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Abstract—Determination of the nucleotide sequences of hundreds of organisms (in the first place, the
human genome) is a significant technical achievement of modern biology. The next stage of studying the
genome is to determine the functions of each gene and the corresponding protein: the so-called genome
annotation. The existing methods of classifying the biological roles of proteins on the basis of the amino acid
sequence are restricted to searching for similar sequences in a database and, as a result, have limited applica-
bility. In this paper, a formalism is introduced for studying this problem in the framework of the algebraic
approach and the solvability, locality, and regularity of the problem and monotonicity of the condition of
solvability are considered. The proposed formalism enables one to study systematically the hypothesis of

locality of various biological roles of proteins.
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INTRODUCTION

A genome is the nucleotide sequence of the entire
DNA of an organism, and DNA is the databank of a
cell. Intricate macromolecular complexes of a cell
produce all the proteins necessary for the life of an
organism on the basis of the data encoded in the DNA.
In other words, all possible physiological processes in
a given organism are encoded in the genome, so the
data in the genome has everlasting significance both
for fundamental medical research and for practical
medicine.

For basic research and practical applications in
biomedicine, the studied genome must be annotated,
i.e., (i) all proteins that can be produced on the basis
of the genome DNA and (ii) all biological roles (or
biological functions, in other terminology) of these
proteins must be determined. Then, the set of lists of
all roles of all proteins will be a full annotation of the
genome.

At the present time, experimental determination of
all biological roles of all proteins is practically impos-
sible, and development of effective theoretical meth-
ods for solving the annotation problem is necessary.
Bioinformatics methods existing in biology are based
solely on the dogma of the similarity of biological roles
of proteins if their amino acid sequences are similar.
These methods are characterized by rather restricted
applicability to real objects, because (i) they arbitrarily
use the conception of similarity and (ii) there are
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many proteins with close functions and dissimilar
amino acid sequences. In any case, all methods known
in modern biology make it possible to annotate at most
half the human genome [1].

In this work, a formalism for consideration of
genome annotation from the viewpoint of the alge-
braic approach to recognition problems is presented.
This formalism employs some elements of the formal-
ism developed earlier for solving the problem of recog-
nition of the protein secondary structure [2, 3]. All
numerical experiments described in the present work
were performed on the basis of a stable version of
human genome annotation (NCBI genome build 36,
www.ncbi.nlm.nih.gov).

1. INITIAL DEFINITIONS

Let there be given an alphabet A corresponding to
the set of all amino acids forming proteins: 4 = {a,,
a,, ..., a,}, n>0. Denote the set of words of length k in

this alphabet by A*. Then, the set of all initial words in

the alphabet A4 is A* = UA[. A protein or an amino
I=1

acid sequence will be understood as a word P’ of length

I, Pl e A*.

Let there be defined a dictionary 7 of m terms ¢
describing all known roles or biological functions of
proteins: T'= {t,, t,, ..., t,,}. If T* is the set of all combi-
nations of k terms 7, then the set of annotations 7%
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over the dictionary T'is T = \_) T'. An annotation of
I=1

a protein P will be understood as a list r < T* of k

terms: t={t, b, ..., iy}, t; € T.

Let A denote the uncertainty. Let us introduce the
A-extended alphabet A = AU {A}, the A-extended ter-
minology dictionary T = T'U {A}, and the A-extended

sets A* = U;ll and T* = U ?, respectively. The
I=1 =1

genome annotation problem is defined as finding the

function F that maps the set of proteins to the set of

annotations: F: A* — T%*.

Let us take a set P of n words in the alphabet A: P =
{Py, P,, ..., P,}. These can all be proteins encoded by a
sequence of a certain genome (the so-called pro-
teome) or an arbitrary set of proteins (say, a sample of
protein from a database). The set of words P will be
referred to as annotated if each protein P, € P is

assigned withalist# = 7%, # = {1}, ty, .., , }, f; € T,
k>0.

A set of precedents Pr will be understood as a set
Prc A* x T*. Thus, a precedent is a pair consisting
ofaword P, € P and the corresponding annotation #

T* , (P;, ¥) € Pr. A function Fis correct on the set of

precedents if ‘v’ (P, 1): F(P) =t. Aset of precedents Pr
Pr

is consistent if the function Fexists on the given Prand
is inconsistent if F does not exist.

Theorem 1. F exists if and only if the following condi-
tions of consistency of a set of precedents takes place:

Y (P.1).(P.Y), i#j:(P,=P)=({="¢). (1)
Pr

Proof. According to (1), the existence of F'is esti-
mated on a definite Pr. Assume that, in the chosen Pr,
there is a pair of precedents (i, j) such that, for P, =
P;= P, thelists #,# — T* are notequal: # # ¢, i.e., # U
v#t0 N Then, F(P) =t #¢ = F(P), which does not
agree with the definition of a function. Hence, condi-
tion of consistency (1) of the set of precedents is the
condition of existence of F. The theorem is proven.

Along with solvability, the modern theory of recog-
nition [4—12] usually studies the regularity of a prob-
lem, i.e., the solvability of a given problem combined
with the solvability of problems in a certain vicinity of
this problem in the studied set of problems. Following
the ideas of the scientific school of Academician
Yu.l. Zhuravlev, we will define the vicinity of a prob-
lem Z with the set of precedents Pr = {(P,, t'), (P,,
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A, ..., (P, ")} as the set of problems Z' with the set of
precedents Pr' = {(P,, t"), (P,, 1), ..., (P,, )} with
arbitrary £, 2, ..., #. Obviously, in this case, the prob-
lem Zwill be regular on the set of precedents Pr under
the condition

Y (P.1).(P.¥), i#j=(P#P). )
Pr

Several remarks should be made concerning solv-
ability and regularity of the problem under study on
real sets of precedents. From the viewpoint of the
problem area, proteins belonging to different organ-
isms can have different functions, i.e., P;= P, will cor-
respond to # # ¢. Therefore, the existence of the func-
tion Fin the case of an annotation problem is guaran-
teed by selecting Pr from proteins of the same
organism (i.e., obtained from the same genome).
The latter removes inconsistent sets of precedents,
typical for the problem of protein secondary struc-
ture recognition [3]. Moreover, in the case of pro-
teins of one genome, V (i, j): P;# P i.e., the prob-
lem is also regular.

In the case of the annotation problem, the alphabet
A is determined uniquelyas A ={A, C, D, E, E G, H,
I, K.L, M, N, P R,S, T, V, W, Y}. Another essential
problem is determination of the terminology dictio-
nary 7. In the general case, an annotation of a
known protein is a set of definite key words estab-
lished from published data. Therefore, it is evident
that there are a large number of methods for deter-
mining the terminology dictionary 7. Recently, in
biology the unified system of terms known as GO
(Gene Ontology) [13, 14], which is used for
describing biological functions of proteins, has
gained increasing acceptance.

GO is a hierarchical system of terms. For example,
the property of a protein molecule to bind a magne-
sium ion is assigned in the GO dictionary with a spe-
cial indicator (G0:0000287), a key word pointing to
the corresponding biological function (magnesium
ion binding), and definition of the term (interacting
selectively with magnesium ions). The term “binding
metal ions” (GO:0046872) is situated higher in the
term hierarchy. If the same protein not only binds
magnesium but also takes part in magnesium ion
transport through the cell membrane, it is described by
the term GO:0015693 “magnesium ion transport.”
Thus, the annotation of one protein or another in the
GO dictionary may be understood as a set of corre-
sponding identifiers {GO:0046872, GO:0000287,
GO0:0015693, ...} and key words and definitions unam-
biguously assigned to these identifiers.

The GO database (www.geneontology.org) con-
tains more than 23100 such terms applicable for
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Fig. 1. Annotation of the human genome by terms from the GO dictionary. (a) Frequency of occurrence of different terms. Data
for the terms occurring more than three times are shown; (b) examples of most frequently occurring terms; (c) the number of
different terms occurring in the considered sample at most # times.

describing any known biological function of proteins
of one organism or another. In the case of the human
genome, only 5000 terms of these 23100 are used
(Fig. 1). The most frequently used terms are shown in
Fig. 1b.

It should be noted that more than 3000 of these
5000 terms are unique: they occur only in the existing

PATTERN RECOGNITION AND IMAGE ANALYSIS

annotation of the human genome less than 3 times
(Fig. 1¢). Such a low frequency of occurrence does not
allow one to construct an acceptable set of precedents.
Apparently, the problem of unique terms can be solved
by using consistent sets of precedents including pro-
teins with similar biological roles found in genomes of
different organisms.
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2. BELONGING OF A PROTEIN TO CLASSES
OF BIOLOGICAL FUNCTIONS
OF PROTEINS AND #CLASSIFIERS

A term dictionary T of m terms, T = {¢t,, t,, ..., 1,,},

corresponds to m classes of proteins c,c, .., " ,
C" < A*. The inversion of a class C" will be under-
stood as the set of proteins Cfi not belonging to Cr’;
ie., C" nC" = . If each protein P, € Pris assigned
witha list £ < T, £ = {1}, £, ..., t};f}, then the anno-
tated protein P, belongs to &, classes C', C*, ..., C".

Thus, the term #, € T corresponds to the partition of
the set of precedents into two nonintersecting subsets

t, 2 _t - t _t t
¢’ cC’and ¢’ < C' suchthat ¢’ U ¢’ =Prand ¢’ N

_t
¢ =0.

In the general case, classes c" overlap, so that

J

Vij=1, ..., m: C' ~ C" # &. The overlapping of
classes suggests a certain interrelation between phe-
nomena described by the terms 7, and #. The degree of
this interrelation can be estimated by comparing the

powers of the subsets ¢’ and ¢’ of the set of prece-
dents. The linkage between two functional terms 7, and
#; will be understood as the parameter s; defined as

t t
’ 7 ‘c’mc’
sy = sen(le'] - |eh 0l 3)
mm(‘c', c’l)
U i, i b
Fors;=1,c' cc';fors;=—1,c < ¢’ ;ie.,|s;|=

1 corresponds to totally overlapping subsets and the
sign of the linkage s; indicates the order of inclusion of
the /th subset to the jth one. The value s; = 0 corre-

. t. 1.
sponds to totally nonoverlapping subsets ¢’ and c¢’. It
should be noted that the calculation of linkages
between terms will be necessary for estimating the
completeness and consistency of the annotation of
each P, € Pr.

Since ¢’ U ¢ =Prand ¢’ N = @, the solution
to the annotation problem can be reduced to solving m
problems on the membership of P; to each of the m
given classes of biological roles. In this case, the anno-
tation # of a protein P,, which is a list of k; terms, is
uniquely translated to a Boolean vector of annotations

t' such that t' = {t/(P), ..., t(P), ..., 1,(P)}, where

1(P) = 1if P, e C" and 1,(P) = 0, otherwise. The
function ftj (P;), which determines membership in the
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class C” , will be referred to as the #-classifier or the jth
t-classifier. One #-classifier or another relates P; to one

. . t. : _t —t
of two nonintersecting subsets: ¢’ C"oré cC'.A
t-classifier is correct when

VPe Pr:f,’_(P)

1,if Pec’ @

0,if Pec' Peéc’

A, if algoritm has not calculated membership.

Theorem 2. The correctness of each t-classifier is the
necessary and sufficient condition for correctness of
Sfunction F.

Proof. F maps the set of words in the alphabet A4 to
the set of annotations: F: A* — T*. Fis correct if,

on a consistent set of precedents, \v4 (P, t): F(P;) =t.
Pr
It can be written in the annotation vector form as

\PV/ (P, ti): FP)= t'. If all -classifiers ft/ are correct,
the annotation vector t' is calculated as t, = {1, (P),
oo J (P woes [ (PO}, 1, = t', so that A(P) =t'. If at

least one of the t-classifiers is incorrect, t, # t
and, hence, the condition of correctness is violated:

F(P)) # t'. Therefore, the correctness of any ¢-classifier
is a necessary condition and the correctness of m (i.e.,
all) #-classifiers is a sufficient condition for correctness
of F. The theorem is proven.

Sets of precedents can differ in the degree of com-
pleteness of the annotation of each protein. From the
biological point of view, a reliable determination that a
protein P belongs to only one class is, certainly, an
incomplete description of P. According to the pres-
ently available annotation of the human genome, the
majority of proteins and the corresponding genes,
indeed, belong to at least three classes or have at least
three different biological functions (Fig. 2). At the
same time, the number of classes to which a protein
belongs (i.e., |#]) does not exceed 40.

The linkage between terms # and # (s; € [—1, 1])
calculated on the given set of precedents reflects the
degree of similarity between the biological functions of

proteins from the classes C" and C’. There can be
both mutually exclusive classes of biological functions
(s; ~ 0) and classes interrelated to one degree or
another (|s;| > 0). Different variants of linkage between
terms and the corresponding biological functions are
illustrated by the data presented in the table. In this
example, negative values of linkage are absent because
the terms f¢,, ..., t;; are arranged in the order of
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Fig. 2. The number of human genes belonging to \ti| functional classes.

descending frequency of their occurrence in the
genome annotation (as in Fig. 1b).

The calculated linkages agree well with the qualita-
tive relationships known in biology between different
kinds of biological roles of proteins. Let us consider

the linkage of the term ¢, (cell nucleus). The high pos-
itive values of the linkage with the terms #; (regulation
of transcription) and #;; (transcription, i.e., the pro-
cess of gene activation and RNA synthesis) reflect the
fact that practically all processes of transcription pro-

The values of linkage (s;;) for the terms most frequently occurring in genome annotation

Loy ] 5] I3 Iy I I 2 Is fy ho 3
4 1.00 0.03 0.34 0.54 0.62 0.93 0.24 0.10 0.03 0.23 0.95
% 1.00 0.21 0.10 0.06 0.01 0.14 0.30 0.47 0.15 0.01
2 1.00 0.27 0.27 0.23 0.23 0.17 0.12 0.22 0.28
1 1.00 0.80 0.38 0.05 0.05 0.02 0.06 0.50
t5 1.00 0.45 0.05 0.05 0.02 0.06 0.48
ts 1.00 0.04 0.06 0.02 0.05 0.85
t 1.00 0.11 0.07 0.84 0.05
13 1.00 0.58 0.10 0.05
ty 1.00 0.08 0.02
o 1.00 0.05
4 1.00
Term Identifier

t;: cell nucleus GO: 0005634

t,: membrane GO: 0016020

1;: protein—protein interaction GO: 0005515

t,: metal ion binding GO: 0046872

t5: zinc binding GO: 0008270

ts: regulation of transcription GO: 0006355

t;: binding nucleotides GO: 0000166

t3: signal protein GO: 0007165

ty: receptor activity GO: 0004872

1o: binding adenosine triphosphate (ATP) GO: 0005524

#;;: transcription GO: 0006350
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ceed in the cell nucleus. The DNA-binding sections of
many proteins, which are so-called transcription fac-
tors that directly interact with DNA, can bind a DNA
molecule only by virtue of a zinc (metal) ion; hence,
we have the linkage with the terms #, (binding metal
ions) and #; (binding zinc). At the same time, for
example, receptor molecules are situated on the exter-
nal cell membrane, which is physically separated from
the nucleus; hence, the linkages of the term ¢, (cell
nucleus) with the terms 7, (membrane) and #, (receptor
activity) are close to zero.

3. LOCALITY OF THE PROBLEM
ON MEMBERSHIP OF A PROTEIN
IN A FUNCTIONAL CLASS

Different classes of biological functions of proteins
can relate either to the entire amino acid sequence of
a protein P; or to a rather small section of it. For exam-
ple, selective binding of a zinc ion (term GO:0008270)
or magnesium ion (term GO:0000287) is provided by
the existence of one specific subsequence or another
(so-called motif) of 7—10 amino acids that exist. The
same may be said about the proteins' property defined
by the term “binding ATP” (GO:0005524). It is
known that ATP (adenosine triphosphate) is the
energy substrate of a cell, which interacts with many
proteins. The motif of an amino acid sequence that
can be written as (A v G)—X—X—X—X—-G—K—(S v
T), where v denotes “or” and X is any letter of the
alphabet A, binds ATP with high selectivity (motif
PS00017 in the PROSITE database). At the same
time, protein—protein interactions (term
G0:0005515) can involve as many as half the amino
acids of one protein P; or another. In the case of trans-
membrane proteins (GO:0016020, membrane), the
entire amino acid sequence P; often takes part in the
interaction with the membrane.

In other words, one biological function of a protein
or another can be localized or delocalized in the
sequence for the protein P;. No systematic study of this
question has been made, although there are many
known particular cases. For example, the PROSITE
(PROtein SITEs) database [15] contains more than
1500 biologically important motifs of amino acid
sequences similar to the above-presented motif of ATP
binding. Most of these motifs, which enable one to
recognize biological functions of the corresponding
proteins, are significantly shorter than the amino acid
sequences of these proteins. Therefore, it seems rea-
sonable to develop a formalism for studying the local-
ity of various biological functions of proteins.

The proposed formalism is based on the approach
developed earlier for studying the locality of the prob-
lem of protein secondary structure recognition [3]. Let

9
there be given a word U = {u,, u,, ..., u,} of length n
corresponding to the amino acid sequence of a certain
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protein P. Let us determine a certain leading position
i, 1 <i<n. Also assume that there is a mask m = {1,
Wy, ooes Uyt, Where W € Z, 1y <[ < ... < W,,,. We will refer
to ; as positions. The parameter m will be referred to

as the dimension of the mask m and denoted by |m| ;
the value of the expression L, — p; + 1 will be referred

to as the length of the mask and denoted by [m ]. Let

.

us define the subword selection operatorn(i, m, U) as
A >
n(, m, U)

: {”Hu]”iwz'“”iwm if i+, >21,i+p,<n (&)

& otherwise.

A subword or (m , i)-subword will be understood as
a particular value of the operator 1 at a definite posi-

tion i of a certain word 3, selected by virtue of the
mask m . From the point of view of the algorithm for
calculation of estimates [4—7], the pair (m, i) may be
considered as an analog of the support set, and the
(m , i)-subword, as an analog of representative selec-
tion. A motif will be understood as the set consisting of

9
a mask of a certain word U, selected by virtue of the
mask m and an (m, i)-subword, i.e., a pair (m,

A
ne, m, U)).

Let there be given a system of masks M = {r?1l ,
ﬁzz, e ﬁ1N}.Assume that 1;1, = {p: , p;, e H\Im,\ | S
my = (uiv, uév, s ufan! ). We will define a single-ele-

ment system of masks Ms (M) as a united mask m
M|

. L2 . .
such that m = \_Jm,. Obviously, mG: (|my <
k=1
k=1

|Ms|) & ([ 1< [Ms]).

Words P; in the set of precedents Pr have a finite
length, so the domain of the operator n with the given
system of masks M should be written with allowance
for the boundary conditions caused by finite lengths of
amino acid sequences P,. Let L, R € N U {0}. We will
denote the values of L and R calculated on the system
of masks M by L(M) and R(M), respectively. L(M) and
R(M) are defined as the minimum setoffs from the
edges (left and right, respectively) of the upper word at
which all masks from M are applicable. In this case,

N

.. .k 2,
LM) + 1 =minG): V (i+p">1) and RM) =|U| -
k=1
N
max(i): V(i+p|link‘£‘?]|). Then, L(M) =
k=1
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392
max(— min M/f, 0) and, analogously, R(M) =
k=1,N
R
max( max u‘kmd , 0). Thus, the operator n(i, m, U) is
k=1,N

defined on i € {L(M), |Z| — R(M)}. Henceforth, we
will assume that, for the given M, there are definite
values L(M) and R(M) at which the operator n is
applicable.

A definite biological role of a protein P; is per-
formed by a set of definite amino acid residues in the
sequence for this protein. These amino acid residues
form sites, i.e., certain sections in the three-dimen-
sional structure of a protein that are responsible for
performing this biological role of the protein. In the
framework of the developed formalism, such a site,
which uniquely corresponds to a definite biological
role described by a term 7, is a certain set of leading

positions S(P) = {i, ..., i} . The dimension of S(P))
will be understood as the number of positions in it:

|Si(P;)| = k. The length of the site will be understood as
the length of the section of the sequence for the pro-

tein P, that covers thissite, i.e., [S(P)] = (, — 7, + 1).

In the proposed formalism, any set of leading posi-
tions can be described as one leading position and a set
of positions corresponding to a certain system of
masks M. Therefore, the localization of a biological
function in an amino acid sequence is described using
a certain mask. Assume that ¢ is an arbitrary term, 7 C
T. Let us choose an M such that, for this 7, the condi-
tion

Y P.[S(P)] < [My(b)] (©)

is fulfilled.

The hypothesis of locality of the studied problem is
formulated below as a hypothesis of the existence of a
certain local function. According to Theorem 2, the
sought for function F can be uniquely represented as a
set of ¢-classifiers f;(P). The correct local classifier will

be understood as a function f’ 1°° such that

|P| — R(M)

ViVp 4

T Pr k=LM)+1

ki f(n(k, My, P)) = t(P). (7)

Since the problem of annotation can be reduced to
m problems of constructing exact #-classifiers f,j_ ,

henceforth, we will consider the problem in the form
corresponding to condition (7).

PATTERN RECOGNITION AND IMAGE ANALYSIS
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The condition of solvability of a local #-classifier
£ will be understood as the following condition:

m

VY (P (P, (Pat(P) Y (i :

n(l7 MZ(M), P[) = T](k, Mz(M), P2) (8)
= 4(P) = 1(Py).

Theorem 3. A local t-classifier f 1,°c exists if and only
if the condition of solvability for f 100 is fulfilled.

The proof is obvious and is conducted ad absur-
dum.

An important corollary of this theorem is the exist-
ence of solvability at separate masks from M. Let us
introduce the condition of local solvability with the
use of separate masks as

ViV (PP, (P 1(P) V(i k)
j=1 Pr i,ke N
M A}
‘v' . i @)
X ml:n(l’ m, Pl)zn(ka m17P2)
=1
= 1(P)) = ;(P,).

Corollary. A local t-classifier exists under condi-
tion (8").

Any two subwords such as v! = n(, Mz M), P)
and v2 =n(k, Ms (M), P,) in (8) are equal if the letters
at each positions coincide. In other words, for v! =

1 1 2
{vi, vy, .. , V1, the
expression (7, Mz M), P) =n(k, Mz (M), P,) corre-
sponds to the system of equalities S'= {Vu € Ms(M):

! }. Any rﬁk c Ms(M) corresponds to the

i+p

2 2
, v:,,} and v? = {v], v;, ...

2

Vv j+u

9
subsystem of equalities s, = (i, m,, Vi) = n{, my,
|M]
\US¢ and the

k=1

> M
V2)). Since Mg(M) = \Um,;, S =
k=1
~ >
equivalence of the expressions n(i, Ms (M), V1) =n(j,
|M|

~ > n A
Mz (M), V2) in (8) and ( Y G, i, 1) =g,

k=1
~ 2 . "o .
m,, V2| in (§') is evident.

In the modern theory of recognition [4—12], spe-
cial attention is paid to the regularity of the problem of
recognition, because this property of the problem
Vol. 20
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0-deadlock M
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— "/

[p;] number of occurrences in M
Vi, € My (M)
No No Selection
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iy Yes
All positions are
examined? Yes Testing (8') X
for finding min. m
Y, em
STOP H
Eliminating i, Are there \
from examination nuclear ones?
. STOP
Eliminating mask
covering nuclear ones
Eliminating nuclear Yes o - No R ious M
1 from examination Solvability in the sense (8') ——| Return to previous

Fig. 3. A variant of the algorithm for finding irredundant systems of masks.

guarantees its solvability. For the problem in form (7),
locality is defined as

Y (P, 1(P), (Py, t(P)) V (i, k):
Pr

i,keN

(i, Ms(M), P,) % n(k, Ms(M), P,).

®)

Condition (9) is satisfied if the selected united
mask Ms(M) has a sufficiently large dimension. For
the problem in local form (7) to become regular, it suf-

fices that |Mz(M)| > 7, because the existing sets of pre-

cedents are comparatively small, i.e., Z|P| < 4.

Pr

The biological function of a protein is localized if
the length of the corresponding site is much smaller
that that of the amino acid sequence of this protein. In
the proposed formalism, the biological function corre-
sponding to the term 7 can be considered as localized
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on the set of precedents if, for m = }fflz (M), the fol-
lowing condition is fulfilled:

Pl

Y P d i, m, P, [m] < |Pi:
Pr i=1

(10)
n(i,m,P)c P=Pec

Then, the degree of localization of a biological
function in a given protein P will be understood as the

ratio between the length of the mask m and the length
of the amino acid sequence for P:
[m]

loc(t, P) = LR

an

A prior estimate of the degree of localization of an
arbitrary biological function of a protein described by
the term ¢ is practically impossible: for the existing

sets, regularity is attained for |M2(M)| <7. Therefore,
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using |Ms(M)| , it is impossible to make at least rough
estimations of the degree of localization. For an arbi-
trary #, the degree of localization can be estimated (i)
using a significantly greater set of experimental data or
(ii) by constructing a correct #-classifier and analyzing
local solvability of the problem for different lengths of

Ms (M).

Conditions (8) and (8') make it possible to conduct
experiments on estimating the solvability of local
t-classifiers. The most important parameter in con-
ducting these experiments is the system of masks M.
Therefore, it is necessary to consider the possibilities
of varying M.

4. MONOTONICITY OF THE CONDITION
OF SOLVABILITY OF LOCAL 7-CLASSIFIERS

The varying of M consists in adding and removing
separate masks. In the general case, condition (8') of
solvability of local #-classifiers is not monotonic with
respect to M; i.e., the existence of solvability for M
does not imply solvability for an arbitrary M" such that
M € M'. In other words, we cannot exclude the possi-
bility of finding a mask m ¢ M such that, after includ-
ing it into M, the quantities /(M) and »(M) will change
so that the conditions of solvability will be violated
because the requirement of (/{(M), r(M))-correctness
will not be fulfilled. Therefore, it is appropriate to
study the monotonicity of the condition of solvability
under the condition that /(M) and r(M) are invariable.

In the general case, condition of solvability (8') is
not monotonic as well and, for M' < M, the existence
of solvability of the problem Z(Pr, M) does not imply
the solvability of the problem Z(Pr, M"), where M' is
obtained by removing masks from M.

In the general case, the system of masks M for
which the problem is solvable can be redundant in the
sense that the solvability persists after removing some
masks from M. It is especially important to consider
monotonicity in finding irredundant systems of masks.
This question was thoroughly studied in [3] in connec-
tion with secondary structure recognition. The key
conceptions of 0-deadlockness, deadlockness, and
nuclearness of a system of masks have been intro-
duced:

M is 0-deadlock if condition (8') is satisfied for M
but not satisfied for any M' < M such that Ms(M") c

Mz(M);

M is deadlock if condition (8') is violated for any
M c M,

|M| M), ]
Mis nuclear if V ; HH; \V’j(u e m))-
i=1 m, =1

In [3], it has been shown that the exhaustive search
for systems of masks can be reduced by analogy with
the search for minimum DNF (disjunctive normal
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forms) [16] and principles of constructing algorithms
of search for irredundant systems have been proposed.

A variant of the algorithm developed on the basis of
the principles set forth in [3] is presented in Fig. 3. At
the first stage, a 0-deadlock system of masks is found.
Then, less redundant systems of masks are sought on
the basis of nuclearness: a nuclear subsystem enters
into all deadlock systems of masks, and masks covered
by a nuclear subsystem are eliminated.

CONCLUSIONS

A formalism for the analysis of solvability and
locality of the genome annotation problem has been
proposed. It has been shown that the annotation prob-
lem can be reduced to solving a number of simpler
problems on membership in classes of biological func-
tions of proteins by constructing correct local 7-classi-
fiers. The latter is performed by virtue of finding irre-
dundant systems of masks satisfying the condition of
solvability of local #-classifiers on the basis of a consis-
tent set of precedents. An algorithm for conducting
experiments on estimating the solvability of local clas-
sifiers has been formulated.
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