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A model for topological coding of proteins is proposed. The model is based on the capacity of
hydrogen bonds (property of connectivity) to "x conformations of protein molecules. The
protein chain is modeled by an n-arc graph with the following elements: vertices (a-carbon
atoms), structural edges (peptide bonds) and connectivity edges (virtual edges connecting non-
adjacent atoms). It was shown that 64 conformations of the 4-arc graph can be described in the
binary system by matrices of six variables which form a supermatrix containing four blocks.
On the basis of correspondences between the pairs of variables in matrices and four letters of
the genetic code matrices and supermatrix are converted, respectively, into the triplets and the
table of the genetic code. An algorithm admitting computer programming is proposed for
coding the n-arc graph and protein chain. Connectivity operators (polar amino acids) are
assigned to blocks of triplets coding for cyclic conformations (G, A*in the second position),
while anti-connectivity operators (non-polar amino acids) correspond to blocks of triplets
coding for open conformations (C, U*in the second position). Amino acids coded by triplets
di!ering by the "rst base have di!erent structures. The third base for C, U and G, A is
degenerated. Properties of the real genetic code are in full agreement with the model. The
model provides an insight into the topological nature of the genetic code and can be used for
development of algorithms for the prediction of the protein structure.
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1. Introduction

The problem connected with the nature of the
genetic code emerged when the assignment of
coding triplets to encoded amino acids was repre-
sented by the table of the genetic code (Fig. 1)
(Ycas, 1969). Pelc (1965) analysed the correlation
existing between coding triplets and the structure
of amino acids. It was noted that columns con-
taining U, C (the second letter in the triplet) cor-
respond mainly to hydrophobic (Phe, Leu, Ile,
Val, Ala, Pro) and weakly polar (Ser, Thr) amino
-Author to whom correspondence should be addressed.
E-mail: cmid@eltech.ru

0022}5193/01/070303#15 $35.00/0
acids, whereas those containing A, G involve
strongly polar amino acids (Asp, Glu, Asn, Gln,
His, Arg, Lys). The third base does not in#uence
signi"cantly the coded residue (degeneration of
the third base in triplets). Changes in one base of
a triplet often correlate with minimal structural
rearrangements in the side chains of amino acids.

The nature of &&triplet}amino acid assignment''
was "rst discussed by Crick (1968), who sugges-
ted that the modern code could emerge as a result
of a &&frozen accident'' conserved in evolution.
The idea was, however, criticized because of
a number of deviations from the universal genetic
code (Knight et al., 1999). Certain progress has
( 2001 Academic Press



FIG. 1. Table of the genetic code.
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been recently achieved in the investigation of the
spatial structure of the triplet code (Klump, 1993;
Jimenez-Montan8 o et al., 1996; Karasev &
Sorokin, 1997). Klump (1993) proposed a concept
of sequential spaces. Thus, purines and py-
rimidines are represented by one symbol each:
R for purines (A or G) and Y for pyrimidines (C,
U or T). The spatial representation of such a two-
letter code is a three-dimensional cube ("rst
space). Each corner of this cube corresponds to
a particular sequence (in R/Y notation) and all
eight corners represent eight possible permuta-
tions (RRR, RRY, etc.). If bases are given their
correct identities (binary for each position), then
every corner of the basic cube contains another
cube (subcube}second space). The overall dimen-
sion is now six and 43 codons can be represented
in eight subgroups.

Jimenez-Montan8 o et al. (1996) suggested
binary interpretation of the genetic code (Gray
code). According to the authors, a great number
of di!erent Gray Codes can be associated with
the Genetic Code depending on the order of
importance of the bits in a code word. To justify
their choice the authors analysed the signi"cance
of the chemical type of the bases (R}A,
G}purines; Y}C, U}pyrimidines) and of the H-
bonding character: weak (A, U) and strong (G, C)
with two and three hydrogen bonds in Wat-
son}Crick pairs, respectively. They assumed that
the "rst bit in the binary coding is of chemical
and the second one is of H-bonding character,
and assigned the following correspondences
A"00, G"01, U"10, C"11. The binary
code of six variables can be represented by the
Boolean hypercube B6. The authors transformed
the hypercube into the triplet genetic code.
Vertices of the hypercube were labeled with the
corresponding codons and one-letter symbols
of amino acids were assigned to triplets. The
authors (Jimenez-Montan8 o et al., 1996) underline
the signi"cance of single base changes in the
hypercube.

A principal novelty of the third variant of
genetic code in the form of Boolean hypercube B6
is that it includes the idea of the vicinity of the
point (Karasev & Sorokin, 1997). The hypercube
(Fig. 2) encloses more information than that de-
scribed earlier (Yablonskii, 1986). Both triplets
and encoded amino acids are placed in its 64
vertices. Triplets are related via single transitions
of bases, so that neighboring triplets di!er from
one another by one base. The vertices form seven
layers. The structure of the code is hierarchic. The
elements are arranged in two groups. Eight quar-
tets in the upper part of the structure (heavy line)
code for one amino acid each (degeneration of the
third base in triplets) and the other eight quartets
code for two amino acids each. Each triplet from
the upper group is related to a triplet from the
lower group via Rumer transformation (Rumer,
1968): C%A, G%U, obeying C

2
symmetry.

Thus, the vertices of the hypercube can be
brought into one-to-one correspondence with
the 64 six-digit Boolean variables, which, in turn,
can be transformed into triplets of the genetic
code.

Recently (Karasev, 1998; Karasev & Luchinin,
1998; Karasev et al., 2000), a model for topologi-
cal coding of chain polymers was proposed. The
present paper focuses on application of the model
to proteins and genetic code. On this basis
isomorphism of the genetic code to Boolean
hypercube B6, the nature of &&triplet-amino acid
assignment'' and characteristics of the code are
analysed.



FIG. 2. Topological structure of the triplet genetic code. (a) general structure, isomorphic to Boolean hypercube B6 ; (b)}(d)
hierarchy of the hypercube structures: (b) two sets M

1
and M

2
comprising 32 elements each; (c) four sets SM

1
}SM

4
comprising 16 elements each; (d) eight octets O

1
}O

8
; I}VII}strata.

TOPOLOGICAL NATURE OF GENETIC CODE 305
2. The Model for Topological Coding of Proteins

2.1. DEFINITIONS

Earlier, the capacity of the main and side
chains of chained polymers to "x the con-
formation of the latter was assumed as a
prerequisite of their self-assembly (Karasev
et al., 2000). Such a capacity was called
connectivity. Polypeptides are chained polymers
possessing connectivity. Their conformation
is "xed due to hydrogen bonds and other inter-
actions.



FIG. 3. Fragment of a linear chain polymer, its graph and matrix (b). (a) HN}C"O}groups of atoms connecting i}i!1,
i!1}i!2, i!2}i!3 and i!3}i!4 atoms into the chain; atoms NH and O are connected by hydrogen bonds providing
"xation of the ith and (i!4)-th atoms; (b) structural edges bind vertices i}i!1, i!1}i!2, i!2, i!2}i!3 and i!3}i!4;
the connectivity edge connects vertices i}i!4; in the matrix it corresponds to 1: k

s
*structural edge constant;

k
c
*connectivity constant.
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The polypeptide chain can be represented
by the n-arc graph (Karasev, 1998). The 4-arc
graph [Fig. 3(b)] is a minimal model. Vertices
(i, i!1,2, i!4) correspond to the a-carbon
atoms of the periodically repeated unit (residues)
of the protein molecule [Fig. 3(a)]. Structural
edges k

s
(solid lines), connecting vicinal vertices,

represent corresponding peptide bonds. To
model fragments of the protein molecule "xed
due to hydrogen bonds, steric hindrance or
otherwise, we close the graph with a &&connect-
ivity'' (virtual) edge [Fig. 3(b), dotted line]. The
connectivity edge is ascribed the value k

c
, varying

in the range 0}2k
s
. In the latter case, the graph

becomes linear chain without connectivity
edges.

Let us denote the occurrence of a connectivity
edge as &&1'' and the absence of such an edge as
&&0''. Matrix representation of the connectivity
states of the graph [Fig. 3(b)] is given in the same
"gure. In Fig. 3(a), the hydrogen bond of two
peptide groups "xes i}i!4 a-carbon atoms, thus
rendering them connected. In the matrix, this
pair is represented by 1, while disconnected pairs
of vertices are represented by 0. Protein confor-
mations, connectivity states of the graph and
their algebraic description were provided earlier
(Karasev et al., 2000). The general form of the
matrix, describing the connectivity state of the
4-arc graph is shown in Scheme (1):

i!2 i!3 i!4

i x
1

x
2

x
3

i!1 x
4

x
5

i!2 x
6

(1)
i, i!1,2, i!4 are vertices of the graph,
x
1
, x

2
,2, x

6
are variables assuming values 0

or 1. We shall also use a compact notation:
x
1
x
2
x
3
x
4
x
5
x
6
.

2.2. SUPERMATRIX OF THE CONNECTIVITY STATES

FOR THE 4-ARC GRAPH

All possible connectivity states of the 4-arc
graph from completely extended (matrix contain-
ing only 0-elements) to completely connected
(matrix containing six elements equal to 1) were
considered. There are 64 connectivity states of
the 4-arc graph and corresponding matrices
(Fig. 4) They can be converged to a &&supermatrix
of connectivity states'' (SCS). The SCS is con-
structed according to the following rules: rows
are generated by the "rst pair of variables (x

1
x
2
)

in the sequence 00, 10, 01, 11 and columns*by
the third pair of variables (x

5
x
6
) in the sequence

00, 01, 10, 11. Thus, the SCS consists of four
blocks, comprising 16 states each. The main
property of each block is the occurrence of com-
mon second pairs of variables (x

3
, x

4
!00, 01,

10, 11).
One can "nd two types of symmetry in the

SCS. One of them exists within blocks. Thus, in
the "rst block (x

3
x
4
"00) the connectivity states

of the "rst and third pairs are symmetrical, i.e.
00% 00, 10% 01, etc. The corresponding ma-
trices and graphs are arranged symmetrically
with respect to the main diagonal. A particular
case of this symmetry is the intrinsic symmetry of
matrices lying on the main diagonals, e.g. 000000,
100001, 010010, 110011.

The second type of symmetry is related to the
structure of the SCS as a whole. Two groups of



FIG. 4. Supermatrix of connectivity states for the 4-arc graph. Pairs of variables are marked with numbers in the left upper
and lower corners of the table. Graphs are constructed for k

c
"J2. Two groups of elements related by symmetry C

2
and

antisymmetric transformation of variables (0% 1) are separated by a thick line.
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matrices, in which 0-elements of the matrix be-
longing to one group correspond to 1-elements
of the matrix of the other group and vice versa,
e.g. 000000%111111, occupy positions which are
related by C

2
symmetry (separated by a solid line

in Fig. 4). This type of symmetry was called
antisymmetry (Karasev et al., 2000).
From Fig. 4 it is seen that the connectivity
pattern of the graphs is mainly determined by
connectivity in i!i!4 and i!1!i!3 posi-
tions (pair of variables x

3
x
4
). Thus, in the block

with x
3
x
4
"00 weakly connected graphs domin-

ate (the number of the degrees of freedom 1 and
2). One can conceive it pulling the graph by one



*A program was written on the basis of the algorithm
(Karasev & Demchenko, 1998). Readers interested in the
computer program may contact the authors.

308 V. A. KARASEV AND V. E. STEFANOV
of its vertices. If this does not necessarily cause
displacement of two other vertices, the fragment
is said to have a degree of freedom. Only the last
graph of that block (variables 110011) has
a stable connected conformation (no degree of
freedom). In the block with x

3
x
4
"01, mainly

graphs are present, having conformation with
2 to 1 degrees of freedom. The graph character-
istic of this group is 100101. It corresponds to the
b-sheet structure of protein. As in the previous
block, the conformation of the last graph
(110111) is the only stable one. It represents
3
10

helix (Karasev, 1998). Blocks 00 and 01 con-
tain mainly open conformations of the 4-arc
graph.

In the next block (x
3
x
4
"10), due to connect-

ivity between vertices i and i!4, the graph
closes, forming a ring. Graphs in the upper left
corner have unstable conformations inside the
cycles (degrees of freedom from 2 to 1), while
three graphs in the lower right corner have stable
conformations (111010, 011011 and 111011)*
equivalent of a-helix conformation. Finally, in
the block with variables x

3
x
4
"11, there are

eight stable conformations. They occupy the last
three columns and the lower three rows, with the
exception of element 011110. All of them repres-
ent a-helix (Karasev et al., 2000). Thus, blocks 10
and 11 contain only cyclic conformations. Spatial
representation of the resulting supermatrix
composed of &&six variables'' elements is Boolean
hypercube B6 (Karasev et al., 2000).

2.3. TRANSFORMATION OF SUPERMATRIX OF

CONNECTIVE STATES INTO THE TRIPLET

GENETIC CODE

Information about the graph structure pre-
sented in the matrix form cannot be used for
transmission, reproduction and copying. It
should be transformed into a suitable form of
unbranched chain. Since the number of variables
in the matrices describing connectivity states of
the 4-arc graph, is equal to 6, i.e. three pairs, and
the total number of matrices in the SCS is 64,
coding becomes possible on the basis of the four-
letter alphabet. For pairs of variables x

i
x
i`1

we
introduce the notation X>Z:

x
1
x
2
"X, x

3
x
4
">, x

5
x
6
"Z. (2)
The values 00, 10, 01, 11, assumed by x
i
x
i`1

,
can be denoted by symbols C, U, G, A of the
genetic code:

C"00, U"01, G"10, A"11. (3)

Using this correspondence, we transform the
SCS (matrices) into the code, shown in Fig. 5.
Triplets appear together with the amino acids
they code for, as in Fig. 1. Information on the
structure of the 4-arc graph in terms of the four-
letter code assumes the form of a linear chain.

The second letter of the triplet (Y), the same for
the whole block, codes for variables x

3
and x

4
and contains the main information on the graph
structure. Symmetric matrices describing sym-
metric conformations of the 4-arc graph are en-
coded by triplets arranged symmetrically with
respect to the main diagonals of the blocks
(Fig. 5). Antisymmetric matrices, related by sym-
metry C

2
, are encoded by triplets, which trans-

form into each other according to Rumer's rule:
C%A, G%U (compare Figs 5 and 2). Detailed
analysis of the structure of the SCS matrix and its
transformation into the table of the genetic code
showed that 64 connectivity states of 4-arc
graphs can serve as topological basis for the
genetic code (Karasev et al., 2000).

2.4. ALGORITHM OF CODING FOR THE n-ARC GRAPH

AND n-UNIT PROTEINS

Earlier (Karasev, 1998; Karasev & Luchinin,
1998; Karasev et al., 2000) we developed an algo-
rithm* for coding n-arc graphs. In the present
work we have adapted the method for the analy-
sis of protein molecules. We assume that protein
self-assembly proceeds co-translationally, i.e.
synchronized with its synthesis (Ellis & Hartl,
1999), passing consecutively the stages from
the short-range structure up to folding of the
completed blocks into tertiary structure. The al-
gorithm deals with the short-range structures.
The short-range structure of the n-arc graph is
described with the quasi-diagonal matrix (Q-
matrix).



FIG. 5. Transformation of the supermatrix of connectivity states of the 4-arc graph into the genetic code.
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At the initial stage of coding, matrices of six
elements (marked with triangles in Fig. 6) are
identi"ed in Q-matrix, whose variables y

ij
, as-

sume values 0 or 1, similar to x
i
. Variables y

02
,

y
~11

, as well as y
11

, y
12

appear in two matrices,
whereas y

01
*in three. To encode the fragment

each variable is expanded into components
(arrows originating in Q-matrix, Fig 6). Connect-
ivity assumes values 0 or 1, admitting disjunction
formalism of summation [Scheme (4)]:

0#0"0, 1#0"1, 0#1"1, 1#1"1.

(4)



FIG. 6. Algorithm for coding*decoding of proteins.
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Pairs of variables in the marked matrices
are encoded as triplets and written down in
order, as shown in Fig. 6: X

0
>
0
Z

0
, X

1
>
1
Z

1
,

X
2
>
2
Z

2
,2, X

i
>
i
Z

i
. To reproduce the encoded

structure, physical operators written down in the
left column: Ini, Abc,2, Uxy (amino acids in the
case of protein) should correspond to each triplet.

The decoding procedure is performed in
the opposite direction. Triplets are decoded into
matrices. Summation of variables follows the
&&disjunction'' principle and results in the original
Q-matrix. The algorithm implies an unambigu-
ous decoding, whereas the same Q-matrix can be
expanded by a number of ways. Therefore, one
optimal graph topology can be used in coding
proteins with di!erent properties. Relevant
examples have been reported in Ptitsyn &
Finkelstein (1980).

3. Reconstitution of Proteins Structure
and the Genetic Code

3.1. ASSIGNMENT OF PHYSICAL OPERATORS

TO TRIPLETS

Two speci"c features of conformations of the
4-arc graph within SCS have been mentioned
above: occurrence of two types of conforma-
tion*open (blocks 00 and 01) and close helical
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(blocks 10 and 11); symmetry of pairs of confor-
mations within each block. Physical operators
should re#ect these features. The most stable con-
formation of the protein chain is a-helix (Lim
& Aglyamova, 1999). A newly synthesized frag-
ment will tend to assume the optimal, i.e. helical
conformation. Such a fragment bonded on the
ribosome to tRNA and the corresponding matrix
is shown in Fig. 7. The only site that can be
a!ected by the side chain R of the just bound i-th
amino acid is the area where the hydrogen bond
between groups O"C}N

i
H and O

i~4
"C}NH is

formed. This is represented by variable x
3

in the
matrix. Connectivity and anti-connectivity oper-
ators can be distinguished by their mode of action.

3.1.1. Connectivity Operators

Connectivity operators are amino acid side
chains which provide additional "xation of
a four-element fragment, e.g. due to hydrogen
bonds, in accordance with the encoded fragment
of the 4-arc-graph. The generalized form of the
connectivity operator is shown in Fig. 7(b). The
terminal group Q"R}XH of the side chain of the
i-th amino acid is capable of forming a hydrogen
bond with group O

i~4
"C}NH (Fig. 7), contribu-

ting the variable x
3
"1 into the matrix.
FIG. 7. Physical operators. (a) four-element protein fragmen
s*electron shell radius of the methyl group. d*carbon atom
3.1.2. Anti-connectivity Operators

Anti-connectivity operators are amino acid
side chains which obstruct formation of a four-
element fragment in accordance with the encoded
fragment of the arc-graph. The side chain of the
anti-connectivity operator, shown in Fig. 7(c),
builds in the zone of the hydrogen bond of the
main chain and thus obstructs formation of the
four-element cycle (variable x

3
"0 in the matrix).

It follows from Fig. 7(b) and (c) that connect-
ivity operators (polar amino acids, variable
x
3
"1) must be assigned to blocks 10 and 11,

whereas anti-connectivity operators (non-polar
amino acids, variable x

3
"0)*to blocks 00 and

01. Thus, after transformation into the topologi-
cal genetic code the connectivity operators will be
assigned to the "rst two blocks of triplets (G"10
and A"11) and the anti-connectivity operators
to the other two (00"C and 01"U). This is
supported by the arrangement of polar and non-
polar amino acids in the code (Fig. 5).

3.2. AMINO ACIDS AS PHYSICAL OPERATORS

To identify sites of amino acids, which may act
as physical operators, we analysed 32 protein
structures. We found cyclic fragments, where side
chains of amino acids form hydrogen bonds with
the main chain, and arranged them in the table
t; (b) connectivity operator; (c) anti-connectivity operator.
s.



FIG. 8. Side chains of polar amino acids as connectivity operators.
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(Fig. 8). Conformations of the amino acids are
shown as they are encountered in proteins. The
table begins with Gly

1
, which has no side chain

and can be considered as part of a polypeptide
chain with the property of connectivity. Its
HN}C"O-group between amino acids i and
i#1 often forms an additional hydrogen bond
with carbonyl O"C-group of amino acid i!4
(Gly

3
). Practically all other amino acids con-

taining polar groups in the side chain are
capable of forming hydrogen bonds with the
main chain thus providing "xation of a four-
element fragment. The only exception is Tyr,
whose cyclic fragment was not recorded in the
chosen proteins. Hence, amino acids shown in
Fig. 8 exhibit features of connectivity operators.
It was also revealed that more than 90% of such
bonds are formed between the side chain of the
ith residue and the C"O-group of the (i!4)th
residue.
FIG. 9. Side chains of non-polar and weakly polar amino ac
Depending on the length of the side chains the
slope of hydrogen bonds varies from left (for Gly

2
,

Ser, Thr and Cys) to right (for Arg and Lys) (Fig. 8).
This indicates that the limiting size of the side chains
of polar amino acids can be speci"ed by their
zone, where they function as physical operators.

In Fig. 9, side chains of non-polar amino acids
are shown in the conformation of anti-connect-
ivity operators. Pro is a typical anti-connectivity
operator, which obstructs formation of the four-
element cycle. N atom of this amino acid is
located in the "ve-atom cycle and is not able to
form a hydrogen bond with O

i~4
"C}NH-group.

It is just Pro that terminates the a-helix. It is
logical to assign zero connectivity to Pro. Com-
paring Figs 4 and 5, one can see that all four
triplets of the "rst row in the block C"00 code
for conformations of the 4-arc graph with the
minimal connectivity, and it is just these confor-
mations that correspond to Pro.
ids as plausible anti-connectivity operators.
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Side chains of the amino acids Val, Ile and Thr
(the group of Val) have two substituents in b-
position, which also obstruct formation of the
four-element close cycle. Val is the most e$cient
amino acid in forming b-structure (Schulz &
Schirmer, 1979). Comparing Figs 4 and 5, we see
that triplets, corresponding to Val, code for b-
structure conformations of the 4-arc graph. The
amino acids Leu and Phe (the group of Leu) have
two substituents in c-position. Their behavior
must be similar to that of the former group.

We presume that Ser and Thr, manifesting
a dual character, can function both as anti-con-
nectivity and connectivity operators, which are
present in both groups of operators (Figs 8 and
9). As in the case of connectivity operators, one
can presume that the limiting size of the side
chains of non-polar amino acids is also speci"ed
by their zone, where they function as operators of
anti-connectivity.

3.3. RECONSTRUCTION OF SYMMETRIC

CONFORMATIONS

To conceive physical operators which recon-
struct symmetric conformations, one should take
into account that in the process of biosynthesis
amino acids bind to tRNA in the same position
(Kaziro, 1978). Only side chains of amino acids
change. Suppose that these are connectivity oper-
ators with similar properties but of di!erent size
(Fig. 10). Let us denote functional groups situated
at the end of the chains as Q

1
"R}X

1
and
FIG. 10. Reconstitution of symmetrical conformation by di!
di!erent lengths).
Q
2
"R}X

2
. As seen from Fig. 10, hydrogen bonds

of two side chains of di!erent lengths have di!er-
ent slope and, hence, di!erently directed "eld
lines. Connectivity of the i-th}(i!4)-th a-carbon
atoms in the two cycles is the same (dotted line),
whereas connectivity of other atoms is di!erent.
For the left operator, the traction force is directed
to the left (dotted line with arrows) so that the
i-th}(i!2)-th atoms become connected. For the
right operator this force is right directed and
connected are atoms (i!2)-th}(i!4)-th. The
above is re#ected in matrices 101x

4
x
5
x
6

and
x
1
x
2
1x

4
01. The two operators (side chains) di!er

by their length and generate symmetric confor-
mations (Fig. 10). Apparently, this can be recog-
nized as a general principle of triplet}amino acid
assignment in the genetic code. The reasoning is,
apparently, applicable to the anti-connectivity
operators as well.

In fact, triplets arranged symmetrically with
respect to the main diagonals of the blocks of the
genetic code, code for non-identical amino acids
(Fig. 5): Ala}Pro, Ser}Pro, Thr}Pro, Ser}Ala,
Thr}Ala, Thr}Ser occupy symmetric positions
in block C"00; in block U"01 these are
Val}Leu, Phe}Leu, Phe}Val, Ile}Leu, Ile}Val,
Met}Leu, etc. (Fig. 5). There are six Leu in that
block. However, pairs of Leu do not occupy
symmetric positions. Neither do six Arg of the
block G"10. Similarly, in the block A"11, Asp
and Asn, though similar in size, do not occupy
symmetric positions, neither do Glu and Gln.
erent physical operators (side chains of polar amino acids of
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Thus, the triplet}amino acid assignment, ob-
served in the genetic code does not disagree with
the idea that symmetric conformations are recon-
structed by di!erent physical operators. There
is no problem of reconstruction of symmetric
conformations, situated on the main diagonals,
owing to the degeneration of the third letter in
the triplet (see Section 3.4).

It should be also noted that both polar and
non-polar amino acids can function as physical
operators only if their orientation is towards
protein, as shown in Fig. 7. They act upon the
already synthesized structure, i.e. they are retro-
operators. That is why all amino acids must have
the same stereo con"guration.

3.4. CONSEQUENCES OF THE CODING ALGORITHM

Let us consider coding}decoding of the i-th
triplet, shown in Fig. 6, which represents the i-th
stage of protein synthesis [Scheme (5)]:
depends both on the values of x
i4

and x
i5

(0 or 1)
and on the probability of the particular meaning
assumed by the "rst letter in the (i!1)-th triplet
(X

i~1
"x

(i~1)1
x
(i~1)2

). The latter event is deter-
mined by evolutionary factors and requires
a special investigation.

Of major interest is variable x
i6

, which appears
in the sum: x

(i~2)1
#x

(i~1)4
#x

i6
. There are

eight possible items: 000, 001, 010, 011, 100, 101,
110, 111, of which seven include value 1, so that
addition carried out according to disjunction
logic gives 1. Therefore, the probability of value
&&0'' appearing is negligible (1/8). Hence, the value
of variable x

i6
(0 or 1) is no more of any import-

ance. This means that the part of the 4-arc
fragment of the protein structure described by
variable x

i6
(i!2}i!4) is completely formed

and cannot be in#uenced by the i-th physical
operator. Therefore, the operators, which corre-
spond to triplets with the third letter C"00 and
The procedure carried out according to
Scheme (5) implies that variables x

i1
, x

i2
, x

i3
are

the most important in the speci"c activity of the
physical operator. Variable x

i3
is common for the

whole block, while x
i1
x
i2

correspond to the "rst
letter of the triplet (X

i
). Hence, this letter ac-

counts for the di!erence between the side chains
of operators placed in neighboring rows. In fact,
from Fig. 5 one can see that neighboring rows are
occupied by di!erent amino acids, e.g. in the "rst
block these are Pro (x

i1
x
i2
"00), Ala (10), Ser

(01), Thr (11) and in the second*Leu (00), Val
(10), Phe}Leu (01), Ile}Met (11), etc.

That part of the graph conformation, which is
coded for by the second letter, can be completely re-
alized only for variable x

i3
corresponding to the true

value y
i3

. The type of conformation (open or closed)
therewith is reproduced by the physical operator.

At the (i!1)-th stage, variable x
i4

is added to
x
(i~1)1

and x
i5

to } x
(i~1)2

, whose performance
U"01, as well as G"10 and A"11, should be
the same.

The obtained consequences are well illus-
trated by the genetic code (Fig. 5). One can see
the pairs of amino acids through all the struc-
ture of the genetic code, e.g. Phe}Phe (C, U),
Leu}Leu (G, A) Ser}Ser (C, U), Arg}Arg (G, A),
etc. In all blocks of the code, in half of the cases,
one triplet in a pair, coding for the same amino
acid, is from the main diagonal (Fig. 5). There-
fore, no special operators are necessary for the
reconstruction of symmetric conformations of
the 4-arc graph. The fact that in the upper part
of the code four triplets coincide (variable x

5
is

of no importance) has no e!ect on our con-
clusion about variable x

6
. The only exceptions

are amino acids Met and Ile in the block U"01
and Trp and stop-codon (T) in the block
G"10, which also often form pairs in the
mitochondrial code (Knight et al., 1999).
No. AA Triplets Matrices Q-matrix

i Uxy X
i
>
i
Z

i
x
i1

x
i2

x
i3

y
i1

y
i2

y
i3

i!1 Tux X
i~1
>
i~1

Z
i~1

x
(i~1)1

x
i4

x
(i~1)2

x
i5

y
(i~1)1

y
(i~1)2

i!2 Stu X
i~2
>
i~2

Z
i~2

x
(i~2)1

x
(i~1)4

x
i6

y
(i~2)1

(5)
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The analysis of amino acids as physical oper-
ators, carried out in this section, can be used in
development of an algorithm for prediction of
protein structures.

4. Conclusion

The proposed model explains the occurrence
of 64 triplets in the code by the fact that the
encoded object is the 4-arc graph (analog of the
helical fragment of protein) which can assume 64
connected conformations. Their matrix descrip-
tion leads to the structure of the triplet genetic
code isomorphic to Boolean hypercube B6. Lin-
ear non-overlapping pattern of genetic messages
results from the algorithm of coding developed
for n-arc graph using the quasi-diagonal matrix.
It was shown that the matrix can be converted
into a linear chain of triplets. The model explains
the nature of &&triplet}amino acid assignment''.
The capacity of the polypeptide chain to fold
spontaneously, accompanied by formation of
continuous HN}C"O-groups, is regulated by
the side chains of amino acids. The latter are
regarded as connectivity (polar amino acids) and
anti-connectivity (non-polar amino acids) phys-
ical operators. Polar amino acids must be as-
cribed to triplets with G, A in the second position
(they code for cyclic conformations), whereas
non-polar*to triplets with C, U in the second
position (they code for weakly connected and
open conformations). The algorithm accounts for
the base degeneration in the third position. By and
large, properties of the real genetic code are in
full agreement with the model. Thus, from the
viewpoint of the model, the triplet}amino acid
assignment suggests reconstitution of protein
conformations encoded by triplets rather than
manifestation of a &&frozen accident'' (Crick,
1968).

The model of topological coding of chained
polymers is, apparently, applicable not only to
proteins but also to other classes of biological
chained polymers, particularly, to nucleic acids.
One can presume that nitrous bases can form
a system of physical (connectivity and anti-
connectivity) operators. This makes clear why
t-RNA and ribozymes of complex topology
contain a great number of methylated nitrous
bases.
The proposed model has certain limitations. It
does not deal with the functions which amino
acids may have in the protein structure. It neither
addresses nor answers the question why a par-
ticular set of amino acids is realized. It may be
expedient to complement the approach with the
concept (Karasev et al., 1994) treating polar
amino acids as functional modules (elements of
initiation, delay, inversion, etc.) of conjugated
ion}hydrogen bonds systems.

In general, the proposed model provides a new
insight into the topological nature of the genetic
code and can be used for development of
algorithms for the prediction of the protein
structure.
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