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Spectral-Statistical Approach for Revealing Latent Regular
Structures in DNA Sequence

Maria Chaley and Viadimir Kutyrkin

Abstract

Methods of the spectral-statistical approach (2S-approach) for revealing latent periodicity in DNA
sequences are described. The results of data analysis in the HeteroGenome database which collects the
sequences similar to approximate tandem repeats in the genomes of model organisms are adduced. In
consequence of further developing of the spectral-statistical approach, the techniques for recognizing
latent profile periodicity are considered. These techniques are basing on extension of the notion of approx-
imate tandem repeat. Examples of correlation of latent profile periodicity revealed in the CDSs with struc-
tural-functional properties in the proteins are given.
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1 Introduction

Until recently the reliable methods for recognizing latent periodic-
ity in genome were based on the notion of approximate tandem
repeat [1, 2]. However, employment of these methods has shown
that approximate tandem repeats constitute a small part in the
genome sequences of various organisms. So, the indirect methods
for estimating latent periodicity period have spread, exploited
without determination of periodicity type and its corresponding
pattern. Fourier analysis [3-7] and the other techniques [8-15]
displaying dominant peaks in the graphs of a single statistical
parameter which values depend on the tested periods of DNA
sequence can be referred to such methods. Without a model of
periodicity, the latent period estimate obtained by such methods
cannot be unambiguously interpreted.

Spectral-statistical approach to revealing latent periodicity has
been originally developed in the work [12]. Initially the problem
was set to select quantitative statistical parameters for revealing
approximate tandem repeats and DNA sequences that are similar
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with the repeats. In investigating approximate tandem repeats in
the TRDB database [16], two characteristic statistical parameters
have been revealed. One of them characterized heterogeneity level
that in approximate tandem repeats has sufficiently high values.
Another one described a mean level of character (base) preserva-
tion at tested period. This mean level is close to unity (~0.8), if a
tested period coincides with latent period in the approximate tan-
dem repeats. In the framework of spectral-statistical approach (the
2S-approach), these statistical parameters are considered in accor-
dance with a length of tested period in analyzed DNA sequence.
The graphics of these parameters are called spectra. They charac-
terize initial stage in the developing of the 2S-approach with meth-
odology represented in the works [12, 17, 18].

The analysis of genome sequences from the model organisms
Sacchavomyces cevevisine, Arabidopsis thaliana, Caenovbabditis ele-
gans, and Drosophila melanogaster has been done with the help of
the 2S-approach spectra. In the result of the analysis, the
HeteroGenome database (http://www.jcbi.ru/lp_baze/) has
been created [18] for which the sequences similar to the approxi-
mate tandem repeats were selected from DNA sequences of the
organisms. The description of the HeteroGenome database meth-
odology will be done in the next sections.

However, according to the data from the HeteroGenome,
DNA sequences similar to approximate tandem repeats cover a
small part of genome (~10 %). So, the methods, searching for
latent periodicity of unknown type, are widely spread that could be
called indirect, as they are not based on any model of periodicity.
For example, Fourier analysis and the like techniques can be placed
to such methods [3-9]. Dominant peaks revealed by these meth-
ods in the spectra are used to estimate period length of latent peri-
odicity. In the strict sense, such estimates of period length demand
an additional instantiation [19].

A new notion of latent periodicity called latent profile period-
icity has been proposed in the works [12, 20]. This new notion is
based on a model of profile periodicity (profility) [20, 21 ] allowing
generalize notion of approximate tandem repeat. Basing on this
model, the 2S-approach has got a shot in the arm of recognizing
the latent profile periodicity in DNA sequences [21, 22]. Since
new type of periodicity generalizes the notion of approximate tan-
dem repeat, one can suppose a share of recognizable latent period-
icity will sufficiently grow. This assumption is proved by the
examples of analysis of DNA sequences from human genome [21].
The results of the analysis allowed putting forward a hypothesis
about the existence of two-level organization of encoding in the
CDS:s. Besides, it appears that latent profility, revealed in coding
DNA regions, can be translated into structural particularities of
protein sequence. Direct revelation of such particularities is a suf-
ficiently complicated problem because the goal of the search is a
priori unknown.
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New methods of the 2S-approach have been proposed [20-
22] for recognizing latent profile periodicity. They are based on a
model of profile string that is special periodic random string with a
pattern of independent random characters. Every one of such the
random characters is a random variable taking on the values from
textual alphabet of DNA sequences. In the frames of the
2S-approach, DNA sequence with displayed latent profile periodic-
ity is considered as realization of a profile string. Therefore, statisti-
cal methods and criteria have to be used for recognizing latent
profile periodicity. Existence of latent profile periodicity in DNA
sequence is recognized in that case, when this sequence is statisti-
cally close to a profile string. In fact, the problem of latent profile
periodicity recognition in DNA sequence leads to the problem of
specifying a profile string considered as periodicity etalon for the
sequence. Random pattern of such a profile string is an analogue of
consensus-pattern deduced from the sequence of approximate tan-
dem repeat. One of the next sections is deduced to the description
of the 2S-approach for recognizing latent profile periodicity.

2 HeteroGenome Database. Materials, Methodology, and Analysis of the Results

The methods of the 2S-approach to search for the regions in DNA
sequence that are close to approximate tandem repeats have been
applied to the genome sequences of well-studied model organisms
[23] S. cerevisine, A. thaliana, C. elegans, and D. melanogaster.
These organisms represent a genome of the eukaryotes ranging
from unicellular organism (baker’s yeast) to multicellular plants
(Arabidopsis) and animals (nematode), which facilitates the general
study of the phenomenon of latent periodicity in genome. Original
DNA sequences of the whole genomes of model organisms have
been obtained from the GenBank [24] at ftp://ftp.ncbi.nih.gov/
genomes/. The results of genome analysis have been systemized in
the HeteroGenome database (http://www.jcbi.ru/lp_baze/)
described in the work [18].

Approximate tandem repeats are the most studied type of
latent periodicity in DNA sequences, because this type is described
by relevant models [1, 2]. A significant number of publications are
devoted to search for approximate tandem repeats and their recog-
nition (e.g., see Refs. [25-28]). However, such repeats constitute
sufficiently small part in genome sequences of various organisms
[18]. Besides, the methods, estimating length of latent period in
the sequences which are not approximate tandem repeats, gained
widespread acceptance in scientific literature (e.g., see Ref. [9]). At
that, type of periodicity remains unknown, and it is not based on
any model. So, in creating the HeteroGenome database, the fol-
lowing compromise approach to search for the sequences with
latent periodicity was chosen. The sequences similar to
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2.1 Spectral-
Statistical Approach
for Revealing DNA
Sequences Similar
to Approximate
Tandem Repeats

approximate tandem repeats were selected. As similarity estimate
two parameters have been chosen whose high values are character-
istic for the periods of approximate tandem repeats. These param-
eters will be further described in detail.

The revelation of latent periodicity close to approximate tandem
repeats was done by determining heterogeneity of high signifi-
cance level (~ 10'6) at the test periods of an analyzed nucleotide
sequence. A test period of DNA sequence is called an integer num-
ber which does not exceed one-half the sequence length. For each
test-period A analyzed sequence is divided into the substrings of
length A (last substring can be of smaller length).

Division into the substrings of length A allows calculating a
frequency nj <1 (i =14, j= l,i) to find a character #; from nucle-
otide sequence alphabet 4<a=a,, t =a,, g =a;, ¢ =a,>in the jth
position of the test period 4. Matrix 7 = (7[} is called a sample
A-profile matrix for analyzed sequence, where K =4 is the size of
alphabet A. Then in analyzed sequence a character preservation
level pl(4) at the test-period 4 is determined by a formula:

A
pl(ﬂ,)=%2max{ﬂ;: iel,...,K}. (1)
=

By such a way, for an analyzed sequence at its test periods, a
spectrum of character preservation level plis introduced. According
to the results of numerical experiments [12], character preserva-
tion level pl(L)>0.5 corresponds to the sequences of approximate
tandem repeats with period length equal to L.

Along with the high value of the pl spectrum, high level of the
repeat’s heterogeneity is observed at period length in approximate
tandem repeat. In the HeteroGenome, a check on heterogeneity in
the sequence of length # at the test-period 4 is done with the help
of Pearson y?-statistics [29]:

v (=23 (o) 1 (1) @

j=1i=l1

>3

In accordance with the results of numerical experiments done
in the work [12], high character preservation level allows omitting
claim of a large number of the repeats for the test-period 4. When
character preservation level is high (p/(1)~ 0.8 and more), a value
of the statistics (Eq. 2) is not taken into consideration, even though
the number of repeats — <5 is small.

In searching for the sequences similar to approximate tandem
repeats, check on heterogeneity in DNA sequence is carried out at
a level of significance o =107° [12]. For the test-period L, a critical
value y.2(a, N) with N=(K -1)(L-1) freedom degrees corre-
sponds to this level. If character preservation level p/(L) is suffi-
ciently high and value of statistics v(L, #) meets a condition



Spectral-Statistical Approach for Revealing Latent Regularities in DNA 319

v(Ln)! x2, (. (K =1)(L-1))=1, (3)

then the sequence is recognized similar to approximate tandem
repeat with period L. In this case it is supposed that the value of
pI(L) is close to a maximal value of the pl-spectrum in a range of
the test periods of the sequence. So, as spectral characteristics of
analyzed nucleotide sequence in the HeteroGenome database, a
spectrum H is used that at the test-period 4 takes on a value

H(A)=v(An)/ x, (a(K-1)(A-1)), a=10". (4)

The graphic of the H-spectrum obviously demonstrates a dis-
play of significant heterogeneities in a sequence at those test peri-
ods, where H (l) >1, and these test periods are further analyzed
with the help of the pl-spectrum. As it was mentioned above, one
of these test periods is selected as an estimate for the period length
of latent periodicity that is pointed at by the first clear-cut maximal
value in the pl-spectrum (see Fig. 1). Such a maximal value of the
pl-spectrum can be interpreted as an index of preservation for the
copies of periodicity pattern. Figure 1 gives an example of how, by
jointly using both of the parameters (H-spectrum and

29675 - 29973, A=21, PL=0.65, HL=2.34, RL=14.24 [ 2]<=A<=[29 || Define new range | Help
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Fig. 1 The spectral—statistical characteristics in the HeteroGenome database for DNA sequence from C. ele-
gans chromosome V (29675-29973 bps). At the fop: spectrum of heterogeneity display (H-spectrum, see
Eq. 4). At the botfom: spectrum of character preservation level (pl-spectrum, see Eq. 1). Maximal peak at 21 bp
in the pl-spectrum corresponds to period length of the latent periodicity
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2.2 Strategy

of Searching

for and Structuring
Data

in the HeteroGenome

2.3 Results
of the HeteroGenome
Data Analysis

pl-spectrum), one can unambiguously estimate periodicity pattern
length. The analysis of a graphic of the H-spectrum in Fig. 1 allows
distinguishing heterogeneities in a sequence under consideration
at the test-periods multiple of seven. Maximal value in the pl-spec-
trum outlines the test period of 21 bp which is accepted as an
estimate of periodicity pattern length. So, in the HeteroGenome
database, visualization of the sequence alignment at the test period
of 21 bp is shown automatically. User can additionally obtain the
sequence alignment at the other test periods.

In creating the HeteroGenome database [18], to reveal periodicity
close to approximate tandem repeats, a method of searching for
DNA regions with highly significant heterogeneity (at the level
a =10""), by scanning a series of overlapping windows, has been
applied. Length of initial window is equal to 30 bp. Length of each
the following window is set twice as large, until a limiting value will
be achieved. Shifting with variable step, the windows scan an ana-
lyzed DNA sequence. General strategy of searching for the
sequences similar to approximate tandem repeats resembled “shot-
gun strategy” of genome sequencing [30]. Within the framework
of such a strategy, relatively short and overlapping fragments are
sequenced first. Then computer assembling of the fragments into
the more extended regions is done, and the borders of revealed
heterogeneity regions are optimized.

For nonredundant data representation in the HeteroGenome
database, each logical record is a group of DNA sequences revealed
on chromosome with statistically significant heterogeneity (latent
periodicity) which are intersected or (and) have the same or mul-
tiple period length. There are two levels of data representation in
the group. At the first level, DNA sequence of the greatest length
is considered that is called group representative. The rest sequences
belong to the second level. As a rule, they correspond to the well-
determined local structures of periodicity in the sequence of group
representative.

The comparison of the data on periodicity for the genomes of S.
cevevisine, A. thaliana, C. elegans, and D. melanogaster in the
HeteroGenome with corresponding data in the TRDB database
[16] has shown that the HeteroGenome collects practically all tan-
dem repeats represented in the TRDB and, moreover, essentially
supplements them with the data on highly divergent tandem
repeats.

In investigating the evolution and functional meaning of the
latent periodicity regions in genome, the proportion of the whole
genome covered by such regions is a quantitative indicator of no
little significance. Nonredundant data on the regions of significant
heterogeneity (latent periodicity) in the HeteroGenome database
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approximate tandem repeats (period length is of order 1000 bp),
the latent periodicity regions in human genome account for about
10 % [25]. Also, taking into consideration data from the Table 1,
it can be supposed that periodicity in eukaryotic genome consti-
tutes ~10 %. Probably, such a percent is due to a balance between
the molecular mechanism of originating tandem repeats and diver-
gence of their sequences which stabilizes length of the repeats.

Periodicity regions are the hot spots in genome, able to both
expand and diminish size in response to slippage of DNA replicase
and recombination and duplication processes [31-33]. Mutations
(point substitutions, insertions/deletions of the nucleotides) dis-
turb with time determined structure of DNA periodicity regions,
stabilizing region lengths. Since the method of latent periodicity
revelation used in the work [18] allows nonredundant estimating
the periodicity proportion in genome, it becomes possible to inves-
tigate an influence of periodicity regions at the chromosomes.

Let us consider a percentage of periodicity regions in accor-
dance with chromosome length in the genomes of analyzed model
organisms (see Fig. 2). For each organism a characteristic scatter of
the percents of chromosome’s coverage by periodicity regions is
observed. Though in the genomes of S. cerevisiae, C. elegans, and
D. melanogaster a scatter of the percents for the chromosomes is
comparable to a mean percent value in corresponding genome, in
A. thaliana genome such a scatter is no more than 0.75 %. As
Fig. 2a shows, while chromosome length is growing, the percent
of the periodicity regions remains practically constant for
Arabidopsis chromosomes.

Generally, as shown in Fig. 2, with growth of chromosome
length, a percentage of its periodicity regions has a tendency to
constancy or even reduction in all analyzed genomes of the model
organisms. Nevertheless, in the consequence of ability for elonga-
tion, tandem repeats have markedly influenced at chromosome
length (periodicity coverage ~10 %).

Proportion of latent periodicity regions in the genomes of model organisms

Total length of latent Percent of latent periodicity
Species Genome length, bp periodicity regions, bp regions in genome, %
S. cevevisine 12070900 419909 3.5
A. thaliana 119146348 4247672 3.6
C. elegans 100269917 6692629 6.7

D. melanogaster 120381546 5108483 4.2
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Fig. 2 Percentage of the latent periodicity (heterogeneity) regions on the chromosomes of model organisms of

A. thaliana (a), D. melanogaster (b), C. elegans (c), and S. cerevisiae (d). The chromosomes of each organism

are ordered by increase of their length, as shown in the graphics on the right. Solid straight line in the graphics
designates a trend

allows estimating the percent of tandem repeats in the analyzed
genomes of model organisms. Table 1 represents such estimates.
As it will be shown further, the largest part of latent periodicity
regions in the analyzed genomes is represented by micro- and
mini-satellites (period length is less than 100 bp). It is known that
in human genome its fraction amounts to 3 % [30]. With the other
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2.3.2 Analysis of Periodic

Structure Preservation

in the Regions

of Heterogeneity
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In accordance to the HeteroGenome data, Fig. 3 gives an example
of histogram showing a distribution of the revealed latent periodic-
ity regions in relation to preservation level of their periodic struc-
ture (see Eq. 1 for pl(L) parameter). Separately for micro- (period
length is in a range 2< L <10), mini- (10 <L <100), and mega-
(100 < L <2000) satellites for each chromosome, a percent of the
repeats’ length is shown for highly divergent (0.4 < p/ <0.7), mod-
erately (0.7 < pl <0.8), slightly (0.8 < p/ <0.9) divergent, and per-
fect (0.9 < p/ <1.0) tandem repeats.

According to Fig. 3, in the genome of A. thaliana, highly
divergent mini-satellites (10 < L <100) constitute a noticeable part
(~1-1.5 % for each chromosome) which is comparable with the
percentage of micro-satellites (2<L<10). Consequently, mini-
and micro-satellites similarly contribute into structural and func-
tional organization of A. thaliana genome. A portion of
mega-satellite repeats in Arabidopsis genome (~1%) is also suffi-
ciently noticeable.

On the page Database Statistics (http://www.jcbi.ru/lp_
baze /statistics /index.html) in the HeteroGenome database, one
can see analogous histograms for structural content of periodicity
regions on the other chromosomes of the rest analyzed genomes.
Basing on the analysis of these histograms, in every genome one or
few types of characteristic dominating periodicities can be

8y
i\
1

l
10<L<100 100<LS2000

M04<pl<0.7 W07<pl<08 #08<pl<09 W0.9<pl<10

Fig. 3 Structural content for latent periodicity regions in genome of A. thaliana (the chromosomes I-V).
Corresponding to revealed period L, for micro- (2<L<10), mini- (10<L<100), and mega-
(100 <L< 2000) satellites, coverage (as a percentage) of genome by periodicity (heterogeneity) regions
with various preservation levels (p/L), see Eq. 1) is shown as separate histograms. The columns in red corre-
sponds to highly divergent tandem repeats; that in green corresponds to moderately divergent tandem repeats;
that in yellow corresponds to slightly divergent tandem repeats; and that in blue corresponds to perfect tan-
dem repeats. See text for details
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2.3.3 Revealing Latent
Periodicity in the Genome
Functional Regions

2.3.4 Density

of Distributing Latent
Periodicity Regions
Along the Chromosomes

distinguished [18], as, for example, highly divergent micro-satel-
lites in S. cerevisine genome. The genomes of A. thaliana and C.
elegans have similar composition of characteristic periodicities.
Probably, sufficient percentage (~1.5%) of mini- and mega-satel-
lites is a consequence of active recombination processes [31-33] in
the genomes of Arabidopsis and nematode. Domination of the
micro-satellites in yeast genome could be related with the large
number of genome replications in yeast growing and, consequently,
with frequent replicase slippage [31-33] conducive to the elonga-
tion of such periodicity regions.

Using a link to the Sequence Viewer (http://www.ncbi.nlm.nih.
gov/projects/sviewer/), for any periodicity region in the
HeteroGenome database, one can receive information about the
annotation of genome sequence, wherein the region is placed. As
shown in the work [18], for the genomes of S. cerevisine, A. thali-
ana, C. elegans, and D. melanogaster, correspondingly 80, 62, 65,
and 67 % of the HeteroGenome groups (se¢ Subheading 2.2) are
placed in the genes. The rest of the groups from the database, prac-
tically, are situated in unassigned sequences of the genomes.
However, it should be noted that 2.6 % of the groups from D.
melanogaster genome is placed in the regions of various repeats.

How the latent periodicity regions are distributed over the chro-
mosomes was studied for all genomes of model organisms in the
database. Each chromosome was subdivided into sequential inter-
vals of the same length, corresponding to 0.5% of chromosome
total length. Then for each interval a summary length of the latent
periodicity regions (total number of the nucleotides) revealed
within the interval boarders was calculated. Such a value, normal-
ized by total chromosome length and multiplied by 100 %, was
considered as a part (restricted by the interval) of the whole peri-
odicity percentage on a chromosome. Summing the parts, over all
intervals give an estimate of the whole periodicity percentage on a
chromosome.

In investigating a density distribution within the intervals, only
the group representatives from the HeteroGenome were consid-
ered, as corresponding to nonredundant estimate of chromosome
coverage by the regions of latent periodicity. Besides, for every
chromosome three additional distributions were obtained, corre-
sponding to the density of micro- (period length is in a range
2<L<10), mini- (10<L<100), and mega- (100< L <2000)
satellites.

Investigation results for the density distribution of latent peri-
odicity regions along the chromosomes are represented on the
page Database Statistics (http://www.jcbi.ru/lp_baze /statistics/
index.html) in the HeteroGenome. An example of such distribu-
tions for all chromosomes of A. thaliana is shown in Fig. 4.
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Lengths of the unique sequential intervals for the chromosomes
I-Vwere equal to 152138,98491,117299,92925, and 134877 bp,
correspondingly [17].

As one can see from the histograms in Fig. 4, the density dis-
tribution of the latent periodicity regions on chromosome is its
unequivocal characteristic in genome. Such histograms can be con-
sidered as some kind of individual bar code for the chromosomes

in genome.
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Fig. 4 Density distribution of latent periodicity regions along the chromosomes of A. thaliana. Height of an each
column in histogram corresponds to percentage of local latent periodicity regions placed within a unique
interval of chromosome division. See text for details
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3 Spectral-Statistical Approach for Recognizing Latent Profile Periodicity

3.1 Methodology
of Recognizing Latent
Profile Periodicity

3.1.1  Model of Profile
String and Notion of Latent
Profile Periodicity

Initially, the 2S-approach was developed as complex of the meth-
ods searching for the regions of statistical heterogeneity in the
genomes in order that further research of the regions will conduce
to revealing new types of periodicity which are different from
approximate tandem repeat. Among the HeteroGenome data, the
sequences have been identified, wherein a new type of latent peri-
odicity is recognized [18]. In the present section, new methods of
the 2S-approach in recognizing such a type of latent periodicity,
called latent profile periodicity or profility [20, 21], in DNA
sequences are described.

Latent profile periodicity (latent profility) has a statistical basis. So,
the statistical criteria which determine the similarity of analyzed
DNA sequence with periodic random string of an etalon to recog-
nize latent profility are formulated below. Consequently, a statisti-
cal hypothesis is tested that DNA sequence can be considered as a
realization of etalon periodic random string. If such a hypothesis is
accepted, existence of latent profile periodicity in DNA sequence is
recognized, and a periodicity pattern is estimated. Hence, a special
random string with periodicity pattern, consisting of independent
random characters, is proposed as a model of the periodicity. This
random string is perfect tandem repeat of such a pattern and called
a profile string. The methods recognizing the latent profility are
based on a model of profile string.

Profile string is a particular case of special random string which
consists of independent random characters. In the general case,
such a special random string of length » can be considered as a
schema of the » independent tests of different random values,
where each value has K outcomes as the letters of alphabet
A:<a1,...,aK>. For DNA sequences K =4 is the size of textual
alphabet which is written as A= (al,...,a4> = <a,t g ,c> . Every inde-
pendent random value is called a random character, designated as
Chr(p) and determined by probability column p=(p1,.-.,pK) ,

where p/ is a probability of appearance for the ith (i = I,_K) letter

from the alphabet A. Consequently, such a schema of the # inde-
pendent tests can be represented by formal string

Str, (P) = Chr (P1 ) ..Chr (pn) . This string is #-dimensional random
value, wherein Chr(p,) is random character describing the jth
( j= I,_n) trial. Such a random stging is unambiguously induced by
a matrix 11 = (pl,,. oD, ) = (ﬂ; )n called #n-profile matrix or profile
matrix of the string St7,(m). In accordance to the works [12, 20—

22], any integer number Lout ofarange 1 ,..., Ly, L, < L, is
called a test-period for this string. K
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Let L be a test-period of the strings Str=Str,(n) 0<M <L
and Str, (TC)ZStrL (Tt,)...StrL (Ttm)StrM (nm+l) is a decomposition
of the string St into the substrings of length L. If M =0
(m= (nl,...,nm) and the string Str,, (TC,,,H) is empty), then a matrix

1 m
I, (L)= ZZTE is called L-profile matrix of string Str = Str, (1) . If

M =0, then lrilatrix I, (L) is corrected correspondingly. Thus, #
profile-matrix spectrum I, , determined at each test period, is
introduced for the string Str=Str,(n). If m,=...=n, =7, and
m, =(m,,,.7,, ), then string Str,(x) is called L-profile string with a
random peviodicity pattern P, (m,)=Str, (n,). Here, it is sup-
posed that the pattern cannot be represented by consequent
repeating of another random string. In this case a designation
Tdm(my, n) is used for the string Str,(m). Besides, matrix m, is
called a general profile matrvix of string Tdm(m,, n), because this
matrix induces a whole profile-matrix spectrum of the string.
Integer L is called a period length of the string Tdm(my, n). If

L =1 thenprofilestring Tdm, (n,,n) = Tdm, (p,n) = Chr(p)...Chr(p)

n times

will be called 2 homogeneous string, because its period length equals
to unity.

Letter g, € A can be identified with a random character which
all components of probability (frequency) column are zeroes,
excepting the sth unity component. Such a random character will
be called a textual character. Consequently, any textual string in
the alphabet A can be identified with corresponding special ran-
dom string of the same length. Such a special string will be called
a textual string also.

As for any random value for profile string Str =Tdm, (m,.n),
the # tests, corresponding to the string’s scheme, can be carry out.
In the result of these trials, a textual string s¢7 called a realization of
the string Str =Tdm, (m,,n) will be obtained. For the string sz7,
one can pose a question on the existence of latent profile periodic-

ity in it. If length # of the strings St = Tdm, (m,,n), (L < Lo < %j ,

and szr is sufficiently large, then their profile-matrix spectra will be
statistically similar with great probability. This property is used in
the 2S-approach for recognizing latent profile periodicity in the
textual strings (DNA sequences).

In consistent with the 2S-approach, for recognizing latent pro-
file periodicity in DNA sequence, it is necessarily to find such a
profile string for that analyzed sequence can be considered as its
realization. The search for such a profile string is carried out with
the analysis of the spectral characteristics (the statistical spectra) of
a textual string (DNA sequence) under consideration.
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3.1.2 Methods

for Estimating Period
Length of Latent Profile
Periodicity

To estimate the period of latent profile periodicity, the 2S-approach
applies special statistical spectra of textual string which are intro-
duced in the present section.

Let Str=Sir,(n*) be a random string of # independent ran-
dom characters in the initial alphabet 4= (a,....ax ). This string
is induced by its #m-profile matrix 7¥= (ppu-,pn), where

7 1
p= (Pla- : -J?K) = —ZP,- =11, (1) is a probability (frequency) vec-
i
tor of the letter (from the alphabet A) occurrence in the string
Str=Str, (t*). Then for each test-period 1 of the string Str,

A-profile matrix ITg, (1)= (ﬂj )j determines the following value
lP1</1>:

SH(ri-p) 1P 5)

Jj=li=1

W, (A) =", (I, (4).00, (1).n) =

»I:

By such a way, for the string Str = Str, (n*) , a function ¥y, defined
at the test-periods of this string, is introduced that is called the
string’s general spectrum.

If L # 1, for nonhomogeneous profile string Str = Tdm, (m,,n)
(particularly, for textual tandem repeat), the following assertion
can be mathematically strictly proven.

General spectrum Yy, defined by Eq. 5, for nonhomogeneous pro-
file string Str=Tdm, (n,,n) has a period L. Maximal values of the
spectrum Wy are taken out only at the test- peviods multiple of L. For
homogeneous string (L =1), according to Eq. 5, its general spectrum
takes on zero values.

To visually illustrate the above assertions, Fig. 5 shows the
graphics of general spectra for textual perfect tandem repeat
(Fig. 5a) and profile string (Fig. 5b). This profile string is that its
realizations are not the approximate tandem repeats.

By analogy with Eq. 5, for textual string st7 of length #, a gen-
eral spectrum ¥, is introduced which at the test-period
A<L, < K takes on value:

SH(zi-p)Ir (o)

Jj=li=1

¥, (2) =, (I, (2).10,, (1).n) =

»lu

where IT, (1)= (ﬂj )j is A-profile matrix of the string st and

I, (1)= ( p,...p~ )T . For the realizations of homogeneous string
of length #, in accordance with Pearson goodness-of-fit test [29],
a distribution of the ¥;(4) is statlstlcally equivalent to the x (3-1)
distribution, where y3 is the y?-distribution with N degrees of ree-
dom, i.e.,

¥, ()‘) ~ %(21<-1)(/1—1)' (7)

In plotting a graph of general spectrum W, for textual string st7
obtained in the result of the realization of profile string
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Fig. 5 General spectra (thin lines) of the profile and textual strings. (a) Perfect
tandem repeat consisting of 100 copies of a pattern «atgcaattggccaaatttgggccc».
(b) 9-profile string with general profile matrix, estimated over the string’s “real-
ization” (DNA sequence with general spectrum in (d). (c) Homogeneous (1-pro-
file) string with the same base frequencies as in CDS (hsa:338872) from the
KEGG database. (d) CDS of tumor necrosis factor-related protein (KEGG,
hsa:338872, 1002 bp). Bold line in (¢) and (d) shows a graphic of right-hand
critical value y2{N, ). See text for details

Str =Tdm, (m,,n), theoretical form of general spectrum W, for
string Str =Tdm, (m,,n) will be distorted. To illustrate such a dis-
tortion, the graphics of general spectra for a realization of homo-
geneous (1-profile) string (see Fig. 5¢) and 9-profile CDS sequence
(Fig. 5d) from the KEGG database [34] are shown. Furthermore,
bold line in Fig. 5c, d shows a graphic of the right-hand critical
value y,.2(N,a) correspondence to the test-period 4 for the y»?-
distribution at significance level o =0.05, where N =(K —1)(A -1).

According to Eq. 7, in the 2S-approach [20-22] for checking
a hypothesis about homogeneity of textual string st (at signifi-
cance level a =0.05), a spectrum D, is used that at the test-period
A takes on value:

D, (A)=¥,(2)/ 22, (K-1)(A-1),a). (8)

If value D,(A)>1, then in accordance with goodness-of-fit test
[29] at the test-period A, heterogeneity is manifested in analyzed
string. So, the D, spectrum for textual string is called as a spectrum
of deviation from homogeneity.

For nonhomogeneous profile string of length #, a probability
distribution of the values in general spectra of the string’s realiza-
tions at the test-period 4 does not coincide with the y?-distribution,
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having N =(K —1)(4 —1) degrees of freedom. In comparison with
this y2-distribution, the existing distribution of the general spec-
trum values for the realizations of nonhomogeneous profile string
induces essentially larger probability to exceed the critical level
%o (K=1)(A-1),a) than @ =0.05. So, in the D spectra for the
realizations of nonhomogeneous profile string, the test periods at
which the values of the D; spectrum exceed unity will be observed.
In such a case textual string realizations will be called heterogeneous
Strings.

Figure 6a shows the D; spectrum of deviation from homoge-
neity that was obtained from the W, general spectrum (see Figs. 5d
or 6¢). According to the D; spectrum, human CDS (KEGG,
hsa:338872) is considered as heterogeneous sequence.

The graphics of general spectra of profile string (Fig. 6d) and
its “realization” (Fig. 6¢) which in reality is CDS (KEGG,
hsa:338872) from human genome are shown over again. As it fol-
lows from Fig. 6, the difference between the general spectra of
profile string and its realization, practically, is of the form of graphic
for a function linearly dependent on the test periods of the strings.
Analogous to the X(QH)(H)—distribution, with the increase of test-
period A, the freedom degrees of probability distribution for the
values in the general spectrum ¥, of the original profile string

a b
6' Dl C
250
4 4
150
2 50
0 T T T T T T T T T 50 +—
0 9 18 27 36 45 ) 0 9 18 27 36 45 g
d
¥,
250
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250 B S
0 9 18 27 36 45 ) 09 18 27 36 45 9

Fig. 6 The 2S-approach spectra for human CDS of tumor necrosis factor-related
protein (KEGG, hsa:338872, 1002 bp). (a) Spectrum of deviation from homogene-
ity (see Eq. 8). (b) Characteristic spectrum (see Eq. 9). (c) General spectrum (see
Eq. 6) is shown by thin line. Bold line draws a graphic of right-hand critical value
%2 (K =1)(A—1),0.05). See text for details. (d) General spectrum of a pro-
file string whose “realization” the analyzed CDS (KEGG, hsa:338872) can be
considered
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3.1.3 Pattern Estimate
for Etalon of Latent Profile
Periodicity on Basis

of Goodness-of-Fit Test

realizations ascend also. To level such a growth for realization str,
a spectrum C is introduced as follows:

C(l) =¥, (/1) _M(X(ZK—I)(A—l) ) =, ()“) - (K - 1)(’1 - 1)’ 9)

where M (xf, ) =(K —1)(2A —1) is a mean value of the y*-distribution
with N degrees of freedom. Further, the spectrum C is called a
characteristic spectrum of analyzed textual string. The graphic of
such a spectrum for an analyzed realization s¢7 is shown in Fig. 6b.

In comparing the characteristic spectrum (Fig. 6b) for the real-
ization of an original 9-profile string with the general spectrum for
9-profile string (Fig. 6d), visual similarity both of the spectra is
obvious. The 2S-approach is based on such a similarity in recogniz-
ing latent profile periodicity in the textual strings. For heteroge-
neous textual string realizations, a maximal value in characteristic
spectrum is achieved (with allowance made to small random error)
at a period of latent profile periodicity. Such the properties of char-
acteristic spectrum are used in the 2S-approach for estimating
period length of latent profile periodicity. For estimating period
length in an analyzed textual string, the following rule is
proposed.

At the beginning, a test-peviod L is selected out of string test peri-
ods at which the first clear-cut maximal value in chavacteristic spec-
trum C is achieved. If D, (L) > 1, then the test-period L is considered
as an estimate of latent peviod of profile periodicity.

Spectrum D, of deviation from homogeneity is shown in
Fig. 6a which has been obtained from the general spectrum ¥, (see
Figs. 5d or 6¢). Characteristic spectrum C (Fig. 6b) is corresponded
to these spectra. According to the rule accepted above, an estimate
of 9 bp is proposed as length of latent period of profile periodicity
in analyzed coding DNA sequence (KEGG, hsa:338872) from
human genome.

Efficiency of the rule formulated above for estimating period
of latent profile periodicity in heterogenecous DNA sequences
which cannot be considered as approximate tandem repeats has
been proved in the works [20-22]. For such sequences, Fig. 7
shows the examples of characteristic spectra and spectra of devia-
tions from homogeneity. It will be shown further that in these
sequences the latent periodicities with the periods of L=10
(Fig. 7a), L =84 (Fig. 7c), and L =9 (Fig. 7e) are revealed.

For textual string st7, an estimate of the period of latent profile
periodicity L >1 has been obtained basing on the C (see Eq. 9) and
D, (see Eq. 8) spectra of the string. Then by analogy with a general
spectrum (se¢ Eq. 6), to test whether the test-period L is a period
of latent profile periodicity, the spectrum Wy, is used which at test-
period 4 takes on value:
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¥, (1) =, (I, (1)1, (2).1)=

3.1.4 Methods,
Reconstructing Spectrum
of Deviation

from Homogeneity

and Confirming a Pattern
Estimate for Etalon

of Latent Profile Periodicity

A

K . .
S =m) A~ Ky (10)

Jj=li=1

>3

where IT, (1) = (n*f )f and I, (A)= (71'; )f are A-profile matrices

J
of the textual string st and L-profile string Tdm, = Tdm, (I1,, (L),n),
correspondingly. For the realizations of L-profile string according
to Pearson goodness-of-fit test [29], the following ratio is true:

Y, (2)~ l(zK—l)(l—l)' (11)

Using the statistics (Eq. 10) and the ratio (Eq. 11), the Dp
spectrum of string st7 deviation from L-profility is introduced, tak-
ing (at the test-period 1) on the value:

D, (A)=Y,(2)/ 22, (K-1)(2-1),a), (12)

where y2.,(N,a) is a critical value of the y)?-distribution with N
freedom degrees at significance level o = 0.05. The Dy, spectrum is
used for checking a hypothesis about L-profility existence in ana-
lyzed textual string according to the following rule.

Let Q be a velative fraction of the test peviods for an analyzed string
at which the values of the Dy, spectrum ave greater than unity. The hypoth-
esis about L-profility existence in the stving is accepted, if O < 0.05.

Let us give an example of how this rule is used. According to
the spectra in Fig. 7, for three DNA sequences which are not
approximate tandem repeats, the length estimates of 10, 84, and
9 bp have been proposed for the latent periods of profile periodic-
ity. These estimates are visually confirmed in Fig. 8 with the help of
the spectra of deviation from the corresponding profility.

The results of analysis for textual string str, where latent
L-profile periodicity was revealed, allow supposing a random string
Pm, (11, (L))=Str, (11, (L)) of independent random characters
as an estimate of this periodicity pattern. This random string is
unambiguously characterized by profile matrix Il (L) of string .
In this case a hypothesis about string st7 statistical similarity (at the
significance level o =0.05) with profile string Tdm (I1,(L),n) is
accepted. Thereby, profile string Tdm(I1,(L),n) is an etalon of
profile periodicity for the string str. Besides, random string
Pen;(I1,,( L)) is an estimate for pattern of this latent profile period-
icity. Pattern Ptn;(I1,(L)) is an analogue of consensus-pattern
deducing when approximate tandem repeats are recognized.

Let a hypothesis about latent L-profility existence be accepted for
heterogeneous textual string st (see Eq. 12 and text below).
Consequently, the string sz7 can be considered as a realization of
L-profile ctalon string Tdm, = Tdm, (I1,, (L),n).

In forming etalon of profile periodicity Tdm, = Tdm, (Hm (L), n) ,
goodness-of-fit test was used for an analyzed string st». But for
obtained estimate of latent profile periodicity pattern, an additional
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Fig. 7 The characteristic spectra C (a, ¢, e) and the D, spectra of deviation from
homogeneity (b, d, f) for the sequences that are not approximate tandem repeats.
(a, b) Sequence on chromosome Il of C. elegans (HeteroGenome, indices:
307381-308580, 1200 bp.). (¢, d) CDS of human zinc finger protein (KEGG,
hsa:26974, 1794 bp). (e, f) CDS of human tumor necrosis factor-related protein
(KEGG, hsa:338872, 1002 bp)

conformation can be obtained. By analogy to the D; spectrum
(see Eq. 8), for random profile string Tdm;, a spectrum Thy, is
introduced, representing the string deviation from homogeneity,
which at the test-period A takes on value:

ThL (/1):‘{’1 (HTdmL (l)’nmm, (A)’n)/%czrit ((K_l)(ﬂ‘_l)’a)' (13)

In fact, the Thy, spectrum is a theoretical reconstruction of the
D, spectrum for string s¢7. To confirm an estimate of latent profile
periodicity pattern, a method of comparing the spectra D, and Thy,
of deviation from homogeneity for the strings st7 and Tdm;, cor-
respondingly, was proposed in the works [20-22]. If for the string
str a pattern estimate of latent profile periodicity etalon
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3.2 Notion

of 3-Regularity

in Coding Regions
of DNA Sequences
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Fig. 8 Spectra of deviation from A-profility (1 =10,5,84,42,9, 3) for the follow-
ing DNA sequences. (a, b) DNA fragment on chromosome Il of C. elegans
(HeteroGenome, indices: 307381-308580, 1200 bp); (¢, d) CDS of human zinc
finger protein (KEGG, hsa:26974, 1794 bp); (e, f) CDS of human tumor necrosis
factor-related protein (KEGG, hsa:338872, 1002 bp)

Tdm, =Tdm, (1, (L),n) is correct, then the spectrum Thy is obvi-
ously similar to the D; spectrum. Figure 9d shows theoretical
reconstruction of the D; spectrum for human CDS (KEGG,
hsa:26974). Visual similarity of this reconstruction with the origi-
nal D, spectrum of deviation from homogeneity (Fig. 9b) provides
support for the revealed latent 84-profile periodicity.

Earlier [21] in characteristic spectra of heterogeneous coding DNA
sequences, regular repetition of the peaks at the test-periods mul-
tiple of three (see, e.g., Fig. 10a) was observed. Such a phenome-
non contrary to the latent profility was called as 3-regularity of
DNA sequences.

Let us describe a criterion of 3-regularity existence in DNA
sequence [35]. Let us divide a range of definition for characteristic
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Fig. 9 Instantiation of pattern estimate for an etalon of latent profile periodicity
with the help of the 2S-approach spectra for various DNA sequences. (a—d) CDS
of human zinc finger protein (KEGG, hsa:26974, 1794 bp); (e-h) CDS of human
tumor necrosis factor-related protein (KEGG, hsa:338872, 1002 bp)

spectrum of an analyzed DNA region into sequential triplets of the
test periods. Within each triplet a test-period, corresponding to
local maximal value in characteristic spectrum, is associated to
unity, and the rest two test-periods are associated to zeros. As the
result a binary string of the zeros and units is formed, i.c., textual
string s¢7in alphabet 4 =(0,1) of'size K = 2. This string is compared
with perfect periodic string of the same length and with periodicity
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pattern: 001. Index I3, equal to a ratio of coinciding components
between binary strings sz and the perfect periodic one to the
strings’ length, is called an index of 3-regularity for analyzed
sequence. Ifindex I, > 0.7, then 3-regularity is observed in char-
acteristic spectrum. For example, according to such a criterion in
the characteristic spectra in Figs. 10a and 11b, d, f, corresponding
to coding DNA sequences, 3-regularity is observed. In characteris-
tic spectrum in Fig. 10b, corresponding to intron sequence,

200

150

100 0
50

Fig. 10 Characteristic spectra of coding and noncoding DNA sequences: (a)
Human transmembrane protein CDS (KEGG, hsa:80757, 960 bp); (b) Intron of
human gene UCHL1 (ubiquitin carboxyl-terminal hydrolase isozyme L1) on chro-
mosome IV (EID, INTRON_4 4383_NT_006238 protein_id:NP_004172.2,

917 bp.)
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Fig. 11 Characteristic spectra of human CDSs from the KEGG database. (a) (hsa:
338872, 1002 bp) tumor necrosis factor-related protein; (b) (hsa:57055,1605 bp)
deleted in azoospermia protein; (c) (hsa:149998, 1446 bp) lipase
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3.3 Results

of the 2S-Approach
Application

to Recognizing Latent
Profile Periodicity
and Regularity in DNA
Sequences

3-regularity is not revealed, which is confirmed by the value of
index I, =0.42<0.7. In Figs. 10a and 11b, 3-regularity of the
characteristic spectra is obvious. With the existence of 3-regularity
in characteristic spectra in Fig. 11d, f'is confirmed by the values of
3-regularity index I, =0.87 and I, =0.78, correspondingly.

Here, let us give a number of the examples of the 2S-approach
application results for recognizing latent profile periodicity and
3-regularity in DNA sequences.

The methods of the 2S-approach revealed existence of latent
profility of 33 bp (33-profility) in the genes of apolipoprotein fam-
ily PF01442 from the Pfam (database of Protein families, http://
pfam.sanger.ac.uk/) [36]. This family includes the apolipoproteins
Apo A, Apo C, and Apo E which are the members of multigene
family that, probably, has evolved from a common ancestor gene.
Apolipoproteins perform lipid transport and serve as enzyme
cofactors and the ligands of cellular receptors. The family amounts
greater than 800 proteins from 100 different species. In Fig. 12a,
b, ¢, the characteristic spectra of the coding regions of apolipopro-
teins for sea bream Sparus aurata (Apo A-1), chicken Gallus gallus
(Apo A-1V), and mouse Mus musculus (Apo E) are shown. The
maximal values in these spectra are achieved at test-periods
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Fig. 12 Characteristic (C) and Fourier spectra for the coding regions in mRNAs of
apolipoprotein family PF01442 (Pfam). (a) Apo A-l of S. aurata (GenBank
AF013120, 34-816 bp); (b) Apo A-IV of G. gallus (GenBank Y16534, 37-1137 bp);
(¢) Apo E of M. musculus (GenBank M12414, 1-936 bp); (d) Fourier spectrum for
the same sequence as in (¢). Maximal peak in the spectrum is achieved at fre-
quency 0.33, corresponding to regular heterogeneity of three bases
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multiple of 33 bp. According to the 2S-approach, the latent
33-profility is recognized in these regions.

The well-known secondary structure of apolipoprotein family
PF01442 consists of a few pairs of alpha-helix with 11 and 22
amino acid residues. Such a structure correlates with the profile
periodicity of apolipoprotein genes of 33 bp. The peculiar pattern
size of the latent profile periodicity in the genes of PF01442 fam-
ily, possibly, influences on the formation of typical secondary
structure in the protein family, and it is in agreement with the
hypothesis about that family had originated from a common
ancient gene.

In the characteristic spectra of coding regions, a regularity of
the peaks at the test-periods multiple of three is observed (see,
e.g., Fig. 12a, b, ¢). Thus, the first level of coding organization is
manifested, that is, conditional by the genetic triplet code.
Frequently, dominant peak in Fourier spectra at frequency 0.33
corresponds to this level (see, e.g., Fig. 12d). In existing 3-regular-
ity, latent profility, which is distinct from 3-profility, reveals the
second level in coding organization. Clear-cut maximal value in
characteristic spectrum points at such level of the organization
(Fig. 12a, b, ¢).

Existence of the latent 84-profility in coding DNA sequence
(see Figs. 8¢, and 9c, d) corresponds in protein to repeating zinc
finger domain which includes one alpha-helix and two antiparallel
beta-structures. As a rule, zinc finger domain counts about 20
amino acid residues, and it is stabilized by one or two zinc ions.
DNA-binding transcription factors are the main group of the pro-
teins with “zinc fingers.”

With the help of the 2S-approach, proposed methods search
for 3-regularity and latent profility was done in 18140 human
CDS from the KEGG database (Kyoto Encyclopedia of Genes
and Genomes, http: /Avww.genome.jp/kegg/) whose functional
activity received experimental evidence. Within statistical errors
of the methods, the CDSs are heterogeneous and 3-regular.
Moreover, latent profile periodicity is observed for 74 % of the
CDSs. The second level of encoding (different from 3-regularity
and 3-profility) was revealed for 11 % of the analyzed CDSs, in
that latent profility is displayed with period length multiple of
three [21].

Analogous analysis was done for the introns also. The sequences
of 277477 human introns (noncoding gene parts) from the EID
(The Exon-Intron Database, http://itoledo.edu/med/depts/
bioinfo/database) [37] were considered. Only 3 % of 3-regular
sequences were revealed among them [21]. That is, in the frame of
statistical method error, one can believe that the absence of 3-reg-
ularity is characteristic property for the introns.
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4 Conclusion
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