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The definition of nucleic acids sequence structure 1is
introduced with the help of graph theory methods. 'The number
of structures for the different length of - sequences 1is
established. The definition of enlarged similarity of nucleic
acids sequences 1is introduced on the base of sequence
structure notion. The mutual information between sequences is
used as.quantitative imreasure of structures similarity for two
.compared sequences. The method of mutual information
calculation taking into account the correlation of bases in
compared sequence 1s developed . The definitions of correlated
similarity and evolution similarity between compared sequences

are given.
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1. Introduction. ; : : kL :

The developing of the fast mathods for nucleic acids
sequences determination - leads to accumulation of known
sequences of different genes and intrones and intergenic .
regions. The execution of human genome program will lead to.
sequencing of full human genome and genomes of other species-
(Watson, 1990; Cantor,1990). The obtaining results will be used.
in science and medicine. . However the such using is possible.
after understanding of sense of obtaining  information. This
problem is similar to the problem of understanding of unknown
language fext. It is necessary to determine the boarders and
the sense of words and than to'do this for sentences.

It is obvious . that experimental approach gives more
synonymous understanding of genetic text. But It is limited by
finding of copies of the known fragments only. This approach
has the relativity _narrow field of application and may
characterize a very small part of defined sequences. The:
experimental methods find the protein coding reglons, intrones.
and small quantity of sequences taking part in genetic:
activicy regulation (Watson et.al., 1983). e o ]

The theoretical approach has the more - wide field of
application. It gives the p0551b111ty of the camparison
between any DNA sequences. - : :
_ ‘The well-known statistical methods hava fuund the pairs

correlations of bases In DNA sequences, some peculiarities of
alternation nucleotides In coding ~and noncoding regions
(Nussinov 1987; Computer analysis of genetic texts,1990).

The search of homology regions has led to discovering the
sites in DNA sequences which have homology to each other.

The repeated sequences of different sizes, ' regions with
small  number of copiles In genome ( pseudogenes and some |
duplication sites ) belong to such regions (. Okada -,1991;
Korotkov,1990). The incomplete homology and homology with
deletions between sequences have been - found also
(Nussinov,1987; Computer analysis...,1990; - Nucleic acids and
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-protein..., 198'?} . The schemes of evolution ncnf‘or'mties of*

some sequences have been constructed on the base of analysis .

of homology between sequences. - The models of the evolution
divergence of  DNA sequences have been developed also
(Kimura, 1983). : :

.However, tt is dif‘r‘tcult t,o decide that. tm:r sequences are
similar to each other if their homology is enough low. If any.
selected sequences are compared with the set of sequences from =

. big date bank then the probability to find enough .low level
of homology is very high. It means that the similarity between

ancient sequences can’t be found by homology search. The some

coding regions and some protein-binding sites, genes and

repeats from evolutionary distinct species may be such -

sequences. It shows the necesslty of new methods for analysis
of genetic information. = .
The search method of enlarged slmllarity of nuclnic: acids

sequences is considered in present work. This method uses the -
definition of DNA sequence structure. It is possible to apply

. - the mathematical methods being developed in this work .for
- . analysis of any cther texts. : - - : -

2. The structure approach to the DNA sequences analysis.

" The main .idea of the structure approach to the DNA sequences
analysis Is to.define a new notion of the sequence structure
and to use this notion for elaboration of the method of
simjlar sequences search.  We mean that the structure is the
type of DNA bases alternation and it is independent of DNA
bases. The exact notion is given in the next section. We use

unlabeled directed graphs for the structure notion.

We can illustrate the nottion of sequence structure as

follows. Let there is some storage cells. Each cell contains
- one symbol and all symbols are - different. Let there is a
program building the sequence of this symbols by getting the

- symbols from the cell by address. For example, program may put
. the symbol from second cell to the first place, the symbol
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: from the thlrd eell te the second place, the symbol from the

" first. cell “to the third place and sc on. - The program builds
_.different sequences for different cells. contents but the
- symbols alternation are the same for all those sequences. -

While we have defined the notion of sequence structure, we

‘" may recognize do ‘two sequerces have the same or different
structures. Sequences have the structures with the common and .
different - parts in common case and the structure correlation
_is not the coincidence only. Moreover, the same structures are
met rare because the number of different structures is large .
~ (Table.1). We will find the sequences with similar structures
"~ more often than with the equal structures. . We can illustrate
the obtaining of similar struetures by the work of the same
program when some cells contain more than one eymbel and the
choice of the symbol from a cell is arbitrary. - :

Structure similarity of sequences may be smaller or bigger
and we must define the measure of similarity. -We choose the
. mutual information . between sequenees as the measure of the
structure similarity. : -

The method of search of sequences with strueture simllerity
is following. Most similar sequences having the largest value
of mutual information are chosen from the set of all sequences
being analyzed. - Comparison of  the structures - of those
sequences shows the type of sequences similarity and enables
to represent - it’s similarity ‘visually.- This structure
- comparison helps to Find the bieleglcel reesens ef sequenees
similarity.

The new class of Mﬂi repeats was found by strueture eppreaeh"
- (Korotkov,1990; Korotkov. 1991; HKorotkov, 1992} The subclass of
 MB1 repeats was found independently early (Donehower et. al.,
1989). The new type of mirror symmetry in human genome was
found by this method also {Heretkev 1990 Korotkov,19891).

3. The sequence structure. end strueture similerity of
sequences. ;
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The notion of the.sequence structure ref‘]ects the alt.ernatinn
of the letters in sequence. Let there are two sequences -of

letters from alphabet {A, T.C,G) as iIn Example 1. It is clear

intuitively, that these two Sequences are similar. and their

similarity is conditioned by the order of letters alternation. -

£y Exémle A e e :
5’ ATCGAGCGACGATGA - 37
GCTAGATAGTAGCAG = 3"

These.s,gq‘uencﬂs are equivalent be-::ause there is one t.n -one

mapping of the first sequence to the second by the law A=>G,
G->A, T=>C, C->T. This .type of coincidence between two
sequences is named 'the synonymous mapping one sequence to
other. For such coincidence it may be restored each sequence
if it is known the other sequence and the law of the mapping.

We define that if the sequences have synonymous _mapping than -

they have identical structures.

‘The convenient- representation of t.hese structures may be

obtainad Ly the using of graph theory. The bases of sequence

are represented by points ( nodes of graph). The direction o

from the beginning of " the sequence to the end of it is
represented by directed lines (arcs).- Those lines link the

points: the first with the second, "the second with the third ;
and so on. All points corresponding the same bases are linked

vith the same additmnal points {nodes) repre*aent.ing the bases
types. '

The exact definition of‘ sequence structure ls r‘ollc--nng The
structure of the sequence- B = {b,, b,,....,b}t  (where

b;€{A,T,C,G for -1€{1,...,n} ) .is unlabeled oriented graph

- 6(B)~ <V,U> (Harary,1969); where V is the set of nodes, U is .
the set of arcs, |V]= ntk, where k€{1,2,3,4} and k is equal to -

the number of different bases in the sequence.. The number of
arcs |U| = 2n - 1 ( see Supplement 1) . . .. - i 5
:_ The arcs set .for the structure is the next. )

vt 1. For 8]l 1, :l $-1 ( n-1 , there exists the are ( \'“1);_ !

iy -'.._ - - &
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‘2. For any 1 ,1 i s n I:here exlsts unlynne arc w;-"'m.!}r

74 ¢ 1 ¢ k, such that: .

a)for all j, 1 £ 4 é n ; such that b !,thﬂre 15 fhe arc

: (vo'o Vel )i s, 3

- b)for all §, 1¢ j( nsuchthatbr‘b)andanyarcsﬂ’ \'5)
““and (V;, Vi) : there ismds. ~ - - :

- 8. There are not other arcs in G(B) struc:l:ure : 2

Some qualities of the. sequence : structure - are Eiven in

o Supplement 2. ° The sequerice structure may be built by. the next -

algporithm  The application of this a.lgorit.hm to cnmret.e
sequence is illustrated in Fig.1.. "~ ... o -

Sequence structure constructing algoritlm e

" 1. Rases of the sequence are written by vertical and points
~ representing graph nodes are placed near each ‘base  (Fig.1a).
Every node represents the nearest base of sequence.
' 2. The nodes are linked by arcs. - Each arc.links the node,
representing the base, with l;he node, repr‘esentjng' tha next
base of sequence ( Fig.1b).

- 3. Four points for nodes represent.ing bases types are dram :
and are marked by letters A,T,C,G.- " : . :
' 4, The arcs from every node represantinn- t.ha saquence base
to the node representing base type wlth the ‘Same _name are
drasn (Fig.1c).

5. All labels and the nodes. re;rresenting base typee. whlch -' :

are not linked with any other nodes are erased (Fig.1d).

This built graph corresponds to the definition of structure
because the pos.it.inns of‘ nodes and t‘m distanc.e bet'nreen them
are not important. ; A e

The nodes representing basa t.ypes are called type nodes. i
The number of type nodes in’ struct.ura is equal to the number _ -
of different bases in sequence. - . ... _
’ Different nunbers of structures’ -exlst.-_ for:. diff‘erent..

- lengths of sequences. The numbers of structures f‘ur different
lengths of sequerces are represented in Table. 1.
It is possible t.o not.e t.hat. f‘crr the st.ructure wit.h one type
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":"‘__';"‘node here is 4 dif‘f‘erent. sequences haw.rlng this struet.ure For -
- every structure with 2 type nodes which corresponding - to the
© 'sequences . with 2 different bases types there are 12 sequences

with this structure.. For the structure with 3 or 4 type nodes . 3

.~ . here are 24 sequences with.this structure. : It means that for
- every ' sequence which is bullt of one type of bases here exist

8 other sequences with-the same structure. For the. -sequence g

being.built  of 2 bases types here are 11 other sequences with

the same structure. - For the sequence with 3 or 4 different
bases Lypes there are 23 other sequences with the same

structure. The nurrber of sequences with -the same structure - 1

depends on the nuwber of bases type,s in sequenc.e and does not
depend on the sequence length. Tad :

Fig.2 represents the seqeenee struet.ures for small
lengths and the bu:lding ef‘ new sl:.ruc:t.ures f‘er lnereasing
sequence length. -

Different mtuitlvely slmilar sequenees have the same
structures. So, the structure corresponding to two sequences
" in example 1 .is presented in Fig.3a. Insignificantly different

. sequences. have insignificantly different - structures. . For

example, if the second sequence is obtained from the first one

by changing only one base, than the structures "of . this two °
' sequences. are djffered by one arc only.  The structures for

such two sequences are presented in Fig.3b. There . the first:
"sequence is the first sequence of Example 1, and the second
'sequence is obtained from the - first by changing one base.
Fig. 3c compares, the  structures of . the first sequence of
example 1 and of the aequence being ebtalned f‘rem it by .

' deletion of one base,

Two bases sequences A = {e.{ e2 Bt ,an} 'nth t.rua strueture
G(A) and B = {b,,b,,...,b,} with the structure G(B) are called

:  the structure identtcal if the st.ruct.ures G(ﬁ) ‘and G(B) ‘are
- isnoorphic.

If there is isemrphlsm between twe struetures then they' may
be drawn on place as ‘identical if the same er_*der of graph



B TP S ——

ey of : I
CIACnCE | o
" 3 " 2
1 I : = I
_____ —lﬂ—-.ﬂphhdi—_‘————--_
1
I [
| | e
"I'_'_l - .
| | : \
_I___ __-I- __“/'—k___"—l e —
3 } q"

SN e b R
SR A
vy

Fig.Z2. The structures of the cequences 14415 length 1,2,3 rnd.
4 baszes and ways n¥ their ‘formation. i .

AN = e . U

i - . ey - — - R

Fig.3. The structures of the sequences.
A. For sequences of the erxample 1:
+ + - ATCGAGCGACGATEGA. . . o
.+ « GCTAGATAGTAGZAG. . . L
B. Comparison of the structures of s=equerices 1 and 2. The
. common arcs are wunbroken. The arcs belonging to
structure of sequence 1 oniy ars shown as dotted lines
and arcs belonging to structure of stequence Z ounly are
Z shown as wavy lines, e L .
1~ ATCGAGCGHCBNTGA , L PRIB I L G RRGE vy
2- ATCGAGCGTLGATSEA : : ;
C,D. The comparicon of the structures of sequence 3 and
sequence 4 (with deletion). The dotted linegshow the | . -
arce corresponding to celeted base. I

-

-

iy

.3- ATCGAGCGACGATGA i _ : Y
4~ ATCGAGCGCGATGA e . : Aot
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~drawing is applied. For example we propose t.he next. manner of
" graph drawing. At the third algorithm step first type node
corresponding the first base is placed to the left from the
sequence. - Second type of sequence bases equals to the second
base of sequence if it is differed from the rirst or to n+l
base if Ffirst n bases of sequence are equal. The second type
node corresponding to the second type of sequence bases is
placed to the right from the sequence, symmetrically to the
first type nede. The third type node corresponding to the
third type of sequence bases is placed under the first type
node. The fourth type node is placad swmﬂt.rlc.ally to the
third type node under Lhe second one.

Structure identity 15 special case of structure similar 1t.,r
Wiile we have the definition of structure identity, we can
determine are structures of . two sequences identical or not.
"However, the comparison of two sequences vhich are not
structure identical is more difficult task. Twc sequences nay
be considered as structure similar in two cases. In the First
case sequences structures have the most arcs in the same
directions and a few arcs are differed in directions. The
structure similarity in the second case is obtained by regular
deflection from structure identity. For example for the last
case, all arcs being directed to one type node in the first
structure are directed- to some two type nodes in the second
structure. The structure similarity in the second case when it
is obtained by regular deflection from structure identity we
can explain by the next example. : g

Supposeé we have four sequences A= {a,...,apn, B, = {b,,

-.bp}, Ap= {ap,4s--- 4@ pemts B = {bpyys....Dnumt. Sequences
" Ayand By are structure identical G(A;) = G(B,) - G, , and
sequences Ap and Bp are structure identical G(A,)=G(B,)=
Gz and the number of type nodes in G; are no less than 3. We
butld = the sequence A= Apfrhy {B,,...,8).,8,,4,...83:m}
with the structure G{A) and the sequence B = B,-B,~

- ={by,.e. 0y .an ,....bm_m} .wlt,h the structure G(B). In
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the common - case structures G(A) and G(B) ‘are different as

there is 24 _manner - of coincidences of the type -nodes in . -
structures Gy and G, , and t.he c:oincldences may be dif‘f‘erent. -

in G(A) and G(B)..

~ Suppose that - the - sequences A, .h,_.B*.B_.,_ are such as it.
is described above.  Let the sequence A 1is built of -the
sequences A, and A,  , and sequence B is built by the same
manner of the sequences B, -ard By . Than sequences A and
B are not structure : tsomorphic in 23 cases of 24 ... But the

sequences A and B are structure similar as A and- B may be

divided to strocture identical sequences.
The exact definition of division of pair of sequences A and

B being compared reflects the follows. First, each base of

the sequences A and . B - enters . exactly one sequence being

built. Second, the order ‘of bases -in each subsequencel-'

including in sequences being built, is conservative. Thir-d
both sequences A and B are divided by the same manner.

Let the sequence of indexes {1,2 ...,n} is divided to tm:.-'

subsequences . I and J, I = {1{.....1,;} 0 R o e B

" k-1 and Ji= {3, i dak bec L < S for 1.¢ m< n-k-1,” such

. that: InJ = B and (il ik WG i} =(1.c..nh,

Then for sequence palr <A, B, A= {a{.... Sl B - {b, S
bp} the set - of two pairs {<h, .B, .~ Chgs B,}} ., . ¥here
.ﬁ'-{a"'l -.-,'&‘_“} ht-{a ' e ll-k} Bi ""'bi-k}"

By~ {h "“'bJ k]- is- the- division of pair of‘ sequences
<A ,B )
Palr of sequences may be divlded t.o arbitrary number of

~ sequence pairs. If the set -of pairs (<A, Bp>oo .o <AnB>}

m> 1 is the division of pair of sequences <A,B , and for
some j,- 1 ¢ 3¢ m the set {<Apm,y,Bm>:¢Ams2,Bmz>} Is Lhe
diyision of pair <A} B;>, ‘then the st of - pairs (<A, B>,
coes AL B, 'chj,,.n‘,”},.._.- chm,,,Bmd} <Am+,,B,,,,z>} is
the division of <A,B> pair.

Two sequences A -{a‘. ..a,,f iit.h the nurnber of base t.ypes"
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. k,»2 .and B = {b,,...by} with the number of base types
kg> 2 we call totally structure similar, if they are not
structure identical and there -exists the division of patr
<A,B> to the set of pairs {<A(,By>....<A,Bp) , such that
m¢ max{ k,,kgt-1 and A; is structure identical to B; for
1 ¢ 1 ¢ m Total structure similarity shows that two sequences
may be divided to smailer number of structure identical pairs
then it may be done for arbitrary pair of sequences.

We call the sequences A and B structure similar to the
degree of - similarity o, if there exists the division
{<A,,By>, <A,,B;>} of <A,B>  pair such that A, and B, are
structure identical or structure similar and A, contains no
less then X Z bases of the sequences A. Let us note that
“there exists the division {<A,B,>, <A;,B;>, <A;,By>, <A,
Bs>} of an arbitrary sequence pair <A,B>, A= {a,,...,a,} ,
B= i{b,,...,bs} such that A{ and B; are structure identical
for each 1, 1 ¢ 1 ¢ 4. But it is not mean the total structure
similarity of this sequences. The examples of" structure
. similar sequences and their structure similarity are shown in
Fig.5-8. ' ok : -

" We can determine are the two sequences structure similar or
not . But structure similarity of sequences may be smaller or
greater.. It is clear, that two structure identical sequences
have more likeness in its.structure than two total structure
similar sequences. Or, for example , there is two pairs of
sequences, <A,B> and <C,D» and A is structure similar to B, C
is- structure similar to D. If there exists a division
{<A;,B;>, <ApB>} such that”  A; and B; are structure
.identical for 1 €{1,2}, but there is not division of <C,D>
to two structure identical pairs, than A and B are more
structure similar than C and D. So , we must have measure of
structure similarity. i G ' . S

We choose the mutual information as the measure of
structure similarity . If the mutual information of sequences
Aand B is greater than it for sequences C and D we
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call A and B more similar than C and D. We can a.;ser'l:. than two
sequences are much similar or little similar.

- Thus, in this section we had defined the notions of sequence
structure and structure simtlarity. First, those notions allow
for every two sequences to determine their similarily and to
show similar subsequences and the kind of likeness. Second,
the notions allow to draw this similarity visually. Third, the
notions allow to find the structure identical subsequences
with the same law of base alternation. Fourth, the notiorns
allow to determine how two sequences may be divided to
structure identical subs.equﬂnces by the best manner ( see

Supplement 3).

4.The measure of nucleic acids sequences structure
similarity. i

The mutual information between two compared sequences is
tzken as the measure of their similarity (Korotkov ,1986;
Korotkov ,1987, Korotkov,1991). The mutual! information Is
calculaird with the help of the matrix of bases coinc'dences
between compared sequences. The number of each type of
coincidence in matrix with dimension 4»4 is calculated when
two sequences with L length are compared. The main dliagonal
elements show the number of AA, TT, CC and GE coincidences.
The sum of all 16 elements of the matrix is equal to the
length of compared sequences. The mutual information is
calculated as: ; :

- I(1,2) = (H(1)+H(2)-H(1,2))L1ln2 . (1)
H(1) is the middle entropy of the first sequence for one base.
H(2) 1is the middle entropy of the second sequence for one
base. H(1,2) is the middle entropy of the "coincidences
sequence” for one type of coinciden:zes.

The "coincidences sequence" is the sequence which has the
16 letters alphabet. The - bases pairs (first base from the
first compared sequence and the second base from the second
compared sequence) are the letters of coincidences sequence.
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" The middle entropy in any sequence t‘or one letter 1s
: ualcula.t.ed as (Shamon 1948}

o= Z P, laz 1:-L Rt T . (2

The size of the used alphabet is m  The middle prnbabillt.y of
i letter in sequence is p;. For DNA sequences m equals 4 and p
equals the numbers of A, T, C and G bases in sequences divided
by the length of compared sequences. It is supposed that the
' sequences of equal lengths are compared, For coincidences
sequence m equals 16 and p; are the probabilities of each of
16 letters.

The middle value of R2I(1,2) is equal 9. 2I(1,2) is
distributed as X with 9 degrees of freedom when accidental
sequences with = 4 letters alphabet are compared
(Kullback, 1959). -

All pairs of sequences possessing the similar structure have
the same and mnaximal for given type of structure (with
ore, two, three or four bases) and sequences length mutual
information. Tne mutual information as measure of sequencss
similarity allows to determine the degree of sequences
similarity when the sequences structures similarity is
imperfect. There is the full analogy with imperfect homology
of sequences. The mutual information here is always less “han
it is for perfect structures similarity of sequences.

The mutual information allows to determine the degree of
structure similarity for two sequences when corparsd sequences
are not synonymous -reflection of each other. If the one
sequence and coincidences matrix are known than it is
impossible to restore the other sequences here. The example of
such complex relation between sequences is the coincidences of
the sites of purines and pyrimtdines between Lwo compared-
se ;uences. Such relation between sequences is represented in
their structures by the next way. The structures coincide
after Lhe joining in - each structure the two nodes
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corresponding the purines and twe nodes corresponding the -
pyrimidines.

5. The bases correlation calculation in eerrpared
sequences.

The frequencies of the k-long chains are determined for
calculation of mutual information for sequences with
correlated nearest bases. If the alphabet of sequence has the
m letters then m* k-long chains are possible. The mutual
information I (1,2) is determined using formula 1 also but
values H(1), H(2) , and H(1,2) are calculated as:

1) - =3 (p(B2) lag, p(BL)/k (3)
Hiz}--Z(P{B)PagE(B ) [k (4)
H(1,2) - —Z (p(B;)log, (B, “) /k (5)

Where BY, Bgand Baare the k-long chains in the first compared
sequence, second compared sequence and in coincidence sequence
with number o, 3 and §. If the first compared sequence has m,
letters alphabet, the second compared sequence has m, letters
alphabet then the coincidence sequence has m,-m, letters
alphabet. The number of k-long chains in the first compared
sequence equals to m;, in the sccond compared sequence
it equals to . mf and in the - eemcmence sequehce
the number of k*CrBins equals to (mm} . For the DNA
sequences m; = m, = 4, It is pesstble te calculate the
number of being contained k-long chains n(By) for any sequence
with length L (L >> kJ where ol = 1,2,... m*. Then it possible
to calculate the p{BiJ 1::~r+::1|t:>:e.brilit.z.r as: : -
p(Bd} - n(Bi}f(L-kﬂ) g F ; (6)

S0, if two compared sequences have the enough length than
.base correlation for any . length may be taken into
consideration in I(1,2). ' - 8 '



: : : g = 1? - ; '
~ The conditional =~ mutual informations Fe"a Py asits. B
correspond to absolute mutual lnFormt.inr&s I,_ 1.2 3 [1.2);
i ot {1, 8. et , '
CFy- kI, (1,2) - (kD) h(1,2) i
" The mutual inf‘orn‘etinn Fres1s conditional mutual information
of the next element if k preceding elements are known. If k
preceding elements determine the (k#l) element of the
coincidence sequence then Fi,y equals 0. If two accidental
sequences are compared then F, = F, canm Py v ;
The I (1,2) calculation is pa551ble Fcr compared sequences
length more than 10° only because the coincidence sequence has
16 letters alphabet. It gives 256 pairs combinations of those
letters. For sequences with lesser length it is possible the
applicatinn of another two methods

A malysis of bases coincidences which are distinguished

from accidental bases coincidences.

It is possible to consider. the matrix of accidental
coincidences N(4,4) which is calculated as:

NCi,3) = X(1)Y(§) /L : (8)
X(1) are A,T,C, and G number in the first sequence. Y(j) are
A,T,C, and G number in the second sequence. L is the length of
sequences.

Matrix N shows the numbers of coinciuences of each type of
pairs when two accidental sequences with given A,T,C and G
numbers are compared. It is possible to determine the type of
coincidence which 1is distinguished more from accidental
coincidence when M and N matrixes are known:

f, =max { Mi,3) - 'N(1,§)} (9)
It is possible to consider the two events when two

- 'sequences are compared. A is event which includes the bases
coincidences being distinguished more from bases coincidences



th - the.- same A 'I' U a.nd G
1° sequences “(wi
Fnrnpoan:i’:.?ztr:;ﬂ B Ts the event which includes the another types
gg bases coincidences.: Cvent A may include the one from 16
sible bases coincidences. - For example it may be AT. - Then
Eﬁnt B includes the anothel 15 types of bases coincidences,
for example: AA, TT, CC, G3, AB, GA, TC, CT, AC, CA, GT, TG,
CG, GC, TA. Wnhen the matrix M is known it is possible
to calculate the middle- probabilities of events A and B for
comparison of two accidental sequences as: . :

R 1 (01 il s | (10)
e, =1 - ¢, T2 : T(11)
I'- f,Inf, + f, Infy - f,1ne,- f,lne,- Llnl . (12)

The number of event A appearance is f;. The number of event B
appearanze is fy . The 2I value is distributed with one
‘degree of a freedom when two accidental sequences are
compared. The [ value may be calculated for sequences with
correlation of the nearest bases. The definition of
mrresponding k-chains ( k = 2,3,....) is required here. Let
call { D,a, } the =et of all possikie k-chains for events A and
B. Those k-chains are considered as sequences consist of zeros
and ores. Site i is 1 if the bases pair corresponds to event A
and i is 0 if the bases pair corresponds to event B.

Let call {J{ } the set of all DﬂSSlble k-chains of the first
compared sequance Let call- {Y } the set of all possible
k- chains of the second cnrrpared sequence. The probability
p(}{ ) may be calculated a8: - :

p(x ) = Nr_i{ )/(L-k+1) : (!3)
Analogous equation is used for p{'rh ~ Two coinciding Xjand Y}
k-chains form -corresponding D‘ k-chain. It  is possible ta
runber all X and Y chains and than to calculate the
theoretical probability of the k-chain DS as:



'f'{g'ﬂ.-

QDY i D K J {Y) ' (14)
iR s
The obselved number of k-chains f{u‘} is calculated using ths
coincidences sequence. Than the Ik may be calculated as
 (Kullback,1959): ' :

) 2 ' v el :
1 {;r(n,{)__lnr{n::u T PO InC(D}) ~(L-K) In(L-K) (15)

- Such analysis of compared sequences may be done for
considerable bases correlation lengthh It 1is required to
determine for k=2 the probabilities of 4 chains only. For k=3
it is required to determine the probabilities of 8 chains only
and so on. If the length of compared sequences is some hundred
bases then such analysis may be done fbr bases correlation
length which is equal to €.

It s possible to . introduce the conditional rrutual
informations F,. They are calculated using the absolute mutual
informations I, and the formula /7/. But the coincidences
sequence is -constructed using the definitions of A and B
events. :

In the event A there may be included one after another the
coincidences which arée most distinguished from coincidences
for accidental sequences with the same A, T, and G
composition. For example, the second step is to include AT and
CA coincidences In event A and to include other 14 types of
: colncidences in event B. . The thiird step .is to include AT, CA
and CC coinclidences in event A and to include other 13 types
*in event B.

Such analysis may find the certain structural law of
sequences coincidences which may be linked with the
organization of the tvo compared sequences. Let consider two
sequences For ex

5--A Gh-E’
5=-a cr GT-S'
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When GA, TG and G” cotncidences are included ln A event then i'“'

there is = periodicity . of - coincidences . sequen-:e . This
periodicity increases the mutual informatmn as t,he
H(1,2) entropy is decreased for k=3.° s

Such analysis gives the possibllity to determma the I'I.'Dbt. -
characteristic coincidences types which are cbserved between
two compared sequences. The comparison of the MB1 repeats to
each other .by this analysis has shown that MBl repeats heve

similarity to each other when event A includes the some number e

of purine-pyrimidine coincidences. . :

The calculation of mutual- inf‘nrmtiun with the dif‘f‘erent _
bases correlation length allows to introduce the def‘inltic-n nf‘
correlation mutual inform :tion which is: _

Sk= F; - F, ’ : : (16)
The cc-rre]ation mutual information is the part of mutual
information which is result of correlation of the neighboring
bases in compared sequences. The F, may be .considered as
"evolution" part of mutual information. The calculation of the

correlation and evolution mutual informations allows to _.

eliminate the cases of sequences similarity which arise from .
bases correlation @ in compared sequences and are not
conditioned by the common evnlutinn orizln of -~ compared
sequences. ; : Ry 2

B. Intmducjng the new alphabet in compared sequences.

The calculation of the mutual information between compared
sequences of small length may be done with-using matrix of the
less volume. .This matrix is formed for . the more simple -
alphabet. Such analysis allows to execute of the sequences
comparison enough fast but it narrows of the sequences
similarity class.  The letters joining are the simple way of
the new alphabet creation. For example, there are three ways -
of letters joining in pairs. According of this there are 9 .
matrixes types which may be constructed when two sequences are
-compared. Each ‘matrix. contains the. information which is -
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-_'partlally’cnntained in another mg:trixes.

There is the biological sense of the letters confluences in
compared sequences.. For example, A may primary be changed for
A=>G, -G->A, T=>C, C->T.. It is class of substitutions which
save the purine and pyrimidine sites. Comparison of such two
very divergent sequences gives the low level of homol ogy which

" is not statistically important. - But those sequences have the

100% coincidences in purines and pyrimidines sites. The matrix

- with the dimension 2x2 is more suitable for search of such

sequences similarity. - The lines sings of the such matrix are
A={A,G} and T={T,C} in the first compared sequence. The
eolumns signs are A={A,G} and T={T,C} in the second compared
sequence. The calculation of mutual information is executed by
formula (1). The correlation of neighboring bases may be taken
into consideration for mutual information by formula 5 (matrix
dimension 2x2) for length of the compared sequences less than

100 bases . - Such comparison of some - human genome sequences
- have been done and the function of distribution of 2F, value is

well agreed with the distribution }(1 with one degree of
freedom (Korotkov ,199%2). ;

6. Illustration of the structural approach application
- to DNA sequences analysis. .
Let consider the similarity between two MB1 repeats from
human genome , between t-RNA genes Asp and different repeats
from human and egorilla genomes as examples of enlarged

-similarity between DNA sequences. The Fig 4a shows the

similarity of the MB1 and MIB1 repeats from clones HSHLADC2
(Owerbach et al., 1986) and HSHP201 ( Maeda et.al., 1984). The
coordinates of MB1T and MIB1 repeats are shown near the

'sequences. The 2F’ maximum is reached if AT,CG,TA,GC.GT and CA

- cotncidences are included in the event 'A and the other 10

coincidences types are included in the event B. The 2F] equals
to 60 for calculations without consideration of -the bhases

‘correlation. 2F, equals to 49 for consideration of the bases
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1256-GTAGACTACT TETeTTTegl ACTCTOESTT aeTCCAATIC ATEAAMCIGA TeTehelpre: TOGALPATET

AGGCaGAGLC oGGATTTGAL CCCE-120%
- T0CGECTCRA c'mT.u.eGTg .6.&!;-.-.-1165

1-CRgATTCTAG TICAATIGET ca.gasc;ccu cccmmm ECGGAALLTS COOGTTeSAS CLLLRTC-u?
180-AgeNGAGGT TCCTGTOAGE TOEGATGCCA cw:mmm cCAAGGETGA CARAGTIEAGA CICTAIC—LA7

?u-GCCC’L’GActG CCCCGAGETT GGGEGTeGAA GEcG-GLth..‘; TCCoGCCael AGAC tGGETA-1G

105~ATTTCAAgeG cTTTGAGECC AAAGCAGAA AAGGAAATAt CTTCOTTEOA AMACtAGOCA-1LS

Fig.4. Enlarged similarity of. the zequercez. The bazes

coincidences with are :n:ludEd in event A arﬁ =hown

: by capital letters.

A. MBI and MIEBl repeats from HEHLHDCL £25) and HSHP201 (246},
clones.

BE. T-RHA gene from CHHTRNS (27} and filu repeat from GCREGSZD
clone (28).. '

C. T-RHA gene  Asp. {from CHMTRNS clone (27) and :epest:d
human <=equence from HSALPA :lunn (29} . i
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AGBTTSAGTACTTGEC . - . .. - :
TCCAATTCATARACGE o e e R :
‘The first sequence 'is begun from 1144 baze of HSHLPFC2
clone and the second segquence is hngun from 1224 bﬂﬁﬂ
HSHF201 clone. - :

The structure of first Eﬁquencu.
The coincidence of structures.

The structure of second. seguence.

-

.y X
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.‘pairs correlat.icn BF’ equals 48 for- consideration of the

‘. three bases Mmlat.iun “The - titles - letters in compared
_sequences show the bases coincidences including in event A.
~The Fig.5 'shows ' the structures' comparison . of i*epeats
fragments which are "represented: in  Fig.4a.- Because the
graphical representation .-of ~structures on .plane for long
sequences. is not- clear -the .structures are -compared for
fragments only. The struct.ures of being represented fragments
- with length of 15 bases are similar and are . differed in two

. positions only.-

- The Fig. 4b shows the Slmi]arit.}.? uf‘ tubacoo chlamplast.

t-RNA Asp from CHNTRN3 clone (Ohme et. ' 1 1985) and gorilla
- Alu repeats from GCREG20 clone (Daniels & Deininger.igaa}' The
 2F'. maximum is “reached when. GA,CC,AG,TG,CT,TT,TC and AT
coincidences are mc]uded in event A" and other mlncldences
- are included in event B. The 2F; equals 46 46, 48 for k=1, 2,

‘and 3." ‘It is tmpossible to find this similarity between DNA
sequences by methods of the homology search. " Obtained result
is agreed with early nbserved cases of homolcgy t RNA genes
and  different repeats 5equences‘ (Sacamoto & Okada, 1985;

- Okada,1991). Fig.6 represents ‘the - structures ~of = those . .

sequences - fragments- and - their. . division to isomorphic
 structures. Fig.7 shows the structures of other DNA fragments
which are divided to two pairs of structures. The structures
in first pair are isomorphic but: '-'_in'l.-secnnd pair they are
similar only. - Division of the second pair to two isomorphic
. pairs is clear.. The number of structure identical pairs equals

. .3 and the total similarity condition is exeaouted.

-Fig. 4c shows the mirror similarity {Korotkov,1991) between
chloroplast t-RNA for Asp amino acid of CHNTRN3 clone (Ohme
. ‘et,al., 1905) and repeated sequence from human genome of
" HSALPA clone .(Weiss et,al,1983). The maximum of mutual
~‘information is ‘observed when coincidences CT,TC,AA,GG and GA
- are inoluded in event A and other 11 coincidences are included

|'r-
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+b6. The comparison of the structures of <gequences.
TTEGTAGTTCAATTG Saviia : :
GGAGGTTGCTGTGA ok ; : : jon ot
The first segquence {is the fragment of t-RMA cgone Asp
from CHNTRNS clone ' from 5 base and the second

.~Eequence ‘is the fragment Alu repeat {rom GCGERZ0 clone

ﬁ.

c-

. D.

from 184 base. : ;

The structure of the friagment from CHNTRNZ clone.

The. structure of the fragment from GCGER20 clone.
The structures of the first pair of sequences in the
division.

The structures of the second pair of sequences in the
division.

The division of zequences is shown in figures A and B as

dotted lines and in figures C and D as wavy lines.

- a



B.
c'

.. D

TCAGAGCACCGAA — fragment Asp from CHNTRNI clone which is
begun from 19 bace. CTGTGATGBCCACT - fragment of Alu
repeat from GCGER20 clone which is begun from 198 base.
The structure of the fragment from CHNTRN3 clone.

The structure of the Ffragment from GCGERZ0 cloni.
The structure of the first pair of sequences in the
division. .

The setructures of the second pair of seqguences in the
division. The division of the segquences is shown in

" . figures A and ¥ as dottcd lines and in figures C and D

as wavy lines.

5

"Fig.7. The comparison of the structures of cequences.



'in event B . The 2F; , 2F; and 2F; values are 39, 38 and 45.
The structures of two fragments of .those sequences are
compared and the isnmrphia st.ru-::lz.ures of I:.heir division are

shown in Fig. 8.

7. The res.ults of Enlarged sequences slmll:-.rit.y using and
perspective for investigation.®

The described in the present work methods of DNA sequences
analysis are realized as Fortran programs complex. The
analysis of EMBL date bank by method of enlarged similarity
search of nucleic acids sequences has discovered the new MB31
family repeats in human and other genomes and the new type. of .
mirror symmetry between C.lA sequences. The MB1 family repeats
was found in (Dohenover et.al.,1989) independently with less

»number copies in the family. The application of the enlarged
similarity of nucleic acid sequences allowad t.e:- find the Ffull
number copies of MBI repeats ( about "-hc‘.ll] copies in human
genome). -

The MB1 family repeats 1s. common for very many marmals
(Korotkov,1992). The life time of MB1 repeats is more than 10°
years (Korotkov ,1992 ). The MBI family members are very
diverted from each other and the most MB1 repeats are similar
to each other by purine and pyrimidine sites only. :

This approach has applied for classification of ths  t-RNA
genes from different species also (Chaiey & Korotkov, 1991).

" This. classification of the - t-RNA = genes shows that
consideration of enlarged similarity between sequences of the
tE-RNA genes allowed to find the more ancient similarity of
tRNA genes than it, is peﬂsible ta do by *..he other thecretical -
methods now.

- The mathematical nethods for determinahion of the DHA
sequences complexity are developing ‘now (Gusev,19391a; Gusev
-1991b). Complexity of (0,1) Ssequences have been analyzed in
works of A.N. I{olmgulljov and disciples (Kolmogorov, 1987;
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Fig 8. The comparison of tﬁgnqgéaﬁéncna

A.

»

WSS m s e o

CCCGAGCTTGBGCGT ~ fragment of tobacco t-RNA Asp gene .
from CHMTRNZ clone from 73 base. TTBAGGCCAAAGGCE =
fragment of repeated sequence from HSALPA clone from 104
baze. -

The structure of the fragment from CHNTRNZ tlone.

The structure of the fragment from HSALPA clone.
The =tructures of the first pair of sequences in the

" division.

The structures of the second pair of zequences in
the division. The divisien of the sequences is shown
in figures A and B as dotted lines and in figures C
and D as wavy lines. ' :

Rk} e Lk o np iR L,
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structures. 7~
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. Zvonkin, 1973). lowever, there is not the unlvarsal metmd f‘or
determination of any law of the sequence construction and

compressing - of the sequence for excluding any law is _'

impossible. The limited set of sequence transformation is used
for sequences compression now.  The enlarged similarity of DNA
 sequence and determination of mutual information 'is the way. .
- for appraisal of cmrp]exity of transformation one sequence to - *
another sequence. : %

The further develapmg apprai sal ~ of transformation
complexity of compared sequences is supposed by discovering
the other constructed law in compared sequences. The
developing of such investigation is important.for analysis of
genome sequences of human and other specl:s
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Supplenent. 1

The directed graph D = <V,l> consists of ltmttad set ¥V of
nodes and set U of the well regulated nodes pairs. Any such
" pair (u,v) is called arc or oriented edge and fis meant uv:
usually. The uv arc is going from node u to node v. The uv arc
is called incident to u and v . It is said that v is a._djacent.
from u and u is adjacent to v. The degree of outcome d™ (v) is
"called the nunber of' nodes which are adjacent from v and the
degree of income d (v) is called the number of adjacent tn v

- nodes.
The route in directed graph is called. the alternatlng

' sequence of nodes and arcs V,, Xg, Vg . eee s Xps Y dn
- 'which each aro x;is Vi, Viy. The way is route having

different arcs (Harary,1969).
The two graphs G and H are isomorfic when there exists

synonymous reflection between their nodes saving the adjacent
relation.

g nwts S ] 5 : L3 L i 1 -
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Supplement 2.

Let us note, that for every G(B) - <'v' U 5tru¢twe. \
={V;, Vo 5 +-+» Ve } ONe node v, has - the degrees d ('"1) -

0, d(v, ) =2, n-2 nodes Vg, ... , Vn.4 have the degrees
d?(v;) =1, d (v )} =2, the one node v, (equilibrium node) have
the degrees d* (v,) =d (v,) =1 and k nodes (Lyp& nodes)
have t.he degrees d (v,;) = 0 and the degrees sum d (‘"mq} +
... + d ("u",,,l} - M.

The node v, represents the first base b, of sequence. The
equilibrium node V, represents the last base b, of sequence.
The nodes v, Vgs---. Vnf represent the other n-2 bases of
sequenceé by, ..., bp-q. The each node .epresenting the base
of sequence has the on~ entering arc directed. from preceded
base representing node (with the exception for v, node which
has not entering arc) and one going out arc being directed to
corresponding type node, and one goinf out arc being directed
to the node representing the next base of ssquence (with the
exception for v,  node). The type rnodes represent the base
types of sequence. Its number is equal to the number of
different bases in sequence and each type node has the
entering -arcs from the nodes corresponding the same bases.

[t is obvious that primary sequence may be restored from
the marked structure if the type nodes are marked by concrete
base types.

Suppfement. 3. - :
Let we choose twc arnlt,raty dwlsions D - o= (<A LB
oo <A, B} and D’ - {<A, B S ot u R B 54 one

sequence’ pair <A,B>, such that. Ai and B; are structure
identical for 1 ¢ §1¢m and A; and B; are structure
tdentical for 1 ¢ j ¢ n . We say that the divisiun D' is better
than the .division D if m>n, or m=n and Lt =140 &
or men and there exists j such that |A]| =|A]  for1 ¢ i
-$3-1 and iA b IA | . We say t.hat the éivislc}n D is
the best divlsian of :.equence pair If there does not exists
the better division of the same pair.:

We can obtain the best division by aleorithm in
(Christofides,1975) if it is used for detect maximum The
coincidence matrix is used for building the division. The
first pair <ﬁ,| .Bq > with maximum |.ﬁ,l we obtain from
coincidence matrix. Then the chosen matrix element we make
equal to 0 and use the new matrix for search the second pair
and so on. Obtained division is the best always and we can
define are two sequences similar or not.
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