone of the
nucleotide composition space and the exquisite arrange-
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ment of amino acids in the codon table are conjugated to
form biological systems. Finally, we discussed the evolu-
tion of the higher order of genome sequences.

Key words: genome, nucleotide composition,
membrane protein, molecular recognition,
habitable zone

In general, organisms exhibit two contrasting properties.
On the one hand, organisms show very large diversity, and
on the other hand all organisms have the common state of
matter, “life”. The biological diversity of living organisms is
easy to understand intuitively because the genome sequence
is always diversified by random mutations. In fact, it is pos-
sible to identify species by examining, for example, differ-
ence in codon usages or GC content in genome sequences
[1,2]. In contrast, it is not easy to answer the question of how
different genome sequences can realize a common state of
“life”. An effective approach to this type of problem is to
extract common features by comparing the genome sequences
of various organisms. For example, ribosomes are molecu-
lar devices present in all organisms, and ribosomal RNA
sequences are the indication of the existence of “life”. How-
ever, what we are trying to address here is whether the state
of “life”, ie the harmonization of all genes, can be expressed
based on a small number of parameters extracted from the

« Significance »

We studied on the question of how genome sequences describe “life” where a large number of biomolecules are harmonized. We found that all
organisms are plotted in a narrow region called habitable zone of the nucleotide composition space from the genome sequence. We discussed the
biological significance of the habitable zone from three aspects: the great reduction of the number of possible sequences, the relationship between
the second letter and the distribution of membrane proteins, and the relationship between the first letter and molecular recognition units. Hypoth-

eses for the mechanism of the habitable zone formation were also discussed.
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whole genome sequence. Total genome sequences of thou-
sands of organisms are now available [3]. Therefore, there is
a possibility to solve this problem by using actual sequence
data.

The question is how we can reduce the information from
the genome sequence to some parameters describing the
state “life”. This problem setting may seem nonsense in the
biological research area, but in a wider scientific field, we
have already encountered this type of problem setting. In
physics, the state of a material consisting of molecules of
Avogadro’s number can be described with a small number of
thermodynamic parameters. For example, the three states
of matter can be specified by two parameters, temperature
and pressure. The important point here is that the thermo-
dynamic parameters describing the state are the intensive
parameters. If the analogy is not merely superficial similar-
ity, the possible parameters specifying the state of “life” will
be the intensive parameters from the genome sequence. And
the simplest intensive parameter obtained from the genome
sequence is the nucleotide composition, ie the occurrence
probability of nucleotides at mutations.

Before conducting research using nucleotide composi-
tions, we must first answer the question whether the coding
region or noncoding region in the genome sequence is
appropriate for the analysis of the state of “life”. It has
already been reported how the ratio of coding and noncoding
regions correlate with the complexity of organisms from
prokaryotes to humans [4,5]. The complexity of the organ-
ism had a good correlation with the size of the noncoding
region. For example, the noncoding region of prokaryotes is
about 10% of the entire genome, whereas the proportion of
the noncoding regions in the human genome is as large as
98%. Conversely, the correlation between the size of the
coding region and the complexity of the organism is small.
For example, the number of genes in the whole genome is
similar between nematodes and humans. Therefore, it is
reasonable to assume that the information describing the
state of “life” is hidden in the coding region where the infor-
mation of the protein which is the element of the biological
system is written. In fact, in previous papers we could show
that the biasing of the nucleotide composition at the second
letter of the codons determines the proportion of membrane
proteins in the genome [6,7]. And we proposed that the pro-
portion of membrane proteins is one of the parameters char-
acterizing the state of “life” [7].

In this work, we analyzed the whole genome sequences of
2664 organisms and found that all organisms are plotted in
narrow regions of the nucleotide composition spaces of the
first letter and the second letter of the codon. Since the whole
genome sequences of prokaryotes (2551), including thermo-
philic bacteria (173), and eukaryotes (113) almost overlap
in the narrow regions, we call them “habitable zones”. The
habitable zone is a kind of “life and death phase diagram” in
the meaning that the organism cannot survive outside the
habitable zone. We have studied the biological meaning of

the habitable zone from two aspects. Large bias from the ran-
dom sequence will result in a great reduction in the number
of possible sequences. The first problem is to quantitatively
evaluate how rare phenomenon the nucleotide composition
is in the habitable zone (section 1). The features of the hab-
itable zone at each position of the codon are different from
each other and it raises the second question what kind of
features of the protein are related to each position of the
codon. Section 2 discusses the relationship between the
nucleotide composition at the second letter of the codon and
the proportion of membrane protein [7]. Section 3 explains
the relationship between the nucleotide composition at the
first letter of the codon and the molecular recognition unit of
the protein. The habitable zone plays an important role in the
formation of the biological system by conjugating with the
exquisite arrangement of amino acids in the codon table.
Therefore, finally, we discussed the relationship between the
habitable zone clarified in our research and the codon forma-
tion [8,9] in the primordial environment. We also discussed
hypotheses about the formation mechanism of the habitable
zone.

1. Statistical Rareness of “Habitability zone”

Many previous studies on biased nucleotide composition
seem to focus on the biodiversity [1,2,10—13]. In particular,
the nucleotide composition at the third letter of the codon is
widely distributed depending on the species of the organism,
and it is possible to identify organisms mainly based on the
information of the third letter of the codon. Conversely, the
nucleotide compositions at the 1st and 2nd letters of the
codon are in a relatively limited areas and are unlikely to be
useful for the discussion of biodiversity. However, this con-
trolled nucleotide compositions can conversely be regarded
as a characteristic of the state of “life” that is common to all
living organisms.

In Figures 1 to 3, we plotted the genome sequences of
2664 organisms in 4-dimensional spaces with the com-
position of 4 kinds of nucleotides as the axis. In order to
represent a four-dimensional space, generally six orthogonal
planes are required. Thus, Figures 1 to 3 show six two-
dimensional graphs corresponding to the first to third letters
of the codon, respectively. For convenience of explanation,
we call the point (0.25, 0.25) of each two-dimensional graph
as the “origin” because the probability of occurrence of each
nucleotide expected from perfect random mutations is 0.25.
We denote the composition of each nucleotide by bracket
<>,

The features of the plots in Figures 1 to 3 can be summa-
rized as follows.

(1) Figure 1 shows that 2664 organisms are plotted in a
narrow nucleotide composition region in the first letter
of the codon. In the graph of <G> vs. <T> (Fig. 1C),
almost all organisms are plotted in the second quadrant.
That is, for almost all organisms, <G> is greater than
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Figure 1 Plots of genomes into the nucleotide composition space at the first letter of the codon. We call the plotted area as the “habitable zone”.
Three types of organisms are represented by different marks: 2378 prokaryotes (black circles), 173 thermophiles containing hyper-thermophilic
bacteria (gray circles) and 113 eukaryotes (blue triangles). The list of organisms is shown in the Supplementary Table 1. Since the nucleotide com-
position space is a four-dimensional space, six graphs are required in order to project on the two-dimensional planes, as shown in A to F. Bracket
<> represents the composition of nucleotides in the entire coding region. The red dashed lines show the average value 0.25 of the nucleotide com-
position for perfectly random mutations. As is clear from the graph of <G> vs. <T>, <G> is greater than 0.25 and <T> is less than 0.25 for almost
all organisms. Furthermore, for all creatures, <G> + <A> is greater than 0.5 and <T> + <C> is less than 0.5, as shown in the graphs of <G> vs. <A>
and <T> vs. <C>, respectively. The habitable zone at the first letter of the codon is biased from the origin by 0.05 or more, as shown in Figures A,

BandF.
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Figure 2 Plots of genomes into the nucleotide composition space at the second letter of the codon. The habitable zone for the second letter is
even smaller than that of the first letter. The data set of biological genomes is the same as that in Figure 1. As is clear from the graph of <G> vs. <T>,
<T> is greater than 0.25 and <G> is less than 0.25 for almost all organisms. Furthermore, for most organisms, <T> + <A> is greater than 0.5, as
shown in the graph of <T> vs. <A>.
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Figure 3 Plots of genomes into the nucleotide composition space at the third letter of the codon. The nucleotide composition is very widely
dispersed from almost 0 to 0.5 or more. This large scattering cannot be explained by simple random mutations. So, we also call the plot of the third

letter as the “habitable zone”.

0.25 and <T> is less than 0.25. Furthermore, for all
creatures, <G> + <A> is greater than 0.5 and <T> + <C>
is less than 0.5, as shown in Figures 1B and 1F, respec-
tively. The habitability area in the first letter of the codon
is 0.05 or more away from the origin in Figures 1A, 1B
and IF.

(2) The scatter diagrams in Figure 2 show that the habitable
zone for the second letter of the codon is even narrower
than that of the first letter. In other words, the mutations
at the second letter must be very severely controlled. In
the graph of <G> vs. <T> (Fig. 2C), almost all organisms
are plotted in the fourth quadrant. That is, for almost all
organisms, <T> is greater than 0.25 and <G> is less than
0.25. Furthermore, for most organisms, <T> + <A> is
greater than 0.5, as shown in Figure 2E.

(3) Figure 3 shows scatter diagrams of the nucleotide com-
position at the third letter of the codon. The biggest fea-
ture of the graphs of the third letter is that the nucleotide
composition is very widely dispersed from almost 0 to
0.5 or more. We also call the plot of the third letter as the
“habitable zone” because the large scattering may be
essential for various organisms to survive.

(4) Eukaryotes are plotted in narrower regions of the nucle-
otide composition spaces than prokaryotes. Interestingly
however, plots of eukaryotes almost overlap with plots
of prokaryotes.

(5) Thermophilic and hyper-thermophilic bacteria that are
examples of extreme environmental organisms overlap
with ordinary environmental organisms in all graphs.

When prokaryotes and eukaryotes, or extreme environ-
mental organisms and normal environment organisms are
plotted in the nucleotide composition space, they overlap
each other. That is, the habitable zone is common to all living
things. Therefore, the habitable zone in the nucleotide com-
position space can give important information on the state of
“life” common to all organisms. So, we discuss the habit-
able zone from two aspects: the statistical constraints on the
whole genome sequence, and the biological significance of
the total proteins from the genome. In this section, we will
examine the statistical significance of the habitable zone and
discuss the biological significance of the habitable zone in
Sections 2 and 3.

Figure 1A, 1B and 1F show that all the organisms are plot-
ted in regions greatly biased from the origin (0.25, 0.25).
The magnitude of bias is 0.05 or more. This indicates that
the four-dimensional space of the nucleotide composition at
the first letter of the codon is largely biased from the origin.
Furthermore, the bias in the 12-dimensional space of the
entire codon between the actual genome sequence and the
origin can be evaluated by the following equations, (1) to

@)
d(a) = N X{x(0s)—-0.25}2

3

()

Here, o means 1, 2 or 3 which is the letter position of the
codon, and P represents the nucleotide A, T, G or C. So, the
parameter x(a;f) represents the composition of the nucleotide
B at the a position of the codon. Therefore, d(a) indicates the
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Figure 4 The nucleotide composition distance between the actual
genome and the random sequence is shown in the histogram. Among
2664 species, 2551 prokaryotes are shown in black and 113 eukaryotes
are shown in blue. A: Histogram of the composition distance for the
three letters of the codon calculated by Eq. (2). B: Histogram of the
composition distance for the first and second letters of the codon calcu-
lated by Eq. (3).

distance between the genome sequence and the origin at the
o position of the codon. Then, the distance D of the bias for
all positions of the codon is represented by the following
equation.

D=d(1p+d2y+d3)? ()

From the viewpoint of the properties of amino acids, the first
and second letters of the codon are important, and the dis-
tance D, in these two letters can be expressed by the follow-
ing equation.

Dy, =Nd(1)y+d2y )

Figures 4A and 4B show the histograms of the distances D
and D, between the nucleotide compositions from the actual
genome sequences of 2664 species and those expected from
the perfectly random mutation. In histograms for prokaryotes,
the distance exceeds 0.15 and the histogram peak is at about
0.2. The histogram for eukaryotes shows a peak at a distance
slightly less than the prokaryotic peak, ie about 0.15. Let us
calculate how much the number of possible sequences is
reduced when the nucleotide composition is deviated by 0.2
in prokaryotes and by 0.15 in eukaryotes.

The distribution of nucleotide composition from random
sequences becomes a normal distribution, and the expected
value of the composition for each nucleotide is 0.25. And the
standard deviation becomes 6=V3/16/N, when the number
of nucleotides in the coding region of the genome sequence

is N. The number N of nucleotides in the coding region of the
prokaryotic genome utilized in this study is typically in the
order of 10°. Then, the standard deviation ¢ for N=10° is less
than 0.0004 for prokaryotes, and the bias of about 0.2 cor-
responds to about 500G or more. In contrast, the eukaryotic
genome size is much larger than that of prokaryotes. How-
ever, the ratio of the coding region to the whole genome is
small in the eukaryotic genome. In fact, the number of nucle-
otides NV in the coding region of the eukaryotic genome is
typically in the order of 107. For example, the number of
nucleotides in the coding region of the human genome is
about 5x107. The standard deviation ¢ for N=107 is less than
0.00014 for eukaryotes, and the bias of about 0.15 corre-
sponds to about 10006 or more. That is, the genome sequence
within the habitable zone is a very rare phenomenon in both
prokaryotic and eukaryotic organisms.

We showed that the habitable zone in the nucleotide
composition space of the whole genome is largely out of
the region expected from the random sequence. This can be
reexamined from the viewpoint of narrowing down the indi-
vidual mutation. In the case of a genome with nucleotide
number N, the number of possible sequences is 4. Assuming
that the individual mutations are narrowed down by a factor
of x (0<k<1), the effective number of possible sequences
becomes (4x)". That is, assuming that the narrowing down
factor k" due to individual mutations corresponds to the
macroscopic bias in the habitable zone, the following equa-
tion is obtained.

v=—L expl(Dioyr2 4
K' == exp{HDIo) 12| “)
Since 6=V3/16N as described above, the factor x of the
narrowing down of a single mutation is as follows.

K = exp(-8D?/3)

The narrowing-down factor x for each mutation is a function
of only the degree of deviation D of the habitable zone, not
depending on the size N of the whole sequence. In the case
of D=0.2, the narrowing-down factor x becomes about 0.9.
In other words, relatively small biases in individual muta-
tions can create the large macroscopic bias of the habitable
zone in the nucleotide composition space of the entire
genome sequence.

Another argument can be made about the factor for the
maintenance of the habitable zone by examining the genomes
of extreme environmental organisms. The gray marks in Fig-
ures 1 to 3 represent groups of thermophilic bacteria includ-
ing hyper-thermophilic bacteria. It should be noted that the
plots of extreme environmental organisms overlap with the
habitable zone of ordinary environmental organisms. Since
the GC pair forms three hydrogen bonds and the AT pair
forms two hydrogen bonds, a high GC content makes the
DNA double helix more stable and slows down the melting
rate [14]. Given that the genome sequence is affected by the
environment, it is expected that the genome of organisms
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adapted to high temperatures will contain more GC pairs, as
a naive prediction. However, this trend does not exist in the
actual genome. In other words, the habitable zone is hardly
affected at least by the current environment in the level of
the nucleotide composition. Of course, it cannot be denied
that the environment has a great influence on primordial
codon formation and genome formation [8].

Another very important aspect of the habitable zone is
that there should be some order in the total protein obtained
from the genome sequence, which is advantageous for sur-
vival of the biological system. In the following sections, we
discuss the unique mechanism behind the functional network
of biological systems. Protein population formed by genome
sequence in the habitable zone has almost constant appear-
ance probabilities of membrane proteins (Section 2) and
molecular recognition units (Section 3), which are advanta-
geous for the survival of organisms.

2. Background mechanism of bio-system formation
by the habitable zone at the second letter of
codon

ADbiological system can be expressed by huge networks of
protein functions. On the other hand, the genome sequence,
which is the blueprint for the biological system, is made up
of the accumulation of mutations. Therefore, the question of
how functional networks of organisms are formed by muta-
tion accumulation is essential for understanding organisms.
In the previous papers, we reported that the proportion of
membrane proteins is constant regardless of species [6,7].
Determining whether it becomes a membrane protein or a
soluble protein places a strong restriction on the function of
each protein. Therefore, their composition will be an im-
portant prerequisite for constructing the entire biological
system. From this viewpoint, it would be useful to study the
relationship between the habitable zone of the nucleotide
composition space and the proportion of membrane protein
in detail.

We have developed a software system SOSUI for pre-
dicting membrane proteins from amino acid sequences [15—
17] and studied the proportion of membrane proteins in bio-
logical systems by analyzing the whole genome sequences.
The results showed that all organisms have almost constant
proportions of membrane proteins (about 23%) which are
determined by the nucleotide composition of the entire
coding region of the genome sequence [6,7]. Furthermore,
we performed simulations of mutations to genome sequences
at the DNA level [6] as well as amino acid level [18]. We
introduced a large amount of mutation to the actual genome
sequence on the computer and analyzed how the ratio of the
membrane protein changes. When the nucleotide composi-
tion was fixed to the value of the actual genome sequence,
the proportion of membrane protein reached a plateau of
about 23%, which was the same value for the actual organ-
ism [6]. Similar simulations at the amino acid level also

reached the same result [18].

Figure 5 summarizes the results of these researches in the
form of flow charts. Regarding the second letter of the codon,
the composition of thymine is large and the composition of
guanine is small (Fig. 5A). As can be seen from the codon
table (Fig. 5B), the hydrophobicity of amino acids is biased
by the nucleotides at the second letter of the codon, which
is due to the action of the translation system by ribosome
and transfer RNA. Since the composition of thymine in the
second letter is actually large, the frequency of hydrophobic
amino acids of the proteins constituting the organism is
large. Next, the membrane translocation device consisting of
the translocon and signal recognition particles incorporates
hydrophobic segments into the lipid membrane [19]. At this
point, the membrane topology of the transmembrane helix
is determined by the asymmetric sandwich structure of the
hydrophobic segment and the amphiphilic amino acid seg-
ment. Figure 5C shows the distribution of hydrophobicity
and amphiphilicity around the transmembrane region. The
membrane protein prediction system SOSUI with high per-
formance uses this distribution of the physical properties
around the transmembrane domain [15—17]. Various intra-
cellular devices must cooperate to make the proportion of
membrane proteins constant, as shown in Figure 5D.

Here, we note that the composition of guanine and cyto-
sine in the second letter of the codon is small, which also
contributes to the formation of transmembrane helices. The
amino acid groups of guanine and cytosine include second-
ary structure breakers, proline and glycine. We have already
reported that serine and threonine clusters are also secondary
structure breakers [20]. Since many amino acids in which
the second letter of the codon is guanine and cytosine act as
the secondary structure breakers, the occurrence probability
of the secondary structure breaker is suppressed by the small
composition of those nucleotides.

3. Background mechanism of bio-system formation
by the habitable zone at the first letter of codon

The question in this section is what role the first letter of
the codon plays in biological systems. When the first letter is
guanine, most amino acids have small side chains like gly-
cine and alanine. Since steric hindrance is small for amino
acids with small side chains, the segments consisting of
these amino acids become flexible. On the other hand, the
group of amino acids in which the first letter of the codon is
thymine contains many hydrophobic aromatic amino acids
(phenylalanine, tyrosine and tryptophan). Since the bulky
aromatic side chains show large steric hindrance, the seg-
ments containing those amino acids become less flexible.
Furthermore, cysteine contained in the amino acid group of
thymine at the first letter forms SS bonds, which reduces the
degree of freedom of the whole protein. Thus, the nucleotide
composition at the first letter of the codon must have a strong
influence on the flexibility of segments in the protein.
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Figure 5 In the background mechanism by the habitable zone of the nucleotide composition at the second letter of the codon, the proportion of
the membrane protein is controlled to become constant by biased random mutations to DNA sequences. A) The habitable zone is a narrow region in
the nucleotide composition space, and greatly limits the number of possible sequences. In particular, at the second letter of the codon, the composi-
tion of thymine is large and the composition of guanine is small. B) In the codon table, hydrophobic amino acids (blue) and amphiphilic amino acids
(red) are colored. The former is mainly coded by the second letter of thymine, the latter mainly coded by adenine. C) Characteristic plots of the
moving average of the hydrophobicity and amphiphilicity indexes near the transmembrane helix is used in the high precision membrane protein
prediction system SOSUL These plots were obtained by analyzing amino acid sequences in the vicinity of many transmembrane helices [15-17].
D) Analysis of the total amino acid sequences from approximately 600 biological genomes showed that the proportion of membrane proteins is

nearly constant regardless of species of organisms [6,7].

As shown in Figure 6A and graphs of Figure 1, the nucle-
otide composition of guanine in the first letter of the codon
is clearly larger than 0.25 for most species, and the com-
position of thymine is smaller than 0.25. Furthermore, the
nucleotide composition of <T> + <C> is smaller than 0.5,
and the group of amino acids in which the first letter is cyto-
sine also contains an aromatic amino acid, histidine, and an
rigid imino acid, proline. Thus, the segments included in all
proteins in the biological system are set to be flexible on
average by the habitable zone in the first letter. However,
truly important information exists in the one-dimensional
fluctuation of the physical properties of amino acid sequences
as discussed in the last section. The hydrophobic segment in
the transmembrane helix can be regarded as a result of the
fluctuation of the hydrophobicity. The question in this sec-
tion is what type of segments of the protein is formed by the
fluctuation in the flexibility of amino acid sequences.

Among the studies we conducted in the past, the analysis
that aimed at predicting epitopes of allergens gave groupings
of amino acids deeply related to the segment flexibility [21].
In this analysis, a data set of about 500 amino acid sequences
was prepared for each of allergen and non-allergen. For all

pairs of amino acid sequences, the homology was less than
30%. Then, homology analysis was performed in round
robin, and amino acid fragments appeared only in allergens
were extracted. As a result, we obtained over 10,000 frag-
ments appearing only in allergens. Next, we examined the
distribution of occurrence probabilities of amino acids in the
vicinity of allergen-specific fragments. The distribution of
occurrence probability of 20 kinds of amino acids could be
classified into 3 types. The two were wavelet-like distribu-
tions, with peaks and valleys at the center. The third type
was a distribution of white noise. The amino acids with the
peak at the center were glycine, alanine, aspartic acid, glu-
tamic acid and lysine, and the amino acids with the valley at
the center were phenylalanine, tyrosine, tryptophan, cyste-
ine, histidine, proline and methionine. The color coding of
the amino acids in Figure 6B follows a grouping of amino
acids obtained from the analysis of allergens. Figure 6C
schematically shows the wavelet-like distribution obtained
by the analysis of allergen unique fragments. When turning
this graph upside down, we get a distribution with a valley at
the center and small peaks on both sides away by several
residues.
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Figure 6 In the background mechanism by the habitable zone of the nucleotide composition at the first letter of the codon, the formation of
molecular recognition unit of proteins is controlled by the biased random mutations to DNA sequences. A) The habitable zone is a narrow region in
the nucleotide composition space, and greatly limits the number of possible sequences. In particular, at the first letter of the codon, the composition
of thymine is small and the composition of guanine is large. B) In the codon table, amino acids that make the segments flexible (green) and non-
flexible (blue) are colored which were obtained from the analysis of allergen dataset [21]. The former is mainly coded by guanine of the first letter,
the latter mainly coded by thymine. C) The universal distribution of amino acids that makes segments flexible has a wavelet-like shape with a peak
at the center, and the distribution of amino acids making the segments non-flexible is upside down. This universal distribution and the classification
of amino acids were obtained by analyzing the segment appearing only in allergen [21]. D) A schematic diagram of the flexibility distribution in the
vicinity of the molecular recognition unit which is deduced from the analysis of allergen unique fragments. The molecular structure of allergen from

birch pollen is also shown [22-24].

A summary of these analyses is schematically shown in
Figure 6D. Allergen-specific fragments, ie, molecular recog-
nition units of allergens, have a one-dimensional structure in
which a flexible segment is sandwiched by rigid segments.
The binding structure of pollen allergen and antibody is also
added to Figure 6D. The epitope experimentally defined by
structural analysis was in good agreement with the typical
sandwich structure for allergen unique fragments by the
computer [21]. Moreover, the fluctuation by B factor of the
structural analysis of the allergen alone was largest at the
allergen unique fragments [22-24].

The grouping of amino acids in this study was obtained by
the analysis of the specific amino acid sequences of aller-
gens, but this classification of amino acids shows good
correlation with amino acid groupings by nucleotides of the
first letter of the codon, as shown in Figure 6B. So, the
grouping of amino acids obtained by the analysis of aller-
gens can be attributed to the level of DNA. Therefore, it is
suggested that the sandwich structure of segment flexibility
can be generalized as the property of molecular recognition
units.

In general, the molecular recognition of proteins has two
contrasting aspects. On one hand, all proteins have molecu-
lar recognition sites that bind to substrate molecules. Then,
in order to create a field of molecular recognition sites for
binding the substrate, amino acid sequence fragments of
some length must have physical properties that can be con-
tacted with a substrate molecule. On the other hand, the
molecular recognition of each protein is very specific, in the
sense that each protein identifies a different partner. Sequence
homology analysis is useful for estimating specific amino
acids involved in the latter aspect of molecular recognition.
When the multiple alignment analysis is performed on a
group of amino acid sequences of proteins recognizing the
same substrate, highly homologous amino acids contribute
to the specificity of recognition. However, sequence homol-
ogy is not effective for analyzing the former aspect of the
molecular recognition. This is because amino acid sequence
fragments that form molecular recognition sites must have
common physical properties, but the homology of such
sequence fragments is weak.

In material science, we often encounter problems where
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random noise masks the signal, and we use the “law of large
numbers” as a way to extract a signal averaging large noises.
The problem of extracting characteristic amino acid dis-
tribution around the molecular recognition units also has
similar difficulties. The one-dimensional distribution of the
physical property as a signal is masked by random mutations
as noise. Therefore, “law of large numbers” is expected to be
effective for solving this problem. In such an analysis, it is
necessary to collect molecular recognition units for many
proteins without sequence homology and to analyze the
distribution of amino acids by superimposing them. If there
is a distribution of physical properties common to the molec-
ular recognition units, this averaging operation should give
a characteristic distribution of occurrence probabilities of
amino acids. The above work for allergen analysis was a
method to accurately apply “law of large numbers” [21].

The characteristic distribution of the amino acid appear-
ance probabilities found in allergen unique fragments may
be in common with the distribution in more general molecu-
lar recognition units. Then, the distribution of amino acid
appearance probability may be used for the prediction of
molecular recognition units. We applied this method to vari-
ous proteins, and the results suggested the possibility of the
prediction of molecular recognition units (unpublished).

Here, we must discuss the exceptions of amino acid posi-
tioning in Figures 5 and 6. For example, there is a non-
aromatic amino acid, serine, in the thymine group at the first
letter, and relatively large valine in the guanine group. Since
the average physical properties of the segment determine the
transmembrane region and the molecular recognition unit,
the nature of the segment of the protein can be clearly deter-
mined while permitting the exception of the positioning of
amino acids in the codon table. This is an exquisite part of
the background mechanism.

Furthermore, it should be noted that the mechanisms reli-
ably control the occurrence probability of transmembrane
regions and molecular recognition sites, regardless of the
function of each protein. In this sense, Figures 5 and 6 can
be regarded as the background mechanisms of the func-
tional networks of biological systems. The genome sequence
incorporates the highly sophisticated mechanisms in which
protein-like structures as the material of biological systems
are prefabricated before the formation of functional networks.
Natural selection by environmental pressure probably will
work very effectively against prefabricated protein-like
structures.

4. Discussion

In this study, we examined the nucleotide compositions,
which are intensive parameters from the genome sequence,
using the data of 2664 organisms (2551 prokaryotes and 113
eukaryotes). When all organisms were plotted in the nucleo-
tide composition space at each codon position, the plot was
concentrated in a narrow region, especially at the first and

second letters of the codon. Therefore, the “habitable zone”
in the nucleotide composition space could be clearly defined.
Since the living thing cannot survive outside, the habitable
zone corresponds to the “phase diagram of life and death”.
Since these habitable zones are largely out of the nucleotide
composition expected from random sequences, the number
of possible sequences is drastically reduced. This is con-
sidered to be the basic mechanism by which living things
stably survive. Also, by combining the habitable zone at the
second letter of the codon with the analysis by the membrane
protein prediction system, it became possible to clarify the
meaning of the habitable zone at the protein level. If the
occurrence probability of mutation at the second letter of
codon is in the habitable zone, the proportion of membrane
protein in the whole genome is controlled to be constant
(about 23%) [6,7]. For the habitable zone at the first letter of
the codon, the meaning at the protein level has been clarified
from the analysis of the amino acid sequence of the allergen.
The first letter of the codon is related to the flexibility of the
amino acid and controls the formation of sequence frag-
ments (molecular recognition units) that form the molecular
recognition site of the protein.

These results further raise two questions. First, the exqui-
site arrangement of amino acids in the codon table is the key
to the background mechanism of biological systems (Figs. 5
and 6), and the question is how did this arrangement evolve?
Second, the nucleotide composition of the genome of an
existing organism is kept within the narrow habitable zone,
and the question is what mechanism is regulating the nucle-
otide composition.

M. Eigen and P. Schuster tried to answer the former ques-
tion based on the concept of the realistic hypercycle [8]. At
that time, no genome sequence was available at all, but they
led to the evolution process of codons from the physical con-
siderations on the stability of base pairs and amino acids. As
mentioned in Sections 2 and 3, the current codon table is
highly sophisticated, but the set of primordial codons had to
be simpler than the current codon table. The binding ener-
gies of base pairs are much higher for GC pairs than for AU
pairs, and higher GC content is more advantageous for form-
ing longer nucleotide fragments. On the other hand, natural
amino acids by prebiotic synthesis showed that amino acids
with small side chains such as glycine and alanine are much
more abundant than amino acids with larger side chains [25].
These physical facts show a good correlation with the fact
that the codon of glycine is GGN and the codon of alanine is
GCN. Here, N indicates one of four kinds of bases. Further-
more, M. Eigen and P. Schuster presumed that the evolution
of codons occurred in the flow of GNC—RNY—NNN [8§].
R represents purine (G or A) and Y represents pyrimidine
(C or U). As Figure 1B shows, the composition of guanine
and adenine is clearly large at the first letter of the codon and
may be a trace of what RNY would have been the codon
evolution process.

Husimi and colleagues pointed out the robustness of the
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mutation that amino acids with similar physicochemical
properties have similar codons and thought it was a trace of
codon evolution scenario [9]. The background mechanisms
for the bio-system formation shown in this research are
similar to the discussion by Husimi et al. And the codon
evolution scenario by M. Eigen and P. Schuster is probably
complementary to our argument in the meaning that they
treat codons in the primordial environment and that we deal
with the current standard codon.

The habitable zone in the nucleotide composition space
shown in this study is conjugated with the exquisite arrange-
ment of amino acids in the codon table. And the second
question is what mechanism forms the habitable zone. The
primordial codon is formed based on the stability of the base
sequence and the composition of the natural amino acid
at the time, and the problem is how the biased amino acid
composition remains in the current genomic sequence as
well. There are two hypotheses about this question. One
hypothesis is that only organisms with nucleotide com-
position within the habitable zone survived, based on the
characteristics of the codon table established in the process
of evolution. Various theories of molecular evolution [26,27]
are compatible with this hypothesis. Another possible hypoth-
esis is the evolution of mutation management systems that
control the probability of mutation within the habitability
zone. Habitable zones shown in Figures 1 to 3 are conserved
for all living things and may be preserved as the personality
of the repair system for mutation. The advantage of this
hypothesis is that it can dramatically reduce in advance the
number of genomes that cannot survive. Regardless of these
hypotheses, the habitable zone in the nucleotide composition
space of the whole genome guarantees extremely high stabil-
ity of the organism. Finally, we would like to point out that
there is great potential for information analysis of whole
genome sequence.
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