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Archaea, bacteria and eukaryotes represent the main kingdoms of life. Is there any trend
for amino acid compositions of proteins found in full genomes of species of different king-
doms? What is the percentage of totally unstructured proteins in various proteomes? We
obtained amino acid frequencies for different taxa using 195 known proteomes and all
annotated sequences from the Swiss–Prot data base. Investigation of the two data bases
(proteomes and Swiss–Prot) shows that the amino acid compositions of proteins differ
substantially for different kingdoms of life, and this difference is larger between different
proteomes than between different kingdoms of life. Our data demonstrate that there
is a surprisingly small selection for the amino acid composition of proteins for higher
organisms (eukaryotes) and their viruses in comparison with the “random” frequency
following from a uniform usage of codons of the universal genetic code. On the contrary,
lower organisms (bacteria and especially archaea) demonstrate an enhanced selection
of amino acids. Moreover, according to our estimates, 12%, 3% and 2% of the proteins
in eukaryotic, bacterial and archaean proteomes are totally disordered, and long (> 41
residues) disordered segments are found to occur in 16% of arhaean, 20% of eubacte-
rial and 43% of eukaryotic proteins for 19 archaean, 159 bacterial and 17 eukaryotic
proteomes, respectively. A correlation between amino acid compositions of proteins of
various taxa, show that the highest correlation is observed between eukaryotes and their
viruses (the correlation coefficient is 0.98), and bacteria and their viruses (the correlation
coefficient is 0.96), while correlation between eukaryotes and archaea is 0.85 only.

Keywords: Proteome; eukaryotes; viruses; uniform usage of codone.

1. Introduction

Recent successes in the whole-genome sequencing allow for the first detailed pro-
teomic investigations of organisms. Comparative analysis of proteomes is a powerful
method in prediction of structures and functions of proteins.1 The distribution of
amino acid residues is also a key element in bioinformatics. Investigation of pro-
teomes shows that the amino acid compositions of proteins differ substantially for
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different kingdoms of life.2 A question of general scientific interest is universal trends
for amino acid compositions for proteins from different kingdoms.

Interrelations within the amino acid composition of proteins belonging to differ-
ent taxa were studied at the very beginning of the molecular biology era. It is rea-
sonable to renew such investigations in view of enormous enlargement of databases.
Due to the fully exploited wealth of available data, some sequence features that are
of interest in comparative genomics and proteomics studies can be revealed: charge
clusters, alternating patterns of charge residues, histidine residues and etc.

Recently the universal trends in ongoing changes of amino acid frequencies have
been reported.3 Sets of ortologous proteins encoded by triplets of closely related
genomes from 15 taxa representing all three domains of life have been compared,
and phylogenies have been used to polarize amino acid substitutions: Cys, Met, His,
Ser and Phe accrue in at least 14 taxa, whereas Pro, Ala, Glu and Gly are lost.3

In this work we have calculated and compared the amino acid composition
for taxa representing all domains of life (eukaryotes, bacteria, archaea, viruses of
eukaryotes and viruses of bacteria) from 195 known proteomes and all annotated
sequences from the Swiss–Prot data base.4 Our analysis shows that each of the
superkingdoms is compositionally distinct. Moreover, we have compared the amino
acid composition of different taxa with the frequencies following from a uniform
usage of codons of the universal genetic code for 20 natural amino acids. Our
results show that there are a surprisingly small selection for amino acid composition
of proteins of eukaryotes and their viruses and enhanced selection of codon usage
observed for archaea proteins in comparison with the frequency following from a
uniform usage of codons of the universal genetic code. Some amino acid frequencies
obtained from the known proteomes have differences in comparison with the data
obtained from the Swiss–Prot data base. We have demonstrated that more complex
organisms have more random distribution of amino acids. Another interesting result
is that the differences between proteomes are larger than the differences between
different kingdoms of life.

A substantial number of proteins in any proteome are likely unstructured. It was
suggested that the lack of rigid globular structure under physiological conditions
might represent a considerable functional advantage for “natively unfolded” pro-
teins, as their large plasticity allows them to interact efficiently with several different
targets as compared to a folded protein with limited conformational flexibility.5,6 It
was shown that disordered regions are involved in DNA-binding and other types of
molecular recognition and a large portion of the sequences of “natively unfolded”
proteins contain segments of low complexity and high predicted flexibility.7–14 It
also indicated that a combination of low overall hydrophobicity and a large net
charge represent a structural feature of “natively unfolded” proteins in comparison
with small globular proteins.15,16 We have suggested a simple indicator of “natively
unfolded” proteins.17 It is the expected average number of contacts per residue
calculated from the amino acid sequence alone. In this work we estimated the
percentage of totally and partially unstructured proteins in proteomes of different
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taxa considering the scale of the average number of contacts per residues calcu-
lated for 20 amino acids in globular state.17 We have demonstrated that the more
complex are organisms, the more proteins and segments are disordered.

2. Methods

2.1. Databases

We consider 19 archaean proteomes, 159 bacterial and 17 eukaryotic proteomes. The
protein sequences were downloaded from the EBI ftp server (ftp://ftp.ebi.ac.uk/
pub/databases/SPproteomes/swissprot files/proteomes/). The names of proteomes
are available at http://phys.protres.ru/aminoacidcomposition.html. We used one of
the last versions of Swiss–Prot data base4 — Swiss–Prot 44.

2.2. Estimation of error

Error bars in the figures represent standard deviations from average values in the
frequency of amino acids, ∑

n xi

n
. (1)

Here
∑

xi is the number of occurrences of the given amino acid in a complete
proteome, n is the total length of all sequences from the given proteome. The
standard deviation for (1) is calculated18 as σ/

√
n, where σ is the root-mean-square

deviation for xi values:

σ =

√
n

∑
n x2

i − (
∑

n xi)2

n(n − 1)
. (2)

2.3. The average number of contacts per residue in protein

The average number of contacts per residue in globular state for 20 amino acids are
presented in Table 1.17

The expected average number of contacts per residue from the amino acid
sequence alone is calculated as a sum of the average number of contacts of all
residues divided by the number of residues in the amino acid sequence. We used
this property, i.e. the average number of contacts per residue, to predict the state of
protein with an unknown three-dimensional structure: either folded or unfolded. If
the expected average number of contacts per residue in protein is less than 20.4 then

Table 1. The average number of contacts per residue in globular state.

G P A D E K S N Q T

17.1 17.4 19.9 17.4 17.5 17.7 18.2 18.5 19.2 19.8

R H C V M L I Y F W

21.0 21.7 23.5 23.9 24.8 25.4 25.7 25.9 27.2 28.5
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this protein is predicted as being in the unfolded form. However, if the expected
average number of contacts is larger than 20.4, then we find disordered segments
satisfying the criteria that the expected average number of contacts within the given
segments is less than 20.4 and the size of this segment is equal or larger than the
window-size of 11 and 41 residues, respectively.

3. Results and Discussion

3.1. Amino acid composition of proteins of different taxa in

comparison with the frequency following from a uniform

codon usage

We have calculated the amino acid composition for taxa representing all domains
of life (eukaryotes, bacteria, archaea) from 195 known proteomes and all annotated
sequences from Swiss–Prot data base. Tables 2 and 3 list a number of organisms,
proteins and amino acids in these proteins for each taxon.

We have compared the amino acid composition of proteins encoded by the
genomes from different kingdoms of life (eukaryotes, bacteria, archaea, viruses of
eukaryotes and viruses of bacteria) with the frequencies following from a uniform
usage of codons of the universal genetic code for 20 natural amino acids (the latter
means, e.g. that Trp, coded by one codon of 61 amino acid encoding triplets, has

Table 2. Correlation between amino acid compositions of proteins of various taxa
calculated from the Swiss–Prot data base and the amino acid composition fol-
lowing from uniform codon usage.∗ plus/minus root-mean-square deviation of
correlation coefficients found for individual species from the mean correlation
coefficient found for the taxa.

Number of Number of Number of Correlation
Name of Taxon Organisms Proteins Amino Acids Coefficient∗

Archaea 86 8744 2495787 0.51 ± 0.03
Viruses of bacteria 133 1272 275600 0.62 ± 0.04
Bacteria 1241 66231 21613528 0.65 ± 0.03
Viruses of eukaryotes 547 7351 3399163 0.82 ± 0.02
Eukaryotes 4555 70273 28824081 0.77 ± 0.04

Table 3. Correlation between the amino acid compositions of proteins of various
taxa calculated from 195 known proteomes and amino acid composition following
from uniform codon usage.

Number of Number Number of Correlation
Name of Taxon Organisms of Proteins Amino Acids Coefficient

Archaea 19 41708 11853213 0.61 ± 0.02
Bacteria 159 478967 149102019 0.70 ± 0.03
Eukaryotes 17 185349 87328914 0.77 ± 0.05
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Fig. 1. Frequencies of amino acids in proteins for three main taxa calculated from the known
proteomes (amino acid frequencies following from uniform codon usage are shown in triangles).

a random frequency of 1/61, while Ala, coded by four codons, has a random fre-
quency of 4/61, etc.; the table of codon usage is taken from the work of Crick19).
For this comparison we used all protein sequences from 195 known proteomes and
the Swiss–Prot data base, which have no “open reading frames” that may not
be expressed as proteins. Tables 2 and 3 represent the correlations between the
amino acid composition in a given taxon and frequencies following from a uniform
codon usage.

Tables 2, 3 and Fig. 1 show a surprisingly small selection for amino acid compo-
sition of proteins of eukaryotes and their viruses in comparison with the frequency
following from a uniform usage of codons of the universal genetic code (i.e. eukary-
otic proteins look more “random composed” than the others) and with an enhanced
selection of codon usage observed for archaea proteins. We have not considered
this result from a viewpoint of evolution. On the contrary to the results obtained
by Takeuchi et al.,20 in our case, archaea and bacteria are distinguishable by the
difference between the real frequency in the translated proteins and theoretical
frequencies (the expected frequency calculated from the ratio of nucleotides).

Figure 1 demonstrates the results for frequencies of individual amino acids in
proteins from bacteria, archaea, and eukaryotes, representing three main domains of
life, from 195 known proteomes. It should be noted that the frequencies calculated
from the proteomes slightly changed for eukaryotes and most of all changed for
archaea in comparison with the frequencies following from the Swiss–Prot data base.
These differences can be seen from the correlation coefficient between frequencies
of amino acid and random frequencies following from a uniform usage of codons
of the universal genetic code. This correlation is 0.77 for eukaryotes both for 17
proteomes including 185 349 proteins and for the Swiss–Prot data base including
70 273 proteins.
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For archaea this correlation is 0.61 for 19 proteomes, including 41708 proteins,
and 0.5 for the Swiss–Prot data base including 8744 proteins. For bacteria this corre-
lation is 0.70 for 159 proteomes, including 478 967 proteins, 0.65 for the Swiss–Prot
database including 66 231 proteins, which accords with the earlier observations.2

It is surprising that the correlation does not change for eukaryotes despite
of a different number of considered proteins, and changes for bacteria and
archaea.

According to our data the changes in the amino acid frequencies concern such
residues as Ala, Cys, Gly and Ser for eukaryotes. Frequences for Ala, Cys and Gly
decrease, but for Ser it increases in the case of proteomes in comparison with the
Swiss–Prot data base. Archaea’s frequencies change for such residues as Glu, Phe,
Lys, Leu, Ser, Val and Tyr.

Our data for the amino acid composition for three big domains of life obtained
from the consideration of proteomes differ from recent published data2 especially
for such residues as Ala, Gly, Ile, Lys, Asn, Pro, Arg, Ser, Val.

If one were to consider how to represent amino acids in proteomes in view of
the trend which has been revealed,3 it is interesting that such amino acids found
as losers in 14 taxa such as Ala, Gly are over represented (except Pro) in archaea
and bacteria proteomes in average, and Glu in archaea, bacteria and eukaryotes
proteomes relative to the frequencies corresponding to equal usage of all codons
(see Fig. 1). At the same time amino acids which have been found as gainers such
as Cys, His and Ser (except Phe and Met) are under-represented in archaea, bacteria
and eukaryotes.

The comparison of amino acid contents of proteins found for organisms of differ-
ent taxa (Table 4) shows that eukaryotic viruses are very close to eukaryotes (the
correlation coefficient is 0.97), and viruses of bacteria are very close to bacteria
(correlation coefficient is 0.96), while archaea is most different from all other taxa
in this respect.

Figure 2 represents the correlation between the amino acid composition and
theoretical frequency for each proteome. The highest correlation among archaea
is 0.88 for Aeropyrum pernix, for bacteria 0.87 for Rhodopirellula baltica, and for
eukaryotes 0.84 for Homo sapiens. It should be noted that the differences between
proteomes are larger than the differences between taxa.

Table 4. Correlation between the amino acid compositions of proteins of various taxa
from the Swiss–Prot database.

Viruses of Viruses of
Name of Taxon Archaea Bacteria Bacteria Eukaryotes Eukaryotes

Archaea 1.00 0.93 0.93 0.83 0.85
Viruses of bacteria 0.93 1.00 0.96 0.92 0.94
Bacteria 0.93 0.96 1.00 0.91 0.94
Viruses of eukaryotes 0.83 0.92 0.91 1.00 0.97
Eukaryotes 0.85 0.94 0.94 0.97 1.00
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Fig. 2. Correlation between the amino acid compositions of each considered proteome and the
amino acid composition following from the uniform codon usage. Arhaean proteomes are given in
green, bacterial proteomes in blue and eukaryotic proteomes in red colors. Error bars of average
are given in yellow color.

3.2. Percentage of totally and partially unstructured proteins

in various proteomes

A receiver operator characteristic (ROC) curve for our method has been obtained
(see Fig. 3), so the choice of significance thresholds are highly influenced by the rate
of false disordered prediction. The true positive rate was calculated as the percent-
age of residues predicted as disordered on the unfolded list (sensitivity); the false
positive rate is the percentage of predicted disordered residues on the folded set,
also called specificity. The best result corresponds to the case when we construct
the expected contact profile smoothed over the window-size of 41 residues, and the
averaging for disordered regions is done over residues (see Table 5). Our method
has been tested on datasets of globular proteins (559 proteins) and long disordered
protein segments (129 proteins),21 and showed improved performance over some
other widely used methods, such as DISOPRED,22 PONDR VL3H,13 IUPred,21

GlobPlot23 (see Table 5).
Knowing the amino acid composition of each protein we can calculate the

average number of contacts per residue to predict the state of the protein with
an unknown three-dimensional structure: either folded or unfolded. To find the
disordered regions, we can construct for each protein an expected contact pro-
file smoothed over 41 residues taking into account the order of amino acids in
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Fig. 3. Receiver operator characteristic (ROC) curves for our method. The true positive rate
was calculated as the percentage of residues predicted as disordered on the unfolded list (129
proteins). The false positive rate is the percentage of predicted disordered residues on the folded
set (559 proteins). Light circle — the expected contact profile is smoothed over a window-size of
11 residues, averaging is done over residues; black circle — the profile is smoothed over a window-
size of 41 residues, averaging is done over residues; light square — the profile is smoothed over a
window-size of 11 residues, averaging is done over proteins; black square — the profile is smoothed
over a window-size of 41 residues, averaging is done over proteins. Large circles and squares are
underlined points corresponding the threshold 20.4 expected number of contacts.

Table 5. Performance of disorder prediction methods.

True Positive Rate False Positive Rate
Averaging is Done Over Averaging is Done Over

Method Residues Proteins Residues Proteins

FoldUnfold24 (we) 0.851 0.716 0.051 0.076
IUPred21 0.763 0.679 0.053 0.055
PONDRVL3H13 0.663 0.607 0.050 0.078
DISOPRED222 0.664 0.491 0.050 0.069
GlobPlot23 0.330 0.304 0.181 0.197

protein chain. First, we calculated the percentage of fully unfolded proteins for
19 archaean, 159 bacterial and 17 eukaryotic proteomes: correspondingly, 2%, 3%
and 12%. Second, we calculated the percentage of proteins, where there are disor-
dered regions which are equal or larger than 41 residues for the same proteomes
(partially unfolded proteins): 16%, 20% and 43%, respectively. Third, we calculated
the percentage of disordered residues (including wholly and partially unfolded pro-
teins): correspondingly, 8%, 11% and 25%. Figure 4 shows the estimated fraction of
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Fig. 4. Estimated fraction of wholly unstructured proteins (cyan color) and fraction of partially
unfolded proteins (yellow) for 19 archaean, 159 bacterial and 17 eukaryotic proteomes. The average
over both kinds of proteins is given by a green line for Arhaean proteomes, a blue line for bacterial
proteomes and a red line for eukaryotic proteomes.

unstructured proteins and partially unfolded proteins for 19 archaean, 159 bacterial
and 17 eukaryotic proteomes. Using DISOPRED21 method long (> 30 residues) dis-
ordered segments are found to occur in 2% of arhaean, 4.2% of eubacterial and 33%
of eukaryotic proteins for six archaean, 13 bacterial and five eukaryotic proteomes.
The higher percentage of unstructured proteins in eukaryotes may be attributed to
the increased prevalence of signaling and regulatory processes in eukaryotes.21

4. Conclusions

It is worthwhile to underline that from our analysis we can trace the amino acid
composition of different taxa of life: the more complex organization of living the
more random distribution of amino acids. The differences between proteomes, if
one were to consider the correlation between the amino acid compositions and
theoretical frequencies (frequencies corresponding to equal usage of all codons) for
each proteome, are larger than the differences between taxa.

In this study we have estimated the percentage of totally and partially unstruc-
tured proteins in various proteomes. According to our estimates, 2%, 3% and 12%
of the proteins in archaean, bacterial and eukaryotic proteomes are totally disor-
dered, and long (> 41 residues) disordered segments are found to occur in 16% of
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arhaean, 20% of eubacterial and 43% of eukaryotic proteins for correspondingly 19
archaean, 159 bacterial and 17 eukaryotic proteomes.

Moreover, the analysis of amino acid composition of proteins is important for
sequence alignments, functional annotation and a phylogenetic assay.
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