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Abstract

An earlier reported method for revealing latent periodicity of the nucleotide sequences has been con-
siderably modified in a case of small samples, by applying a Monte Carlo method. This improved method
has been used to search for the latent periodicity of some nucleotide sequences of the EMBL data bank.
The existence of the nucleotide sequences’ latent periodicity has been shown for some genes. The results
obtained have implied that periodicity of gene structure is projected onto the periodicity of primary amino
acid sequences and, further, onto spatial protein conformation. Even though the periodic structure of gene
sequences has been eroded, it is still retained in primary and/or spatial structures of corresponding pro-
teins. Furthermore, in a few cases the study of genes’ periodicity has suggested their possible evolutionary
origin by multifold duplications of some gene’s fragments.
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1. Introduction

A study of nucleotide and amino acid sequences’ peri-
odicities is one of the ways to explore the structure of var-
ious genes and their encoded proteins.!™ One can sup-
pose that periodicity of spatial organisation of proteins
leads to certain structural arrangements of nucleotide
and/or amino acid sequences and vice versa.” Further-

 more, analysis of periodicity in gene sequences suggests

that particular genes have probably arisen by a consecu-
tive chain of duplications of some DNA fragment.89

In general, periodicity may be classified as homologous
(perfect), eroded and latent. Homologous periodicity im-
plies, for instance, periodicity of such a kind (ATCGT),,
where n may range from a few units to the figures which
are large enough. Eroded (imperfect) periodicity may
be represented as a sequence of repeated similar units
in which some changes of nucleotides have occurred. So,
different repeated units of eroded periodicity have no per-
fect homology between themselves. In the case of latent
periodicity, one can say only about statistical sufficiency
for particular nucleotides to be present in each site of the
periodic unit. For instance, the latent periodicity may
be: {(A/G)N(C/T)(G/C/T)(T/A)}.. Here, two bases,
A and G, are encountered at the first position of the la-
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tent periodic units five nucleotides long in the majority
of cases, at the second position any base may occur, at

-the third — C and T are the most probable and so on.

If a sequence having the latent periodicity is long enough
then such a period may be considered as statistically sig-
nificant, i.e., the probability that a latent periodicity will
arise by chance is quite small.3°

A search of periodic structure of the genes implies two
tasks to be solved. The first task is to elaborate mathe-
matical methods revealing so far eroded (latent) period-
icity. If some genes have really arisen by duplication of
a short sequence then now these fragments may have di-
verged so far that in the majority of cases it is impossible
to see any homology between them directly. The same
could be said about the latent periodicity resulting from
periodic organisation of a spatial protein structure.

The known algorithms mainly reveal homologous pe-
riodicity including imperfect periodicity.!™ Other ap-
proaches are focused on searching latent periodicity
which is known beforehand.!® However, to reveal latent
periodicity which is not known in advance and to value
a statistical significance of the found periodicity is very
difficult using these approaches.

The second task which is very actual in searching for
periodic gene structures is to reveal a latent periodic-
ity pattern distorted by nucleotide insertions (deletions).
This much more complicated task is hard enough even
for the most modern computing machines. An analyt-
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Figure 2. A set of Figs. 2-7 presents the spectra of Z values
for the revealed latent periodicity regions of six various genes.
Z values have been determined for the latent periodicity of
2,3,4,---,n bases. The maximum length of the analysed period
was equal to one half of the full length of a latent periodicity
region. Z values equal to not less than 5 corresponded to a
probability of less than 10~¢ that the latent periodicity would
arise by chance. The greater the value of Z, the lower the
probability of an accident. Here, the figure shows the spectrum
of Z values for the revealed latent periodicity region of toxin
A gene of C. difficile (Accession number X51797). The large
Z value equal to 13.68 for period’s length of 342 bases suggests
a very probable duplication of DNA fragment of such length on
the gene sequence.

mation of existing periodicity in the nucleotide sequences.
Table 1 includes data about some genes in which the la-
tent periodicity was revealed, with the EMBL Accession
numbers indicated. The co-ordinates, the period length
L and its corresponding Z value are also shown for each
latent periodicity region. The probability that the latent
periodicity arose by accident was no more than 10—¢ for
all examples in Table 1. ]

3.1.  Arguments in the genes’ latent periodicity is full of
sense :
3.1.1. Latent gene periodicity overlaps with known re-
peats

A few examples of genes where a search of the latent
periodicity has led to known periodic structures are dis-
cussed here to prove the reliability of our method.

Thus, in clone including toxin A gene of Clostridium

difficile. (Accession number X51797), a region of the .

latent periodicity 853 bp long with a repeated unit of
342 bp was revealed in the frame of known repeated re-
gion of toxin A.1415'The latent periodicity region over-
laps with the central part of a known periodic region
and spans one-third of its total length (2499 bp). The
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Figure 3. The spectrum of Z values for the latent periodicity
region of E. coli RhsD gene (Accession number X60999). The
latent periodicity of 63 bases corresponds to a known amino
acid motif GxxxRYxYDxxGRL(I/T) which has a tendency to
be present at each 21-amino-acids periodicity.1”
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Figure 4. A common periodicity of 21 bases has been demon-
strated in the genes of different isoforms of tropomyosin. The
spectrum of Z values on this figure is one for the gene with
Accession number M19713. Such gene periodicity corresponds
to the known period of 7 amino acids in tropomyosin.

structure of the periodic region at the 3’- end of toxin A
gene of C. difficile has been described earlier as consist-
ing of alternating subsequences of classes I and II. The
subsequences of class II were also divided into groups
A, B, and C. On average, from three to five subse-
quences of class II were located between each pair of
class I subsequences. Amino acid sequences 27 amino
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spond to a period of 735 bases (Z = 9). In clone U35636,
a main period in the gene of 732 bases (Z = 52) was first
determined, which corresponded to the 7-module super-
repeat in the protein. Upon further analysis, all peri-
odic units of 732 bases showed periodicity of 105 bases
(Z > 6). The reason why the periodicity of 105 bases
was not obvious in the long sequence was probably due to
deletions and insertions distorting the original fine peri-
" odicity of the gene. In pairwise comparison the sequences
of hidden repeats of 105 and 732 bases showed no more
than 40% homology within each group. :

Since a clear relationship between gene and protein
periodicity have been shown above in terms of its func-
tional significance for protein complex assembly, we con-
sider a few examples where the related latent periodicity
of a gene seems to be a single pointer to a mechanism
of polypeptide outer interaction based on structural pe-
culiarities of its amino acid sequence. In all next ex-
amples no peculiarities in genes’ sequences and in their
protein products besides the revealed latent periodicity
have been shown before. .

The latent periodicity of 48 bases over the length of
313 bases was found in the gene encoding a precur-
sor of apocytochrome f of cyanobacterium Agmenellum
quadruplicatum (Accession number M74514). The re-
gion of the latent periodicity included an area encoding
a gem-binding domain CANCH. According to Widger’s
data,”® gem-binding domain of mature peptide of apoc-
ytochrome f is located at amino acids 62-66. A corre-

sponding DNA region ranging from 851 to 865 bases was

inside the region of revealed latent periodicity whose co-
ordinates in the clone of the EMBL data bank were the
bases ranging from 829 to 1141 (see also Table 1).

In clones including the tolA and tolB genes of E. coli
(Accession number M28232) the latent periodicity of the
tolB gene of 33 bases, over the length of 659 bases, was re-
vealed. Products of genes tol4 and tolB are components
of a multistep translocation system of E. coli which pro-
vides transport of such large molecules as colicins and fil-
amentous DNAs through the cell membrane. It has been
earlier determined by Levengood and Webster?4 that an
ORF including the tolB gene seems to encode two pro-
teins. The larger protein (47.5 kDa) 431 amino acids long
and the smaller one (43 kDa), which is presumably the
result of processing or in-frame restart within this ORF.
The smaller protein (43 kDa) was exclusively found in
periplasm, the larger one (47.5 kDa) was mainly asso-
ciated with bacterial cytoplasmic membrane. However,
a sufficient amount of 47.5-kDa protein was always de-

tected out in the membrane fraction. There were no data .

which would point to a mechanism of protein binding
with membrane fraction. According to our data nearly
one-half of the tolB gene (659 of 1296 bases) has the
latent periodicity. The region of the gene’s latent pe-
riodicity which translated into the amino acid sequence
corresponds to a region of amino acids ranging from 142
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to 361 while the whole protein (47.5 kDa) is 431 amino
acids long. One can suppose the latent periodicity may -
be related to a mechanism of 47.5-kDa protein binding
with the membrane fraction.

The latent periodicity region of phosphofructokinase A
gene (pfkA) of the length of 897 bases (close to the full
length of the gene equal to 963 bases) was revealed in
E. coli clones (Accession numbers X02519 and L19201).
Phosphofructokinase catalyses the phosphorylation of
fructose 6-phosphate into fructose 1,6-biphosphate. Two
phosphofructokinases were identified in E. coli: phos-
phofructokinase 1 (or phosphofructokinase A) and phos-
phofructokinase 2 (or phosphofructokinase B).25 Ninety
percent of phosphofructokinase’s activity is attributable
to phosphofructokinase 1. A comparative analysis of
amino acid sequences showed similarity between E. coli
phosphofructokinase-1 and analogous ferments of Bacil-
lus stearothermophilus and of rabbit muscles, but no sim-
ilarity was detected with E. coli phosphofructokinase-
2.26 The ferment is a tetrameter consisting of four iden-
tical units of 320 amino acids long.26?7 According to
our data, the phosphofructokinase 1 primary sequence
might be formed by repetition of a fragment of 40 amino
acids which corresponds to the gene’s latent periodicity
of 120 bases.

In a clone of E. coli (Accession number J01687) a la-
tent periodicity of 90 bases was revealed on almost one-
half of the full length of DNA primase gene dnaG (811
of 1746 bases). The product of the dnaG gene is a kind
of RNA polymerase called primase which interacts with
DNA to synthesise RNA olygonucleotides directing DNA
synthesis. The in vitro system of DNA synthesis for
G4 phage DNA-primase recognises a specific region of
single-strand viral template and in the presence of single-
strand binding protein (SSB) it synthesises complemen-
tary RNAs 14-29 nucleotides long (RNA primers) which
then are continued by DNA polymerase III synthesising
the full complementary strand of DNA. Periodic struc-
ture of DNA primase is not known.28

A region of the latent periodicity of 102 bases was re-
vealed in a clone containing a menaquinone (MQ) operon
of Bacillus subtilis (Accession number M74538), nearly
from the very beginning of the menB gene along the
length of 472 bases. MQ plays a central role in an oxida-
tive respiration chain of B. subtilus. Biosynthesis of MQ
requires the formation of naphthoquinone-ring through
a series of specific reactions issued from the shikimate-
pathway. Earlier MQ-specific reactions catalyse the for-
mation of o-succinylbenzoate (OSB) from isochorismate;
later reactions convert OSB into dihydroxynaphthoate
(DHNA), using OSB-CoA (co-ferment A) as a medium.
The sequences of the menE and menB genes have been
cloned, and they encode OSB-CoA synthase and DHNA
synthase, respectively. The menB protein product con-
verts OSB-CoA complex formed from OSB with the help
of menB product into DHNA. No structural peculiarities
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at the 5-end of the menB gene or in its product were
noticed before.?? ~

In a clone of Haemophilus influenzae (Accession num-
ber Z33502), which includes a fimbrial gene cluster, in
the HifC gene over the length of 1005 bases a latent pe-
riodicity of 117 bases was revealed (Fig. 6). A region of

latent periodicity was localised in the central part of the .

gene and makes up almost one half of its full length. The
bacteria H. influenzae causes chronic bronchitis, inflam-
mation of the middle ear and meningitis. A structural
complex fimbriae is formed at the surfaces of bacteria
when they colonise mucous membranes of human cells.
This complex is encoded by a cluster consisting of five
genes: HifA (a main fimbrial subunit), HifB (a chaper-
one), HifC (an outer membrane usher), HifD and HifE
(two minor subunits). Mutation analysis of individual
fimbrial genes has demonstrated that HifB and HifC are
the essential genes for fimbrial assembly.3® One can sup-
pose the revealed periodicity in HifC gene is related with
the amino acid sequence periodicity of its product, and
furthermore it is required in forming the fimbriae com-
plex.

In a clone of Agrobacterium rhizogenes (Accession
number X51418) the latent periodicity of the virA gene
was revealed over the length of 553 bases, what was equal
to one-fifth of the full gene’s length. A repeated unit of
the latent periodicity is 105 bases long. wvirA is one of
the genes of a complicated mechanism which promotes
the growth of malignant tumours of plants infected by
A. Thizogenes or A. tumeraciens bacteria. Genes of the
vir locus (virA, virB, virG, virC, virD, virE) are exactly
induced by phenolic components of plants such as ace-
tosyringone. It is supposed that the product of virG gene
is a positive regulator of expression of vir genes’ set, and
product of virA gene seems to play a role in activation of
virG gene.3!

The latent periodicity of 117 bases over the length of
983 bases was revealed in a clone including alpha-glucan
phosphorylase gene (E.C. 2.4.1.1) of E. coli (Accession
number J03966).32 A region of the latent periodicity
spans slightly less than one-half of the whole gene.

3.8. Uniform latent periodicity of some bacterial
chemoreceptor genes

Findings of special interest strengthen the supposition
about a relationship between the latent periodicity of
genes and the structural peculiarities of its encoded pro-
tein and, furthermore, the protein’s function are the la-
tent periodicity of 21 bases in genes of various bacterial
chemoreceptors (see also Fig. 7).

In a clone including the chemoreceptor gene mcpA of
Caulobacter crescentus (Accession number X66502) a la-
tent periodicity of 21 bases was revealed over the length
of 1172 bases, i.e., on more than one-half of the full gene
length. When being translated into the amino acid se-
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quence, a region of the latent periodicity corresponded
to amino acids 189 to 578. The bacterial signal of trans-
duction mcpA is an integral protein receptor. There are
two transmembrane domains on its amino acid sequence:
TM1 consisting of the first 40 amino acids, and TM2
which is located at amino acids 210 to 235. As it was
earlier supposed, the regions of metilation are peptides:
K1, from amino acids 400 to 420; and R1, from amino
acids 585 to 600.33 As one can see, the amino acid se-
quence corresponding to the region of latent periodicity
includes transmembrane domain TM2 and peptide K1.

The latent periodicity of 21 bases over the length of
828 bases was also revealed in the mcpA gene of B. sub-
tilis (Accession number L29189; Fig. 7). The correspond-
ing region of amino acids ranges from 333 to 608, and
the full length amino acid sequence corresponding to the
whole gene is equal to 662 amino acids.34

In a clone of Enterobacter aerogenes (Accession number
M26411) the latent periodicity of tse chemoreceptor gene
(tse - taxis to serine) of 21 bases was revealed over the
length of 792 bases. The corresponding region of the
amino acid sequence ranges from amino acids 199 to 462.
The full amino acid sequence of receptor is 558 amino
acids in length.3%

In clones of E. coli (Accession numbers J01705,
U14003) regions of latent periodicity of 21 bases were
revealed over the lengths of 644 bases and of 670 bases in
the tar and tsr chemoreceptor genes, respectively. The
full length of tar chemoreceptors is 554 amino acids,*®
and for tsr chemoreceptor it is 551 amino acids.>” The
amino acids of tar receptor range from amino acids 245
to 458 and those of the tsr receptor range from amino
acids 242 to 465, corresponding to the regions of latent
periodicity of respective genes. It was noted before the
tar and tsr genes seemed to be the members of the same
family which evolved from a common precursor.3® A re-
gion of maximum identity of tar and tsr proteins covers
the amino acids from 360 to 407. It has been supposed
that the function of this region is to carry out interac-
tions between transducers or to form stable multimers
or reversible interactions of transducers when they are
binding with ligands.3® The metilation region K1 for tar
and tsr proteins is from amino acids 295 to 317. Amino
acids of tar and tsr proteins corresponding to the latent
periodicity regions of the genes include peptide K1 and
the region of maximum identity of the proteins which is
important for transfer of the chemoreception signal into
the cytoplasm.

For all examples of chemoreceptors given above it may

. be noted that the latent periodicity of 21 bases, as a rule,

occurred in that region of the gene which corresponded
to the second transmembrane and cytoplasmic domains.
It is very unlikely that such identical periodic structures
of chemoreceptor genes is casual, and it is conditioned by
the same mechanism of transduction of the signal of bind-
ing with ligand at a membrane surface into cytoplasm.

-
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Table 2. Results of the latent period analysis for five bacterial chemoreceptors (see Table 1 and/or text for detail). The numbered
sites of the latent periodicity unit correspond to the columns. The frequencies of bases in each site are shown along the rows. The
last row presents a “quasi-consensus” of the latent period of 21 bases long, consisting of the separated bases whose frequencies are
greater than 0.2500.

1 2 3 4 S 6 7 8 9 10 11 12 13 14
A 11179 | 2308 | .2769 |.2667 | 4359 | 2308 | 2821 | 3282 | 2205 1282 ] 1846 | 2154 | 1590 | .2769
T 1.1538.1949{.15381.0 L1282 1,2564 |.0923 1,1590 |.2205 | 2667 | 1897 | .1744 | 1026 | 1744
C 1.3949 | 2513 ]| 2462 | 2974 | 1897 | 2923 | 3077 |.1744 3128 | 2615 | 4205 | 3026 | 2718 |
3333 { 3231 {.3231].3487 | 2462 | 2205 | 3179 | 3385 | 2462 | .2923 | 3641 1897 | 4359 | 2769
Gl G | GIC| A C IGICAIGIAI C Gl G C
15 16 | 17 1 19 21
2410 1.282]1 1.2821 | 2564 | 2103 |.2103 | 205]
T 1.17951.0769 1 ,1590 | 2513 | .1385 [.205] | 2103
317912821 1.2359 | 2667 | 3333 | 2718 | 2513
2615 1.3590 | .3231].2256 |.3179 | 3128 | 3333
C | G/AI N 1CGI| G G
However, it is natural that binding of the membrane- References

spanning domain to a ligand would show more structural
variability.

We analysed a set of all untruncated units of the latent
periodicity of 21 bases for the five chemoreceptor genes
described above. The frequencies of nucleotides A, T, C,
and G were determinated at each site of the latent pe-
riod. Table 2 shows the results. The last row of Table 2
presents a quasiconsensus of the chemoreceptor’s latent
period, that is a sequence of the most frequent bases at
each site of the period. The most probable sequence of
the corresponding amino acid codons according to the
quasiconsensus is CGG GAC GGC CGC GA(G)C GGN
CGG. Its corresponding amino acid sequence is ARG
ASP GLY ARG ASP(GLY) GLY ARG.

3.4. Conclusions

Our research on the latent periodicity in separate genes
implies that these genes have probably arisen as a re-
sult of numerous duplications of some DNA fragment.
At present, however, copies of-such fragment are so far
eroded that no homology may be revealed between them.
However, a periodicity existed at the level of nucleotide
sequence is still retained on primary amino acid sequence
or is traced in spatial protein organisation. The periodic
spatial organisation of prdtein might also influence a for-
mation of gene’s latent periodicity. We believe that gene
structure being interrelated with protein structure may
provide a key both to the conformational interaction of
proteins among themselves and to the formation of their
structural complexes. Proteins having the same kind of
gene periodicity probably function in a similar fashion.
Our research is only the first step in this new and inter-
esting area of research.
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Figure 5. The spectrum of Z values for the latent periodicity of
human nebulin gene (Accession number U35637). The biggest
z value equal to 13.0 corresponds to a period of 105 bases,
which is in agreement with the protein modular structure of
~ 35 residues.
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Figure 6. The spectrum of Z values for the latent periodicity
region of H. influenzae HifC gene (Accession number Z33502).
A periodicity of the gene of 117 bases is shown for the first
time.

acids long corresponded to the nucleotide subsequences
of class I; sequences of 21 amino acids corresponded to
class II nucleotide subsequences.!* The value Z equal to
13.68 points at a very probable duplication of a 342-bp
DNA fragment in thé region of revealed latent periodic-
ity (Fig. 2). The length of the latent periodicity region
accounts for about 2.5 copies of repeated DNA fragment
of 342 bp. Each copy (including incomplete copies) was
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Figure 7. The spectrum of Z values of the latent periodicity
region of B. subtilis mcpA gene (Accession number L29189).
According to our data, the latent periodicity of 21 bases seems
to be common for bacterial chemoreceptors (see text for expla-
nation).

analysed for the presence of periodicities. The first copy
showed a latent periodicity of 63 bp (corresponding to
21 a.a.) with a very large Z value of 13.09. In the sec-
ond copy the latent periodicity was not revealed at a
significant level. In the third incomplete copy, the latent
periodicity of 63 bp with Z equal to 10.3 was present. So,
our data are in a good agreement with earlier known data
about periodic organisation of studied DNA region and
besides point at a probable duplication of DNA fragment
of 342 bp in this region, what was not observed before.
In clone of Clostridium thermocellum (Accession num-
ber X67506) a region of the latent periodicity of 297 bp
over the length of 1138 bp coincides with unknown re-
peats revealed in ORF1 (open reading frame) of the clone
which encodes an S-layer protein. Two of four unknown
repeats are almost totally overlapped with the region of
latent periodicity (see corresponded co-ordinates in Ta-
ble 1). The large Z value equal to 12.99 for the latent
period of 297 bp assumes that the latent periodicity of
this region has arisen by multiple duplications of DNA
fragment 297 bp long. Let us note that C. thermocel-
lum is an anaerobic bacterium producing a highly active
thermostable cellulose system whose different cellulolytic
components are bound in a whole high molecular com-

“plex. A peptide encoded by ORF1 is one of the compo-

nents of this complex and can be disposed at a cell’s sur-
face thanks to S-layer repeats.!® For four repeated regions
in ORF1, two of which were also found by the method
searching the latent periodicity, no data about their in-
ternal structure and functions were adduced earlier.
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Table 1. Data about 17 regions of the latent periodicity revealed in various genes, listing in order of their discussion in the text, are
demonstrated. Accession codes of the EMBL data bank, co-ordinates of the genes and some of their known peculiarities, length of
the latent period L and its corresponding value Z for each latent periodicity region are also shown. Z value equal to 5 corresponds
to a probability of the latent periodicity to arise by accident of less than 10~6. The more increased Z values correspond to the much
less probabilities.

species gene/product  |Accession co-ordinates co-ordinates | L A
numbers of geme and its | of the latent | (bp)
peculiarities periodicity
region
C. difficile toxA/toxin A X51797 1282-9414, 7533-8385 - |342 |13.68
repetitive
region:
6826-9324
C. thermocellum  |pORF1/S-layer X67506, 259-5253, 1360-2497 297 (12.99
protein S43430 repeate regions:
364-331,
877-1344,
1483-1950,
2077-2547.
2569-4389 -
TP SDEP
repeats,
4615-4803 -
S-layer-like
{repeat,
4804-5013 -
S-layer-like
repeat,
5014-5196 -
S-layer-like
repeat
E. coli RhsD/product X60999 460-4740, 1838-2261 63 |7.25
of RhsD ORF . RhsD core:
460-4206
A. quadruplicatum |petA/apocyto- M74514 788-1642 829-1141 48 16.64
chrome f precursor
E. coli tolB/component  |[M28232 1474-2769 1898-2556 33 [7.80
of a translocation
system of colicins
" |and filamentous
DNAs
E. coli pfkA/ X02519 115-1077 160-1056 120 |5.54
phosphofructo-
kinase 1
E. coli pfkA/ L19201 69185-70147  [69229-70125 [120 [5.88
phosphofructo-
kinase 1
E. coli dnaG/ J01687 1041-2786 1265-2075 90 |5.16
DNA primase
B. subtilis menB/DHNA - M74538, |4157-4942 4167-4638 102 |6.18
synthase M74182, :
M74183
H. influenzae Hif C 233502 2937-5450 3239-4243 117 14.88
A. rhizogenes VirA X51418 463-2952 696-1228 105 |5.35
E. coli alpha-glucan J03966 61-2490 403-1385 117 |5.19
phosphorylase
(EC 24.1.1D
C. crescentus mcpA/ X66502 927-2900 1490-2661 21 |10.75
chemoreceptor
B. subtilis mcpA/ 129189 4505-6490 5502-6329 21 {1181
chemoreceptor
E. aerogenes tse/chemoreceptor |M26411 1332-3005 1926-2717 21 19.67
E. coli tar/chemoreceptor [J01705, 151-1812 883-1526 21 {10.63
/ V01504
|E_coli tsr/chemoreceptor [U14003 282491-284146 |283216-283885 |21 110.63
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3.1.2. Relations between the latent periodicity of gene
and the structure of its encoded protein

An example of the relationship between the latent
DNA periodicity and structural peculiarities of amino
acid sequence one could see in clone of Escherichia coli
(Accession number X60999) which contains the RhsD
gene. The Rhs family was so named according to its
function as rearrangement hot spots in intrachromosomal
recombination. Members of the family were identified by
their activity as sites of crossover. Their distinctive fea-
ture is the availability of a highly conserved core of 3.7 kb
long. The cores are usually flanked by sequences which
have no similarity. The similarity of cores usually begins
with start codon of ORF (open reading frame). Cores
of RhsA, RhsB, RhsC diverge at 1 or 2 per cent, and
only RhsD core is different from others at 18%. A prod-
uct of ORF has repeated amino acid motif GxxxRYxY-
DxxGRL(I/T) which is present 28 times. The motif has
a tendency to encounter at each 20 or 21 amino acids
especially in a region of amino acids ranging from 418 to
711.17 The DNA bases corresponding to this amino acid
region have co-ordinates in the clone from 1693 to 2572.
A region of the revealed latent periodicity of 63 bases was
placed from 1838 to 2261 bases and was localised in the
frame of the bases corresponding to the repeated amino
acids’ motif (Fig. 3).

Let us note that only partial overlapping of the re-
vealed latent periodicity with known periodic regions was
a consequence of deletions (or insertions) occurring in
nucleotide sequence, because the method which we have
used previously can not reveal periodicity under such cir-
cumstances. According to the examples given above, one
can suppose the existence of a relationship between the
latent periodicity of a gene and the structural peculiari-
ties of the amino acid sequence of its encoded protein.

3.2. Latent gene periodicity may provide a key to the
mechanism of polypeptide interactions

What may the found hidden periodicity of a gene
mean for its encoded protein? It would be reasonable
to expect the hidden gene periodicity, at best, to be
translated into eroded but still observable periodicity of
a protein or into hidden periodicity of polypeptide se-
quence. Even weak periodicity of polar and hydrophobic
residues in primary structure of protein can determine
both spatial conformation of the protein and its various
outer interactions in different protein-protein or protein-
ribonucleic or protein-substrate complexes. Thus, the
periodicity of proteins may be considered as a kind of
sectoring of the areas of interactions. Regulatory com-
plex of human skeletal muscle proteins consisting of neb-
ulin, tropomyosin and troponin is a clear example of
such scaleable interactions. Further, we discuss how the
imperfect periodicity of nebulin and tropomyosin corre-
sponds to the latent periodicity of their respective genes.
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This permits us to speculate that latent periodicity found
in many genes listed in Table 1 trends at least to a weak
periodicity of the proteins needed for outer interactions.

The thin filaments of skeletal muscles of vertebrates
are formed due to interaction between actin a-helix
and the coiled coil structure of tropomyosin, so that
one molecule of tropomyosin binds seven monomers
of actin.!® Such interaction is supported by charged
residues of a 42 a.a. repeat which occurs 7 times in
the tropomyosin sequence.'®72° This repeat preserves
six repeating fragments of 7 amino acids.?! Imperfect
tropomyosin periodicity of 7 amino acids was revealed be-
fore it was shown that the tropomyosin evolved by multi-
plicit duplication of a set of 42 amino acids.?! The search
for hidden periodicity in tropomyosin genes of different
isoforms (Accession numbers M12125, M19713, M74817,
X04201, X06825) revealed periodicity of 21 bases (see
Fig. 4) in full agreement with the known period of
7 amino acids. Homology between the pairs of 21 dif-
ferent base periods are ranging from 30% to 50%.

Not so long ago a complex periodic organization of hu-
man nebulin has been shown.?? The main part of the
nebuline sequence is built from ~ 150 tandem copies of
~ 35 residue modules which were classified into seven
types based on their homology. These modules are com-
bined in super-repeats of a 7-module set (one of each type
in the same order). One supposes that the full number of
duplicated nebulin modules is determined by the length
of thin filaments and the number of actin monomers per
helical strand. The 7-module super-repeats arose in neb-
ulin evolution to provide appropriately spaced sites for
tropomyosin and troponin binding. In a hypothetical
model each super-repeat binds to 7 actin monomers, one
tropomyosin and one troponin complex.?

Consensus sequences for each type of nebuline modules
have been written according to 50% and more homology
for each site.2? On the average, from one-third to one-half
positions of module consensus sequence are occupied by
conservative amino acids. That is one may say the nebu-
lin amino acid sequence shows vastly eroded periodicity.
We analysed a sequence of nebulin gene (Accession num-
bers U35636 and U35637) to reveal hidden base period-
icity, corresponding to earlier determined modules and
super-repeats in the protein sequence. In clones U35636
and U35637 the gene parts corresponding to amino acids
from 29 to 2468 and from 23 to 2580, respectively (here
amino acid numbers are the same as in [5]), were chosen
for the test. This was done to start the latent period-
icity search from the gene point which corresponds to

. the beginning of the whole module in protein. The most

appropriate pattern to earlier known data about mod-
ules of ~ 35 amino acids in the protein was found in
clone U35637 (see Fig. 5). A hidden period of 105 bases
(Z = 13) was apparent there. The existence of super-
repeats in the protein was also traced in the gene se-
quence, because the next large peak of Z value corre-
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ical solution of the task has not yet been found, and
direct sorting of all possible variants of insertions (dele-
tions) together with all kinds of latent periodicity re-
quires a computer of super high performance. It seems
likely that such a way will continue to be impossible for a
long time. Search of the analytical solution is also com-
plicated by the fact that latent periodicity of symbolic
~ sequences (DNA bases’ sequence is considered as a chain
of symbols of four letter alphabet) is neither a property
of one separated period nor of periods’ pairs, it is rather
the property of a whole complex of repeated units.

One of the methods revealing latent periodicity has
been reported earlier.”? It is based on a principle of en-
larged similarity of the symbolic sequences!! and consists
in comparing the artificial periodic sequences which have
periods of different length with the symbolic sequences.
With this method it has been shown that a valued part
of all known genes (more than 20%) has regions of latent
periodicity. However, the method has some shortcom-
ings which are conditioned by a variation of the double
mutual information value 2I from x? distribution in the
case of small samples.

Here, by applying a Monte Carlo method,!? the ear-
lier proposed approach has been considerably modified
so that it is also reliable in the case of small samples.
This improved mathematical approach to the search for
latent periodicity was applied to nucleotide sequences se-
lected from the EMBL data bank. The latent periodicity
of some genes was shown and the possible sense of the re-
vealed latent periodicities of the sequences was discussed.

2. Methods

2.1. Search of latent periodicity using artificial periodic
sequences

A comparison of the artificial periodic sequences with
a nucleotide sequence was used to reveal the latent pe-
riodicity of the latter, as it has been reported earlier.”®
An alphabet of the artificial sequences consisted of S(i)
letters, here i = 1,---,n. If a period of two bases was
searched then a sequence S(1)S(2)S(1)S(2)S(1)S(2)---
was generated. To seek a period of 3 bases, a sequence
S5(1)5(2)S(3)5(1)S(2)S(3)S(1)S(2)S(3) - - - was created.
In general, to reveal a period of n bases long, a sequence
S(1)S(2) --- S(n)S(1)S(2) --- S(n)S(1)S(2) --- S(n) - --
was used. The length of the artificial sequence was
chosen to be equal to the length of the analysed nu-
cleotide sequence. The artificial sequences having pe-
riods of 2,3,---,n letters were compared in turn with
the analysed sequence. Each comparison resulted in fill-
ing up a matrix M(4,n). Here, an element M(i,j) of
the matrix showed /a quantity of nucleotides of i-kind
(i = A,T,C,G) which stood opposite a letter S(j) on
the artificial sequence. The double mutual information
value 2I was chosen as a measure of similarity, and it
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was counted proceeding from an M (4,n) matrix.”® An
independent varying of both left and right borders of the
artificial sequence together with DNA sequence was used
to search for a periodicity region whose total length was
unknown beforehand. This method has been earlier de-
scribed in detail by Korotkov and Korotkova,” and by
Korotkov et al.® However, a certain minimum length was

‘required to apply the method.

It may be considered that a nucleotide sequence is not
sufficiently long, if a value of any M (3, j) element is less
than 5. In this case, the double mutual information value
21I varies from x? distribution, and it becomes impossible
to estimate precisely the probability that the latent pe-
riodicity arose by accident. Such a situation is called a
case of small samples. It usually occurs if an analysed se-
quence is shorter than 20n bases, where n is the period’s
length. :

2.2. A Monte Carlo method for small samples

The problem of statistical analysis when a sample
size is small has been discussed in detail by Roff and
Bentzen.!? The calculated x2 may not be reliable to as-
sess the significance of the observed value in this case as
x? value may be inflated upward. Some alternate ap-
proach is needed to estimate the significance of a data
matrix when the values within the cells are very small.
For Fisher’s exact permutation test and its modified algo-
rithm introduced by Pagano and Halvorsen,!3 the num-
ber of required permutations is increased with the num-
ber of rows, columns, and total sample size in a nonlinear
fashion. Searching the latent gene periodicity implies the
analysis of matrix 4 X n, where n starting from 3 may in
fact be large enough (for example, 30, 90 or 300) be-
cause the maximum n is equal to one half of the length
of latent periodicity region. So, Fisher’s test and Pagano
and Halvorsen’s algorithm!3 are not computationally fea-
sible in such a case. A Monte Carlo method may be
used to generate the distribution of x? expected values
by considering all possible arrangements of the data set
subjected to the constraint of constancy of the row and
column totals. According to the method, one generates
casual matrixes M’(4,n) which have the same sum over
columns (X (i) = Y. M(3,7),j = 1,---,n) and over rows

Y@= Z:M(i,j.;,i =1,---,4) as matrix M(4,n). The

J
X (i) value is equal to number of nucleotides of i-kind on
an analysed sequence. The Y'(j) value is equal to number
of S(j) letters in an artificial sequence. Let the mutual
information between nucleotide and artificial periodic se-
quences, corresponding to M matrix, be equal to I(1)
(21 is assumed to follow x? distribution). Let us denote
mutual information corresponding to M’ as I'. Further,
a set of N matrixes M’, and the number of events N1,
where I’ > I(1), is revealed. Then a probability F of the
latter event (I’ > I(1)) may be appreciated as N1/N. If
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M(4,n), n=3 | | 1 M'(4,n), n=3
1 |2 |3 |X(@) 275487|1 970126|4 1 2 13 |X()
A 1 {0 |1 |2 20289]1 94359214 A |0 J]0 |2 |2
T 2 {0 [0 |2 3741692 845347|3 T |0 |2 |0 |2
C 0 ]2 10 |2 519336|2 724637|3 C |1 |1 |0 |2
G 0|1 |12 |3 845347(3 519336|2 G 2 [0 |1 |3
YG 13 3 )3 724637|3 374169|2 Y@ 3 I3
9701264 2754871
9435924 152687|4
152687|4 20289|1

Figure 1. An application of data set randomization algorithm!? is shown for a short nucleotide sequence of 9 bases being tested on
the periodicity of 3 bases. Matrix M represents the original observation. The first column of matrix I contains L = £X (i) = ZY (j)
random numbers. The second column contains X (1) ones, X(2) twos, X(3) threes, X(4) fours according to matrix M, which in
general may be placed arbitrarily. Then, the random numbers are sorted into descending rank, moving along with the numbers in
the second column of matrix I. Matrix I shows the result of the process. The next step is filling up of matrix M’ on the base of
randomized numbers in the second column of matrix II, as described in section 2.2 of the text.

the F' value is less than 0.05 then one considers the latent
periodicity of the analysed nucleotide sequence has not
arisen by accident.

An algorithm of matrix randomizatiom has been pro-
posed by Roff and Bentzen.!? The matrix M (4,n) shows
the numbers of coincidences between the sequences’ ele-
ments. Here, 4 and n are the sizes of nucleotide and ar-
tificial sequence alphabets, respectively. Let L be a total
sum of all the matrix’s elements. To produce random-
ization of data matrix M(4,n), one constructs a matrix
of two columns and L rows. The first column consists of
L random numbers. The second column contains X (1)
ones, X (2) twos, X(3) threes and X (4) fours. Then the
elements of the first column are sorted according to their
ascending (or descending) rank, moving along with corre-
sponding elements of the second column. The last matrix
is used to fill up a randomized matrix M’(4, n) having the
same values X (i) and Y'(j) as the matrix M(4,n). The
elements M'(1,1), M'(2,1), M'(3,1), M'(4,1) are ob-
tained by computing the number of ones, twos, threes and
fours in the first Y'(1) rows of the second colummn. The ele-
ments M'(1,2), M'(2,2), M'(3,2), M'(4,2) are obtained
by the same computation in the rows from Y (1) + 1 to
Y (1) + Y (2) of the second column. The same procedure
is repeated for the rows from Y'(2)+1 to Y (2)+Y(3), and
from Y'(3) 4+ 1 to Y (4). Figure 1 shows a simple example
of matrix M (4, 3) randomization following the described
steps of the algorithm. After the elements of M’(4,n)
have been determined, the mutual information value I’
is counted as it was reported earlier.”®

2.3. Z value as a measure of accident

In practice, to be more sure the value F' was precisely
appreciated, one has to generate so many M’ matrixes in
order to get N1 equal to not less than 10. Even though a
nucleotide sequence has noticeable periodicity, the num-
ber of M’ matrixes is indeed an astronomical value! For

instance, one analysed sequence of 200 nucleotides long
which consisted of repeated units of 9 bases had the value
of I(1) equal to 54.8. More than 10° accidental matrixes
are needed to appreciate the value F. So, it was more
convenient to use of a value Z = (I(1)-1},)/o as a mea-
sure of accident that led to the appearance of the peri-
odic structure in the nucleotide sequence. I}, was a mean
value of the mutual information I’ over the set of M’ ma-
trixes, and o was equal to the square root of dispersion
of the I’ value over the set. According to conducted es-
timations the value Z equal to 5 corresponded to the ac-
cidental probability F' of no more than 10~6. The values
of Z greater than 5 corresponded to the much less prob-
ability F'. A spectrum of Z values for all possible period
lengths n was determined in the result of the calculations.
The maximum period length was equal to one half of the
full length of an analysed sequence. This made it possi-
ble to reveal not only the latent periodicity but also all
possible duplications inside a nucleotide sequence. The
obtained spectrum of Z values showed the presence of
various periodicities in an analysed nucleotide sequence
without concrete knowledge of a kind of erosion in each
period’s site. The examples of Z spectra for some genes
are shown in Figs. 2-7.

3. Results and Discussion

The approach described above was applied to a search
for the latent periods in nucleotide sequences of the
EMBL data bank. The analysis done showed that about
30% of all known genes have regions of latent periodicity
which are difficult to reveal by other methods. It should
be noted that the elaborated approach does not take into
account deletions or insertions of nucleotides. So, period-
icity of nucleotide sequence was not revealed if insertions
or deletions of the nucleotides took place. For this reason,
the value of 30% shoufd be considered as a minimum esti-



