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B nanHO# paboTe ¢ NOMOIIBI0 METOAOB MaTeMaTH4eCKOro MOJIEIMPOBaHMs PEIIaeTcs 3a4a4a 0 MoCTpoe-
HUM 3JICKTPOHHOTO aHajora HeomHopoaHoi JIHK. Takue 3yeKTpOHHBIC aHATIOTH, HAPSLY ¢ IPYyrHMu (Qu3nde-
CKUMH MOACIAMU KHUBBIX CUCTEM, IIMPOKO UCHOJIB3YIOTCA B KaUCCTBC MHCTPYMCHTA JId U3YUYCHUA JUHAMUYC-
CKUX M (DYHKIIMOHAIBHBIX CBOWCTB ATHX CUCTEM. PellleHue 3aaud CTPOUTCS Ha OCHOBE aJTOpPHTMA, pa3pabdo-
TAaHHOTO paHee JUis ogHOpomHO# (cmHTeTmdeckoi) JJHK u moguduumpoBaHHOro Takum o0pa3oMm, 4TOOBI €ro
MOXHO OBUIO MCIIONIB30BaTh JJIS Citydas HeomgHopoaHou (mpupoanoi) JHK. Dror anroputm Britodaer cie-
IYIOIUE IIard: BEIOOp MOJENH, IMUTHPYIOIe BHyTpeHHIol noasmkHocTh THK; mocTpoenne nmpeobpasoBa-
HUS, o3BoJIsTtomiero nepeiitu ot monenu JTHK k ee aekTpoHHOMY aHaJIOTy; MTOUCK YCIIOBHMA, 00ECTIEIMBAFOIIINX
aHanoruto ypapHenuii IHK v ypaBHEHUI 3JE€KTPOHHOIO aHajora; pacdyeT HapaMeTpoB HKBUBAJIEHTHOW 3JIEK-
Tpuueckoi renu. J{ns onmmucanms HeogHopoanoit JIHK Obu1a BeiOpana Moiens, mpeacTaBistonas co0oi cucreMy
JIICKPETHBIX HENWHEWHbIX NU(QQEepeHHaNIbHBIX YPABHEHUH, IMUTHPYIOIMX YTIJIOBbIE OTKJIIOHEHHSI a30THUCTBIX
OCHOBaHHH, U COOTBETCTBYIOIINI STHUM YPaBHEHHUSIM raMUJIbTOHHAH. 3HAa4YeHHs KO3()(MUIHNEHTOB B MOAECIBHBIX
YpaBHCHHUAX IMOJHOCTBIO ONPEACIAIOTCA JUHAMUYCCKUMHU ITapaMETpaMn MOJICKYJIbL I[HK, BKJIFOHYasi MOMEHTbBI
MHEPLUH a30THCTHIX OCHOBAaHHM, KECTKOCTh caxapo-(ochaTHON Lenu, KOHCTaHThI, XapaKTepPU3yoI1e B3auMo-
JIEHCTBUS MEXy KOMIUIEMEHTapHBIMU OCHOBAaHUSIMU BHYTPHU Iap. B xauecTBe OCHOBBI JUIsl TIOCTPOEHUS JIEK-
TPOHHON MOJEH ObUIAa MCIIOJIb30BaHA HEOTHOPOAHAS JIMHUS JI>)K03e(CoHa, IKBUBAICHTHASI CXeMa KOTOPOH CO-
JIEp’KUT YeTbIpe Tuna siueek: A-, T-, G- u C-sueliku. Kaxxgas siuelika, B CBOIO 04€pe/ib, COCTOUT U3 TPEX JIEMEH-
TOB: €MKOCTH, WHAYKTUBHOCTH U J[KO3¢()COHOBCKOTO KOHTakTa. Baxkno, utoObl A-, T-, G- u C-sueciiku
JK03e(hCOHOBCKOW JIMHUH PACIONATANCh B ONPEACICHHOM MOPSIKE, KOTOPHIA aHAJOTHYCH MOPSAKY PacIoio-
skeHus a30TucThix ocHoBaHuil (A, T, G u C) B mocnegoBatensHOcTH JJHK. Tlepexon ot JJTHK k amekTpoHHOMY
AQHAJIOTy OCYIIECTBIISICS C TIOMOIIBI0 A-IIpeoOpa30BaHMs, YTO IMO3BOJIMIO PACCUYUTATH 3HAUYCHUS €MKOCTH, MH-
TYKTHBHOCTHU U JPKO3€(COHOBCKOTO KOHTaKTa B A-sueiikax. 3HaueHus napamerpoB i T-, G- u C-g4yeex 3KBU-
BaJICHTHOHN 3JIEKTPUYIECKOH IeTTH OBUTH TOTYYEHBI U3 YCIOBHHA, HAKIAIBIBAEMBIX Ha KO3(D(PUIIMEHTHI MOIEITHHBIX
ypaBHEHHMIA U obecrieunBaronmx ananoruto Mmexay JJHK u anexkTpoHHO# MoieIbio.

Kirouebie cioBa: monenuposanue quHamuku JIHK, ypaBaenue cunyc-I'opnona, nunus Jxo3edcona, He-
OJIHOPOJAHBIN 3JIEKTPOHHBIHN aHajIor
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In this work, the problem of constructing an electronic analogue of heterogeneous DNA is solved with the
help of the methods of mathematical modeling. Electronic analogs of that type, along with other physical models
of living systems, are widely used as a tool for studying the dynamic and functional properties of these systems.
The solution to the problem is based on an algorithm previously developed for homogeneous (synthetic) DNA
and modified in such a way that it can be used for the case of inhomogeneous (native) DNA. The algorithm in-
cludes the following steps: selection of a model that simulates the internal mobility of DNA; construction of
a transformation that allows you to move from the DNA model to its electronic analogue; search for conditions
that provide an analogy of DNA equations and electronic analogue equations; calculation of the parameters of
the equivalent electrical circuit. To describe inhomogeneous DNA, the model was chosen that is a system of
discrete nonlinear differential equations simulating the angular deviations of nitrogenous bases, and Hamiltonian
corresponding to these equations. The values of the coefficients in the model equations are completely deter-
mined by the dynamic parameters of the DNA molecule, including the moments of inertia of nitrous bases, the
rigidity of the sugar-phosphate chain, and the constants characterizing the interactions between complementary
bases in pairs. The inhomogeneous Josephson line was used as a basis for constructing an electronic model, the
equivalent circuit of which contains four types of cells: A-, T-, G-, and C-cells. Each cell, in turn, consists of
three elements: capacitance, inductance, and Josephson junction. It is important that the A-, T-, G- and C-cells of
the Josephson line are arranged in a specific order, which is similar to the order of the nitrogenous bases (A, T, G
and C) in the DNA sequence. The transition from DNA to an electronic analog was carried out with the help of
the A-transformation which made it possible to calculate the values of the capacitance, inductance, and Joseph-
son junction in the A-cells. The parameter values for the T-, G-, and C-cells of the equivalent electrical circuit
were obtained from the conditions imposed on the coefficients of the model equations and providing an analogy
between DNA and the electronic model.
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1. Introduction

Modeling is known as one of the most important tools for studying living systems. A striking ex-
ample is the model of the DNA double helix proposed by Watson and Crick [Watson, Crick, 1953],
which led to a breakthrough in understanding the mechanisms of functioning of this molecule. Further
studies have shown, however, that it is important to create not only static, but also dynamic DNA mod-
els that reflect the internal mobility of the molecule. These models can be of various types: mechanical,
electronic, optical. The main requirement for them is the ability to reproduce a variety of dynamic re-
gimes which are observed or that could be observed in a DNA molecule, including one of the most in-
teresting regimes — formation of the DNA open states, also named bubbles [Englander et al., 1980;
Shigaev et al., 2013; Dzhimak et al., 2018]. These bubbles, are small (10—15 base pairs) regions inside
of which the hydrogen bonds between complementary nitrous bases are broken [Hwa et al., 2003; van
Erp et al., 2006; Tchernaenko et al., 2003; Grinevich et al., 2015; Sicard et al., 2015]. It is known that
the bubbles are formed, for example, at the initial stage of transcription upon binding of RNA polymer-
ase to promoter DNA regions [Robb et al., 2013; Pal et al., 2005]. The movement of the transcription
bubbles (Fig. 1) along the double helix is considered as an important part of the transcription process,
which affects velocity and efficiency of the process [Severin, 2016; Yakushevich et al., 2018].

Fig. 1. Schematic representation of a transcription bubble

The first mathematical model, reproducing the movement of the DNA open states, has been pro-
posed by Englander and coauthors [Englander et al., 1980]. It was based on the mechanical model of
Scott [Scott, 1969], which is a chain of identical pendulums suspended on a horizontal thread at the
same distance from each other and connected by springs [DNA Solitons..., 2007; The model of Scott,
2014]. Englander and coauthors suggested that pendulums imitate nitrogenous bases, the horizontal
thread imitates the sugar-phosphate chain, and the gravitational field imitates the field induced by the
second DNA strand. In essence, they proposed a simple mechanical analogue of homogeneous DNA,
which allows reproducing the movement of transcriptional bubbles. Later the mechanical analogue
was extended to the inhomogeneous case [Yakushevich, 2017]. The parameters of the analogue have
been calculated for both homogeneous (poly (A)) and inhomogeneous (the fragment of the T7D bacte-
riophage) sequences.

The DNA mechanical analogue has a number of advantages, the main of which are the simplicity
of reproducing the model and the ability to visualize a variety of dynamic regimes, including those
whose mathematical study by other methods is difficult. However, the mechanical DNA model has one
significant drawback: the model becomes extremely cumbersome in the case of long DNA sequences
(of the order of 1000 or more base pairs). This drawback is absent in the electronic DNA models.

It has been recently shown [Yakushevich, 2017] that the uniform Josephson line [Scott, 1969;
Lomdahl, 1985; Ustinov, 1998] with the equivalent circuit consisting of periodically repeating identi-
cal capacitances C, inductances L and Josephson contacts J (Fig. 2), can be considered as an example
of the electronic analogue of homogeneous DNA. As for inhomogeneous DNA, the problem of the
electronic analogue construction is still unsolved.

The aim of this paper is to solve this problem. We begin with the description of the mathematical
model of the internal mobility of homogeneous DNA and method of constructing electronic analogue of
homogeneous (synthetic) DNA. Then we generalize the approach to apply it to inhomogeneous case.
We propose to use the non-uniform Josephson line as an electronic analogue of inhomogeneous DNA.

2020, T. 12, Ne 6, C. 1397-1407




1400 L. V. Yakushevich

The equivalent circuit of the line should contain four types of the circuit cells: A-, T-, G-, and C-cells,
each of which consists of three elements: capacitance C;, inductance L; and Josephson junction J;
(i=A, T, G, and C). It is assumed that the circuit cells are arranged in a specific order which is similar
to the order of nitrous bases: adenies (A), thymines (T), guanines (G), and cytosines (C), in the DNA

TSGR R R

Fig. 2. Equivalent circuit of the uniform Josephson line. d is the cell size

2. A-transformation as a method of modeling an electronic analogue
of homogeneous DNA

2a. Mathematical model of the internal mobility of homogeneous DNA

Let us start with the homogeneous DNA molecule the sequence of which consists of identical ba-
ses — adenines. The internal mobility of the molecule, including the formation of open states and their
motion along the double helix, can be described in the following way [Englander et al., 1980]:

¢n+l (t) B 2¢n (t) + ¢n—l (t))

2
IA&@(”—KRW( - +V,sing,(t) =0. (1)
dt b
Hamiltonian relating with Eq. (1) has the form:
2 2,2 2
DNA _ I, (d¢, (1) KR (8,()-4,.,(1))
H _Zn:[?( 22| - . +V,(1-cosg, () | 2)

Here ¢,(¢) is the angular deviation of the n-th nitrogenous base located at time ¢ in the vicinity
of the point z,, bis the distance between nearest AT pairs, n = 1, 2, ..., N. Although the DNA
molecule has a wide variety of internal movements, however, it is believed that it is the angular devia-
tions of the bases that make the main contribution to the formation of open states [Yakushevich,
2004]. 1,=M ARi is the moment of inertia of adenine, M , is the mass of adenine, R, is the dis-

tance from the center of mass of the adenine to the sugar-phosphate chain, K is the stiffness coeffi-
cient (tensile) of the sugar-phosphate chain, V, is a constant characterizing the interaction between

complementary bases within the pair AT. For simplicity, it is assumed that the number N is large and
the boundary effects can be neglected.

In the continuum approximation, Eq. (1) transforms to the sine-Gordon equation [Griffiths,
Schiesser, 2012]:

2 2
I, %j’t) — Kb*R’, %i’” +V, sing(z,t)=0, (3)
dt dz
and the Hamiltonian (2) transforms to:
1,(04(z,t : od(z,t : dz
HY, = J B[—% )) —Kb’R;, ( ¢éz )j +V,(1-cos ¢(z,t)):l?. (4)
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One-soliton solution of Eq. (3) — kink:
¢ (z,0) :4arctan(exp[Z—A(z—uAt—ZOA )D, (5)
4

was used by Englander and co-authors as a mathematical model of the DNA open state [Englander

et al., 1980]. Here v, is the velocity of open state in the poly (A), d , =+ Kb*R% /V, is the size of the

open state, Cy, =+/Kb*R5 /1 is the sound velocity in the poly (A), y, =+/1-(v,/ Cy )2 , Zoy isan
arbitrary constant.

Table 1. Parameters of poly (A) [Yakushevich, Krasnobaeva, 2016]

Ix107# Mx107% R,x1071° K bx1071° Yax107%
(kg'm?) (kg) (m) (J/m?) (m) (@)
7.61 2.26 5.8 6.75 3.4 2.09

Substitution of (5) into (4) gives the formula:

E, =8JKRV,, (6)

that determines the minimum energy of the open state formed in the sequence poly (A). With the help of
the values of the parameters collected in Table 1, and the formulas presented above we estimate the

values of the size of the open state and its minimum energy: d , =35.44 x 10 m, E 4 =1.743x 10718 7.

2b. Uniform Josephson line

Let us begin with the uniform Josephson line that has been applied in [Yakushevich, 2017] as an
electronic analogue of homogeneous DNA. Equation for the phase difference of the wave functions of
the superconductors forming the Josephson junctions in the line has the form [Scott, 1969]:

B0 QNN -
CA(27TJ o’ L,\27) &2 +Jo 8ing(z,0) =0, 7

where ¢(z,t) is the phase difference of the wave functions of the superconductors forming the Joseph-
son junction, C, is the capacitance, L, is the inductance, d is the cell size, @, is the magnetic flux
quantum, J,, , is the critical value of the current flowing through the Josephson junction.

Hamiltonian corresponding to Eq. (7) can be written as [ Yakushevich, 2017]:

a (1. (@) (240 z_ld_z(gjz(aqﬁ(z,t)f (g} B dz
H“’”’_I[zq‘(zﬁj[ ot J 20,27 ) Tl (I=cosg(z,1)) d’ ®

The discrete version of the model (7)—(8) takes then the following form:

) %_d_z(&j(¢nl_2¢n+¢n+l) o

CA(Zﬂj ar* L\ 2rx 42 +Jousing, =0, ©)
3]t 2] (4 (B B -] -

Hy _Zn:{zc,q(zﬂj (dt) 27, 2n e +Jo4 - (I-cosg,) |, n=1,2,...,N. (10)

2020, T. 12, Ne 6, C. 1397-1407




1402 L. V. Yakushevich

2c. A-transformation

To transform the DNA Eq. (1) to the equation for the Josephson line (9), and the Hamiltonian (2)
to the Hamiltonian (10), let us introduce new variables &, and 7:

‘é:n =ayzy, T:ﬂAt’ (11)
where a, and S, are the coefficients of the transformation. Variable £, can be written also as:

&, =a,z, =amnb=nd, where d =a b.
In the new variables, equation (1) takes the form:
d*¢ (A1 =26, + 1)
2 n 2 32 \¥n+l n n—1
148} e KRyd e
where d = a ,b. Further, transformation (11) will be called an A-transformation.
Then Eq. (12) can be rewritten as follows:

OV, [ KRS (@) (120, )
200 | M2 ) @ | M R2gE T 27 d’
M (R385 T aR4B

LA
2
D
c, (Oj {—VAZ G (&HJOA (&jsiwn
2z M R2B2 T o\ 27 27

As a next step, let us require all expressions enclosed in square brackets to be equal to one:

+V,sing, =0, (12)

+
=0. (13

C, (@ KR;
%_A(_Oj =1, %CALA =1. (14)
M Ry By Joa\ 27 M ,R3[;
As aresult, Eq. (1) transforms up to a constant coefficient into Eq. (9):
2 2 2 2
D, d O 129, + D)) .
A CA =0 ¢n _d_ 0 (¢n 1 ¢n ¢n+l)+JOA >0 sm¢n :0, (15)
27 ) d? L,\2rx d? 2z
M ,R? 3> _ o . L
where A= AAZ. At the same time, Hamiltonian (2) transforms into Hamiltonian (10) up to the
O)
c,| =0
N\ 2x

same constant:

2 52 2 2
DNA _ Dy | Ay (VY (b1 =2 +h) [gj )

From formulas (14) we find:

K
- lc,L, 2= 17
By Aba (17)
[(Doj
Vy \2x
= : (18)
04 KRi LA

If we take: L,=10gH (or 107 J/A%), C,=0.InF (or 10" A’*]) and ®,=2.68FWh
(or 2.068x107"> J/A), then according to formula (18) the Josephson current becomes equal
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to Jy,=2.99n4 (or 2.99x10'* A), and the transformation coefficient calculated by formula (16)
becomes equal to B, =1.728 x 10°. If we take the size of the circuit cell d =8 um (8x10°° m), then the

second transformation coefficient becomes equal to o , = % =2.353x10"

3. Modeling an electronic analogue of inhomogeneous DNA

3a. Generalization of the method of A-transformation

Consider the inhomogeneous DNA molecule the sequence of which contains four types of non-
identical bases: adenines, thymines, guanines and cytosines. The internal mobility of the molecule in-

cluding the open states dynamics can be described in the following way [Grinevich et al., 2015]:

d ¢ 2 ( n+1%n+1 _2Rn¢n + Rn—l n—l)
” —5-—KR,d 72
Applying the A-transformation (11) to Eq. (19), we obtain:

(Rn+1 n+l 2Rn¢n +Rn71 nfl)
d2

After several simple equivalent transformations, Eq. (20) takes the following form:

c (q)ojd2¢n |:C KRan+1Ln:|d2 [@0)(¢n+1)
"2z )a> | " L2 |L\27) &
ni’A n
Inﬂfl —|:C KRanLn i| d2 (&j (_2¢n) _|:C KRan—an :Id_z(&) (¢n—1)

[VlﬂA 27 d2 Inﬂfl 27 d2
()
+| C, [ 0] N 1 Jo, SIng,
27 )13 JOn
Let us require all the expressions in square brackets in Eq. (21) to be equal to one:
{c KRanLn}_l {C (cboj v, 1 }_1
n > ‘
Inﬂj 2r)1 ﬂA JOn

Then Eq. (21) and the corresponding Hamiltonian take the following form:

2 2 2 _
—]”ﬂA Cn [&Jd ¢ d ( ) 1 [Rn+1 n+l 2Rn2¢n +Rn—1 n—l] +J0n Sil’l¢n —
C (q)()) 2 dz' 2 d

2
lC (&jz [%jz _ld_z(&jz (Rn¢n Rn 17n— l)
e _ L ¥ 2 "2z ) \dr ) 2R\ 2z PE

2
o

C, (Oj "+, (—CDO j(l —cosd,)
27 27

()] 1 7V
2 0 n
pr=LC —, J, =| 2| ——2_.
4 "M, o (27ZjLn KR?

+V,sing, =0.

I’l

[ﬂ2d2¢”—KR d? +V sing, =0
nPa™ 2 n L sing, =0.

+7r=0.

=
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The requirement of invariance of the coefficient in front of curly brackets in (24), with respect to
the number » gives an additional condition:

]nﬂj — ]n-lﬂj (26)
2 2"
(Do) ¢ [P
2r 2z
From (22) and (26) we find:
RZ
Ln—l = Ln Qn : (27)
n—1

Then Eq. (23) and Hamiltonian (24) take the following form:

0, (28)

[ VRS R B J

N n+l_ N n N n—1

LA | (& jd2¢n _ (&j Vs VL Nl

Cn(;boj 27 )dr* L, d’
T

+Jy, sing,
2

2
2 2 2| 7 T [ el
PR DAL ] A R Y L L)
Hihow =—22=1> 12"\ 22 ) Uar ) "2 JL, \ 27 d?

2
c,| -2
(Mj +Jon (?](Hosqﬁn)
T

. (29)

3b. Equivalent circuit for electronic model of inhomogeneous DNA

Let us apply the results obtained above to construct an electronic analogue of inhomogeneous
DNA. In other words let us construct an equivalent circuit of the non-uniform Josephson line that con-
tains four types of cells: A-, T-, G-, and C-cells, by analogy with the four types of bases (A, T, G,
and C) in the DNA sequence. The location of the cells in the line should be the same as the location of
the nitrogenous bases in the DNA sequence.

Without loss of generality, let us take the DNA sequence shown in Fig. 3, a. To construct the
equivalent circuit, it is necessary to take the capacitance C,, the inductance L,, the Josephson con-

tact with maximum current J,, 4, and place them in the (n — 1)-th circuit cell. Then we need to take the
capacitance Cj, the inductance L;, the Josephson contact with maximum current J;, and place

them in the n-th cell. Continuing the circuit building in a similar way we obtain the desired equivalent
circuit (Fig. 3, b). It remains only to calculate the values of the circuit parameters.

Three of the circuit parameters: C,, L,, and J,,, have been estimated already in the previous
section. To calculate the other nine parameters, let us use formulas (25) and (27) and the data on the
parameters of the inhomogeneous DNA gathered in Table 2.

Table 2. Parameters of inhomogeneous DNA [Yakushevich, 2017]

Type of the n-th base Lx10% | Mx10% | Rx10" K bx10"° V<102
in the DNA sequence (kg'm?) (kg) (m) (J/m?) (m) )]
A 7.61 226 5.8 6.75 3.4 2.09
T 4.86 2.11 4.8 6.75 3.4 1.43
G 8.22 2.53 5.7 6.75 3.4 3.12
C 4.11 1.86 4.7 6.75 3.4 2.12
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(a) ---A T G CAT ---

n-1 n n+ln+2 nt+3 nt+4

Ln—] Ln Ln+l Ln+2 Ln+3
(b) —cC % C, % C,., —C ., —C,., —C,.,

/ / / / / /

J, J, J, J,

n—1 n n+1 n+2 Jn+3 Jn+4

Fig. 3. DNA sequence (a) and corresponding equivalent circuit of the DNA electronic analogue (b)

As a result, we obtain analytical formulas for the other nine circuit parameters:

1 1 1
CT:CA_A’ CG:CA_A’ CC:CA_A: (30)
Iy e Ic
R} R; R3
LT:LA_;l’ LG:LA_;’ Lc=LA—§, (1)
T Rg Rc
_ CT VT]A _ CG VG]A _ CC VCIA J (32)
0T C, VI, 04> “oG C, Vg 04> Joc C, V. 04
and the estimated values of these parameters that are shown in Table 3.
Table 3. Parameters of the equivalent circuit
Type of the n-th C,x107"° L,x107 Jox107" Dyx107" dx10°°
circuit cell (A? ¢*/kg m?) (kg m?/c* A?) (kg:m?) (kg m%/c* A) (m)
A 1.000 1.000 0.299 2.068 8
T 1.564 1.460 0.500 2.068 8
G 0.926 1.035 0.382 2.068 8
C 1.852 1.523 1.040 2.068 8

4. Discussion

In this article, we generalized the proposed earlier approach to construct an electronic model of
inhomogeneous DNA. The model was the non-uniform Josephson line with the equivalent circuit con-
taining four types of cells: A-, T-, G-, and C-cells, which were arranged in a specific order which is
similar to that of nitrous bases (A, T, G, and C) in the DNA sequence. We obtained the analytical for-
mulas determining the relationship between the parameters of inhomogeneous DNA and the parame-
ters of the electronic model, and estimated their values.

The advantage of the proposed electronic model is its simplicity, compactness and cheapness.
The model can be used to investigate various dynamic regimes that can occur in DNA under various
initial and boundary conditions. As a result of these investigations, new interesting solutions of the
model nonlinear equations could be found.

It should be noted, however, some limitations of our approach. Most of them were due to the de-
sire to simplify calculations. So, when describing mathematically the DNA internal mobility molecule
we took into account only one type of the DNA internal motions — the angular oscillations of nitro-
genous bases in one of two polynucleotide chains. The second chain was modeled only as an averaged
field. Our mathematical description did not also include the interaction of angular vibrations of bases
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with other degrees of freedom, and, in particular, with transverse and longitudinal motions of nucleo-
tides. We did not take into account the helical nature of the DNA structure. At least, we did not in-
clude effects of dissipations although this was not difficult to do by inserting resistances into the cells
of the equivalent circuit.

It is obvious that removing these restrictions will complicate the task of construction of the DNA
electronic analogue. We believe, however, that the basic principles and approaches described above
can be successfully applied in the cases of more complex and accurate mathematical descriptions of
the DNA internal mobility.
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