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Abstract

problem.

Background: Study of the relationship between the structural and functional organization of proteins and their
coding genes is necessary for an understanding of the evolution of molecular systems and can provide new
knowledge for many applications for designing proteins with improved medical and biological properties. It is well
known that the functional properties of proteins are determined by their functional sites. Functional sites are
usually represented by a small number of amino acid residues that are distantly located from each other in the
amino acid sequence. They are highly conserved within their functional group and vary significantly in structure
between such groups. According to this facts analysis of the general properties of the structural organization of the
functional sites at the protein level and, at the level of exon-intron structure of the coding gene is still an actual

Results: One approach to this analysis is the projection of amino acid residue positions of the functional sites
along with the exon boundaries to the gene structure. In this paper, we examined the discontinuity of the
functional sites in the exon-intron structure of genes and the distribution of lengths and phases of the functional
site encoding exons in vertebrate genes. We have shown that the DNA fragments coding the functional sites were
in the same exons, or in close exons. The observed tendency to cluster the exons that code functional sites which
could be considered as the unit of protein evolution. We studied the characteristics of the structure of the exon
boundaries that code, and do not code, functional sites in 11 Metazoa species. This is accompanied by a reduced
frequency of intercodon gaps (phase 0) in exons encoding the amino acid residue functional site, which may be
evidence of the existence of evolutionary limitations to the exon shuffling.

Conclusions: These results characterize the features of the coding exon-intron structure that affect the
functionality of the encoded protein and allow a better understanding of the emergence of biological diversity.

Background

The relationship between protein structure and the cod-
ing gene structure is one of the important problems of
modern biology. The major research in this area was
carried out to define peculiarities in the organization of
the domain structure of proteins depending on the
exon-intron structure of genes [1-3]. The domain struc-
ture of proteins is determined by mutual arrangement
of these domains in the tertiary and primary structures.
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The research in this field provides important informa-
tion about the function of the protein. There are several
types of domains that could be defined in proteins:
structural, functional and evolutional [4]. At the same
time various types of domains can intersect each other
but do not match to each other exactly. The structural
domain is defined as an isolated unit in the space that is
capable of self-assembly into the native structure, having
relatively little contact with other parts of the protein
and its own hydrophobic core. The functional domain
can be defined as a minimal part of the polypeptide chain
that is capable of self-assembly into the native structure
and has the same functionality as in the structure of the
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complete protein [4]. The evolutionary domain is consid-
ered to be the evolutionary unit in domain shuffling. In
this case, the domain is defined as the extended part of
the polypeptide chain evolving significantly slower than
other protein sequences. In 1981, Go introduced the term
“module” [5,6], defining the structural unit that has a dia-
meter of 15-35 A. This structure also could be determined
to be an evolutionary unit. There is evidence that modules
can operate independently, so it was assumed that the
module is the initial functional unit of the protein [7].

It has been shown that the boundaries of functional
domains and modules of proteins that could also be con-
sidered as evolutionary units correlate with the exon
boundaries in the coding gene sequence [8]. This is asso-
ciated with the phenomenon of shuffling, one the major
factors in protein evolution. Exon shuffling as another
mechanism of gene evolution and was proposed by
W. Gilbert in 1978 [9].

The events of fusion and fission of exons are also con-
sidered to be types of exon shuffling, as well as their
duplication. The exon-intron structure of genes also can
be characterized by a phase. The phase is defined as the
break of codon by intron: 0 - if the break is between the
triplets, 1 - in the case that the shift of the break is for
one nucleotide, 2 - in the case that the shift of the
break is for two nucleotides. So one exon has two
phases at the 5’-end and 3’-end. If these phases are
equal, the exon is considered symmetrical. Symmetry
can be a sign of exon shuffling. The events of exon
shuffling are distributed among genomes of multicellular
organisms, especially in genes coding extracellular pro-
teins and receptors. It has thus been hypothesized that
this mechanism of evolution contributed to the develop-
ment of multicellular phenomena [10].

It should be noted that despite the diversity of the cri-
teria by which protein domains are defined, their com-
mon property is the ability to perform their functions,
which are realized by the functional protein sites. Among
the various types of functional sites, the following can be
identified: the active sites that catalyse chemical reac-
tions; ligand binding sites; allosteric sites which could
alter the conformation of the protein by ligand binding;
regulators which can regulate the enzymatic activity of
proteins by activators and inhibitors; and sites of post-
translational modification of proteins (sites of phosphory-
lation, methylation, acetylation, glycosylation, addition of
a fatty acid and others). Functional sites possess com-
pactness in their spatial structure, i.e. their amino acid
residues are close to each other in spatial structure but
are distantly located in sequence. The mutations leading
to the replacement of amino acid residues in a functional
site usually are not fixed [11]. The functional sites of pro-
teins, especially catalytic sites, are highly conservative in
that the amino acid composition and the mutual spatial
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orientation of the components of the functional site resi-
dues are maintained in homologous proteins [12].

Currently, the majority of articles about the study and
prediction of protein functional sites propose methods
of searching the conservative fragments in the protein
sequence and structure. Several databases of protein
functional sites have been created including: SitesBase
[13], PDBSite [14], eF-Site [15], sc-PDB [16], FireDB
[17], and LigASite [18].

These databases are devoted to the structural organiza-
tion of the various functional sites in the primary and
spatial structure of proteins. However, the analysis of the
general peculiarities of structural organization of the var-
ious functional sites in the exon-intron structure of the
gene is still poorly understood. One of the approaches to
this analysis is to match the positions of the amino acid
residues of the functional sites with the boundaries of the
coding exon structure of gene.

Over the past few years, many databases have been cre-
ated containing integrated information such as marking
the borders of exons and domains on nucleotide and
amino acid sequences and the spatial structure of the
protein. Such resources include: XdomView [19], ExDom
[20] and the Structural Exon Database (SEDB) [21]. We
have previously developed a computer system, SitEx,
designed for the analysis of the relationship between the
exon-intron structure of genes and the characteristics of
the structural and functional organization of proteins,
including the structure and properties of their domains
and functional sites.

In this paper, we analysed the distribution of func-
tional sites on the exon-intron structure of the encoding
gene using the SitEx database [22]. We considered as
functional sites the ligand binding sites. It was shown
that the functional sites are often encoded by exons that
have a more ancient origin. Further, the exons coding at
least part of the functional site undergo shuffling more
often. In addition, we investigated the relationship
between the length and the frequency of the exons cod-
ing functional sites. We demonstrated that the length of
such exons is significantly longer than the length of the
exons non-coding functional sites on average, and the
frequency of occurrence of introns in the sequence area
of the functional site is lower than expected.

Thus, it can be assumed that the characteristics of the
distribution of functional sites on the exon structure
may be one of the factors for evolutionary selection, and
functional sites can be seen as an evolutionary unit also.

Results

Analysis of the length distribution of exons coding and
non-coding functional sites

We used samples of exons coding and non-coding func-
tional sites (EC and ENC, respectively) using the database
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SitEx for a comparative analysis of the exon length distri-
bution (Figure 1). Statistical analysis reveal a significant
difference in length distribution between ECES and ENFS
using the y2 (x2 = 582.8, df = 152, P ~107'°). The average
length of exons from the EC sample exceeded the average
length of exons from the ENC sample. The average
length of exons reached ~159 bp and =144 bp, respec-
tively (median of 129 bp and 114 bp, respectively).
According to the Mann-Whitney test, the average values
of the lengths of these exons differ with a significance
P ~ 107, Thus, the average length of the EC significantly
exceeds the average length of the ENC. This could be
helpful to maintaining the conservative sequence area
around the binding sites of amino acids that shape the
spatial structure of the functional unit.

Analysis of the ligand binding sites discontinuity
It is possible to estimate the functional sites discontinuity
through the protein sequence and the exon structure of
the encoding gene. The discontinuity of the codon
encoding amino acid residue of the functional sites on
the exon structure characterizes how the ECFS are dis-
tributed in sequence. Based on the fact that the func-
tional sites tend to be encoded by longer exons, it can be
assumed that the functional sites discontinuity in the
exon structure is significantly less than could be expected
by chance. To test this hypothesis, we estimated the
expected and observed frequency of exon boundaries in
the functional site area while mapping them to the pro-
tein sequences. In this case, we considered the functional
site area as the protein sequence fragment that is limited
by the first and last functional site amino acid positions
in the protein sequence (Figure 2).

The expected distribution of the number of exon bor-
ders in the functional site area was calculated using a
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tenfold iteration of randomly selected positions of exon
boundaries in the gene sequence. We iterated the posi-
tions of the real number of exon borders for each gene
from the sample. The distributions of the observed and
expected number of exons were compared by %2 criterion
(x2 = 224, P <0.01, df = 6).

It was shown that the observed number of exons cod-
ing fragments of the amino acid sequence corresponding
to the functional site area was significantly lower than
the number of exons expected by random (statistical sig-
nificance Mann-Whitney test U = 52988.5; N; = 427;
N, = 390; P << 0.01). A similar analysis was conducted
for the different groups of the functional sites (binding
sites of amines, alcohols, organic acids derivatives and
complex organic compounds) widely represented in the
SitEx database. In all cases, the observed number of
exons coding the functional site area has been signifi-
cantly lower than expected (Additional file 3).

Based on this analysis one can conclude that the func-
tional sites of proteins are statistically more likely to be
encoded by only one or adjacent exons. Thus, the
amino acid residues of the functional sites are clustered,
forming a structural and evolutionary unit of protein.

Frequency of phases of exons coding functional site
amino acids on the boundaries

We have analysed the occurrence of different phases of
exons at the 5- ‘or 3’-terminus, depending on the
sequence fragments coding the functional sites of the
protein. The sample included 1801 non-homologous
human gene sequences from the previous sample. These
sequences possess 7735 exons coding at least part of the
protein functional site. The control sample contains
7281 exons that do not code the proteins functional
sites and are located outside the functional sites area.
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Figure 2 Functional site area projected on exon structure of encoding gene.

While preparing the samples, the first and last exons in
the coding sequence were excluded. Comparison of
these samples by phase representation using contingency
tables 2*2 showed significant superiority of phase 0 on
the 5’- or 3’-terminus, including exons from the EC
sample (5" y2 = 8.3, P =0.004; 3": 2 = 4.7, P ~0.03). In
the case of symmetric exons, the observed prevalence of
phases 0-0 is retained (x2 = 13.6, P =2-107%).

One could suggest that functional sites encoded on
the exon borders impose restrictions for splicing so it
was interesting to estimate the representation of intron
phases that break the codon coding amino acid residue
of the protein functional site. In the EC sample, there
was 1801 such codons, where 52% were in phase 0 on
the 5’- or 3’- exon boundary. A sample of random
sequences was built using a permutation test. The posi-
tions of the functional sites of the amino acid residues
were randomly changed in sequence. This rearrange-
ment was performed 1,000 times for each sequence
from the sample.

We compared phase fractions of the introns that
break the codon encoding amino acid residue of the
protein functional site between those observed in the
EC sample and those expected from the sample built by
the transposition procedure described above. The differ-
ence between fractions was shown using a y2 contin-
gency table (P ~2, 2.107'3, taking into account the
Bonferroni correction). The percentage of introns in
phase 0 in the calculated sample was 0, 64%, which is
more than was in observed sample.

Comparison of the phase 0 occurrence on the 5’ exon
border between the ENC and EC coding the functional
site amino acid residues at the 5’ exon border with a
paired Wilcoxon test showed a statistically significant
difference between phase 0 occurrence and the occur-
rence of phases 1 and 2 (P ~8.3 * 10~° using Bonferroni
(Z = 4.86)). The mean and median for phase 0 occur-
rence were less (Figure 3).

Discussion
Protein sequence variability is influenced by many fac-
tors: the rate of protein synthesis and spatial structure

and protein interactions with other proteins [23]. There
are also the evolutionary factors that influence at the
level of the coding gene structure: exon duplication,
exon shuffling, exonization of intronic sequences and
mobile elements, evolution of alternative splicing, usage
of alternative translation initiation and termination sites,
among others. These changes affect the conserved
regions of the protein that form the functional and
binding sites.

We have shown that the protein functional sites tend
to be coded by one or adjacent exons in the gene
sequence. The discontinuity of the functional sites in
the exons is significantly lower than expected randomly,
and the length of the exon coding functional sites on
average are significantly greater than the length of the
exon non-coding functional sites.

The exon lengths have been actively studied in the lit-
erature when analysing the relationship of the exon-
intron structure and alternative splicing, and the level of
expression and GC-composition. In particular, it has
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Figure 3 The distribution among ECFS encoding functional site
amino acid residue on 5’ border and ENFS by exon phase on
5’ exon border.
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been shown that alternatively spliced exons tended to be
shorter [24,25], and where the exons are shorter, they
are included more frequently in alternative forms [26].
It is also shown that the ancestors of vertebrates had
longer constitutive exons than humans, whose length
matched with the size of nucleosomes [27].

Further, the inverse correlation between the length of
the exons in the sequence and the speed of expression
in different organisms was demonstrated [27,28], as well
as the complex correlation between exon length and
GC-composition [29].

The performing of site functions is ensured by a spa-
tial structure that is determined by the spatial structure
of the entire protein domain. Consequently, the amino
acid sequences encoded by short exons are less likely to
form a stable structure and maintain site functionality.
This is even more important in the case of functional
sites that are of a discontinued trough exon structure of
the coding gene because such sites are formed by dis-
tant amino acid residues. However, the site discontinuity
in the published research was mentioned but has not
been studied [30,31]. In the case of the exon shuffling
event, only part of the discontinued functional site
would be transferred. Thus, the functional site would
not be able to operate fully, and at the same time it
could disrupt the structure of other functional sites of
the protein. So exon shuffling not only contributes to
functional diversity, but could also break it. One can
expect that the longer exons are more likely to retain
their functionality after shuffling so they are important
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for function and maintained in evolution. The tandem
duplication of exons could be an example [32]. If the
exons coding ligand binding sites are adjacent they are
more likely to shuffle entirely, as in the case shuffles
domains. It was shown that the dominant symmetric
phase for domain shuffling is 1-1 which could indicate
the later origin of domain shuffling [33]. Significant pre-
dominance of phase symmetric exons among the ECFS
was not found. It has previously been shown that the
phase symmetric exons often code unstructured regions
of proteins [34].

However, among symmetrical exons from the ECFS
sample, the predominant phase is 0-0. Previously, it was
shown that the phase symmetrical 0 phase is common
for exons with more ancient origins, due to the phe-
nomenon of exon shuffling as one of the main ways for
the emergence of proteins with new functions [35,36].
Phases 1 and 2 are more common among the exons
which appeared later. Based on our data one could sug-
gest that there are limitations to shuffling of exons that
code functional protein sites.

To determine the functional site types that are
encoded by symmetric exons in phase 0, we classified
the ligands binding by them according to the nomencla-
ture (Figure 4). Thus there is an increased presence of
the following ligands: ethers, porphyrins, cofactors and
coenzymes, and compounds, involved in the preparation
for obtaining the crystal structure of proteins (solvents,
precipitators, buffers etc.). Synthetic substitutes of ATP
and GTP are widely represented among the esters.
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These ligands indicate the catalytic sites and must be
encoded by the exons, which are compact enough to
have been shuffled since ancient times.

It is well known that many ligands presented in 3D pro-
tein structures were added during processes of buffering
and crystallization. Given this fact we applied the addi-
tional analysis for the sample that was lack such ligands
(Additional file 1). It was found that the features defined
for the full sample did not differ from the cut sample.

Conclusions

Our data describe the peculiarities of the exon-intron
structure, which affect the functionality of the encoded
protein. We have established that protein functional sites
are encoded mostly by longer exons. In the case of dis-
continuous functional sites, fragments of DNA encoding
them are predominantly distributed within one or more
contiguous exons in the gene sequence. We revealed sta-
tistically significant differences between the frequencies
of the codon phases located at the ends of the exons cod-
ing and non-coding functional sites of proteins. We
assume that the occurrence of functional sites in the
amino acid sequences of the proteins may limit the varia-
bility of the exon structure of the gene, including exon
shuffling in evolution. In the future, this issue could be
clarified using homologous gene sequences.

Methods

To evaluate the effect of protein functional sites on the
encoding gene structure, we used the following data con-
tained in SitEx database: protein sequences and the posi-
tions of the amino acid residues of the functional sites in
them, gene sequences and positions of exon-intron
boundaries in the corresponding gene. The information
presented in SitEx about protein functional sites was
retrieved from PDB entries [22]. The positions of protein
functional sites were considered as long as the informa-
tion about ligands for ligand binding sites. To consider
the possible variability of functional sites between differ-
ent types of organisms in our statistical analysis, only the
Metazoa genes were examined. For the extracted
sequences we applied the program SiLiX [36] to discard
the similar protein sequences. 2236 different groups of
proteins were selected using maximum 35% sequence
similarity with minimum 80% of sequences overlap
within groups. Median number of sequences per each
group was 1 (see Supplementary 1 Figure 1). In the case
there were more than one sequence in group we selected
one sequence randomly. List of sequences included in
the following analysis is presented in Additional file 2.
We divided the exons from these sequences into two
samples: the one where exon codes at least one protein
site amino acid (sample EC: 8923 exons) and the other
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where exon do not code any protein site amino acid
(sample ENC: 15145 exons).

There are about 7 chains presented in PDB structures
for each protein in our sample (see Supplementary 1
Figure 2). We collected the information about 46659
protein ligand binding sites, that could overlap between
structures of one protein. There were 6 sites and 15
functional sites amino acids per protein in median in
our sample (see Supplementary 1 Figure 3 and 4). Many
sites bind the same ligand in different proteins, so the
number of unique ligands was 3659. All ligands could
be divided into 18 groups including derivatives of amino
acids, amines, organic acids and etc. (Figure 4). Also we
defined the group of ligands that are more likely to be
involved in buffering and protein crystallization process
(Supplementary Table 1).

Using created sample we divided the exons into two
groups for the following:

1. exons that code functional sites of amino acids
(EC);

2. exons that do not code functional sites of amino
acids (ENC);

We applied R environment for statistical analysis and
Perl for organizing data.

Additional material

Additional file 3:
Additional file 1: Sample characteristics

Additional file 2: List of protein sequences included in the analysis.
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ECFS - exons that code functional sites of amino acids
ENFS - exons that do not code functional sites of amino acids
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