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Abstract

The review is devoted to a new and rapidly developing area related to the application of ideas and methods of nonlinear
mathematics and theoretical physics to study the internal dynamics of DNA and, in particular, the behavior of the open states
of DNA. There are two main competing approaches to this research. The first approach is based on the molecular dynamics
method, which takes into account the motions of all structural elements of the DNA molecule and all interactions between them.
The second approach is based on prior selection of the main (dominant) motions and their mathematical description using a small
number of model equations. This review describes the results of the study of the open states of DNA performed within the
framework of the second approach using the McLaughlin-Scott equation. We present the results obtained both in the case of
homogeneous sequences: poly (A), poly (T), poly (G) and poly (C), and in the inhomogeneous case when the McLaughlin-Scott
equation has been used for studying the dynamics of open states activated in the promoters A;, A, and A; of the bacteriophage T7
genome, in the genes IFNA17, ADRB2, NOS1 and IL-5, in the pPBR322 and pTTQ18 plasmids. Particular attention is paid to the
results concerning the effect of various external fields on the behavior of open states. In the concluding part of the review, new
possibilities and prospects for the development of the considered approach and especially of the McLaughlin-Scott equation are
discussed.

Keywords DNA open states - Sine-Gordon kinks - McLaughlin-Scott equation - IFNA17 - ADRB2 - NOS1 and IL-5 genes -
pBR322 and pTTQ18 plasmids

Introduction

The penetration of the ideas of theoretical physics and nonlin-
ear mathematics into various fields of science is a feature of
modern research. The McLaughlin-Scott equation and its ap-
plications for studying the internal dynamics of DNA, to which
this review is devoted, are a prime example of this trend.
Quite a long time has passed since John Scott Russel ob-
served a single wave within the Union Canal (Scott-Rassel
1844). From that moment, the history of the study of solitary
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waves or solitons, propagating in nonlinear media, began.
Numerous examples of the emergence and propagation of
solitons in physical and then biological environments have
been discovered. Basic equations describing these phenomena
were obtained. The sine-Gordon equation (Rubinstein 1970),
the Koteweg-deVries equation (Jeffrey and Kakutani 1972)
and the nonlinear Schrodinger equation (Bochieri and
Loinger 1970) were among them.

In 1980, to explain experimental data on hydrogen-
deuterium exchange of DNA, Englander et al. (1980) demon-
strated the existence of transiently open states (Fig. la) in
DNA and synthetic polynucleotide double helices and pro-
posed to describe them by kinks being one-soliton solutions
of the nonlinear sine-Gordon equation.

The sine-Gordon equation is integrable (Ablowitz and
Segur 1980; Rajaraman 1982). However, the perturbations
to this equation associated with the effects of dissipation, ex-
ternal forces and inhomogeneities spoil its integrability, and
the equation can not be solved exactly. If perturbations are
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Fig. 1 Locally unwound regions:
a open state and b transcription
bubble that is formed at the initial
stage of the transcription
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small, the solution can be found with the help of the perturba-
tion theory that was described in details by Keener and
McLaughlin (1977). In addition, McLaughlin and Scott
(1977) developed the perturbation analysis of the sine-
Gordon equation and applied it to study the dynamics of vor-
tices in Josephson contacts. In 1978, they (McLaughlin and
Scott 1978a, b) derived the equation that allowed calculating
the velocity of kinks being one-soliton solutions of the non-
linear sine-Gordon equation.

That time, the equation of McLaughlin and Scott was high-
ly appreciated by physicists as one of the most effective ap-
proaches for solving the perturbed sine-Gordon equation that
was used to explain many physical phenomena, including
propagation of fluxons in long Josephson contacts (Kulik
1967; Nitta et al. 1984; Malomed 1988; Braun and Kivshar
1998), dislocations in crystals (Frenkel and Kontorova 1939;
Braun and Kivshar 2004), nonlinear spin waves in superfluids
(Kivshar and Malomed 1989), tectonic stress transfer (Bykov
2014), nonlinear geophysical processes in the earth’s crust
(Gerus and Vikulin 2016), the decay of a breather and pinning
by a micro resistor (Gulevich and Kusmartsev 2006) and
waves in ferromagnetic and antiferromagnetic materials
(Zharnitsky et al. 1998a, b). Recent studies have shown, how-
ever, that the McLaughlin-Scott equation is a very convenient
and effective tool not only in physics but also in biophysics
related to the study of the internal dynamics of DNA.

The first works using the McLaughlin-Scott equation for
DNA appeared in 20072008 (Yakushevich and Krasnobaeva
2007, 2008a, b; Krasnobaeva and Shapovalov 2008). Before
that, in many publications, starting with the work of Englander
et al. (1980) as well as in the works of Yomosa (1983, 1984),
Takeno and Homma (1983), Homma and Takeno (1984),
Krumhansl and Alexander (1983); Krumhansl et al. (1985),
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Fedyanin et al. (1986), Yakushevich (1987, 1989), Gaeta
(1990, 1994, 2006, 2007), Cadoni et al. (2007), in the books
and reviews (Gaeta et al. 1994; Peyrard 1995; Yakushevich
2004) and even in more recent works (Shapovalov and
Krasnobaeva 2009; Derks and Gaeta 2011; Cadoni et al. 2011;
Grinevich et al. 2015a, b; Chevizovich et al. 2020), studies of
nonlinear DNA dynamics were carried out on the basis of the
sine-Gordon equation (Scott 1969; Caudrey et al. 1975):

Prpge + Singp =0 (1)

of its modification that took into account the effects of dissipa-
tion and the effect of external fields (Quintero and Kevrekidis
2001; Cuenda and Sanchez 2004a; Ekomasov 2009; Ivancevic
and Ivancevic 2013; Gumerov et al. 2015):

O P + Sing = —ap, + F(7) (2)

and of combined models which included Eq. (1) or (2) as a part
of the system of coupled nonlinear differential equations (Zhou
and Zhang 1991; Barbi et al. 2003; Barbi et al. 1999; Gaeta and
Venier 2008a, b; Cadoni et al. 2009; Drobotenko et al. 2018). In
Egs. (1)+2), ©(&, 1) is the angle of deviation of the nitrogenous
base from the equilibrium position, « is the dimensionless dissi-
pation coefficient and F(7) is the dimensionless external field.

Equation (1) has a wide variety of solutions in the form of
nonlinear solitary waves, including one-soliton solutions
(kink and antikink), two-soliton solutions (breather, kink-
kink, kink-antikink, antikink-antikink), three-soliton solu-
tions, etc. (Scott et al. 1973). The kink solution:

o (&, 7) = darctg{exp[y(E-vr=E,)]} 3)

was successfully used by Englander et al. (1980) to explain
experiments on hydrogen-deuterium exchange in DNA. Here,
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v is the dimensionless kink velocity, &, is an arbitrary constant
and y=(1-v)""2

Solutions of Eq. (2) have not yet been found. The approach
proposed by McLaughlin and Scott (1978a, b) is one of the
best for obtaining approximate solutions. To find the solu-
tions, McLaughlin and Scott assumed that the terms on the
right side of Eq. (2), simulating dissipation and external ac-
tion, are small, which, in turn, enabled them to use the
methods of perturbation theory. McLaughlin and Scott also
suggested that, to first approximation, the kink shape is deter-
mined by formula (3) in which, however, the velocity is no
longer a constant but a function that depends on time. The
equation for velocity v obtained by McLaughlin and Scott as
a result of all these assumptions turned out to be an ordinary
first-order differential equation (see Appendix 1 for details):

dv 7T
== *av(lfvz) + 1 F(1) (lfvz)

3/2

(4)

In contrast to the modified sine-Gordon equation (2), Eq.
(4) has analytical solutions with a simple and clear interpreta-
tion, which makes it more convenient for use in applications.

Equation (4) for the kink velocity is often supplemented by
the equation for the kink coordinate¢:

s _

dr v )

Equations (4) and (5) completely define the McLaughlin-
Scott mathematical model.

In recent years, the model of McLaughlin and Scott has
been actively used to study the behavior of transcriptional
bubbles (Fig. 1b) (Shikhovtseva and Nazarov 2016;
Grinevich et al. 2015b; Grinevich and Yakushevich 2018),
which are locally unwound regions of the DNA double helix
formed at the initial stage of the transcription process as a
result of the interaction of RNA polymerase with DNA pro-
moter regions (Forth et al. 2013; Severin 2016).

In the general case, the locally unwound regions of DNA
are often named the open states. The term “open state” (or
“open complex”) was first used in 1974 by Chamberlin
(1974). Besides experiments on hydrogen-deuterium ex-
change of DNA (Englander et al. 1980), the evidence was
provided by Saucier and Wang (1972), who used a sensitive
method for detecting DNA strand separation, based on the
effect it has on supercoiling of plasmid DNA. The advent of
chemical probes such as dimethyl sulphate and KMnO, for
monitoring DNA strand separation (Siebenlist et al. 1980;
Kirkegaard et al. 1983; Sasse-Dwight and Gralla 1989) made
it possible to determine the region of strand separation with
single bp resolution. In spite of this, there is still no consensus
on the mechanisms of the formation of open states (Karpen
and deHaseth 2015) and regulation of their movement along
the DNA.

It is assumed that open states play an important role not
only in the processes of transcription (Clark and Pazdernik
2015; He et al. 2016; Zuo and Steitz 2017) but also in repli-
cation (Bailey and Doherty 2017; Bleichert et al. 2017), dena-
turation (Sicard et al. 2015; Shi et al. 2016; Singh and Granek
2017) as well as in the transmission of structural changes and
information along the DNA molecule (Dwiputra et al. 2017).
The role of the dynamic properties of open states in the pre-
diction of bacterial promoters has been recently considered by
Ryasik et al. (2018).

In general, there are two main competing approaches to
mathematical studying internal DNA mobility including open
state dynamics. The first is based on the molecular dynamics
method that takes into account the movements of all structural
elements of a molecule and all interactions between them. The
second method is based on prior selection of the main
(dominant) motions, their mathematical description with the
help of the model equations and the analysis of the solutions
of the equations. The advantage of the first method lies in the
maximum coverage and use of available information on the
internal mobility of DNA, while the disadvantage is associat-
ed with the difficulties in interpreting the results obtained. The
advantage of the second method is in the possibility of using
not only computational but also analytical methods that sim-
plifies the analysis and interpretation of the results. The dis-
advantage of this method is in the necessity to neglect a part of
information which might be important and interesting in some
special cases.

This review describes the results of the study of the open
states of DNA performed within the framework of the second
approach using the McLaughlin-Scott equation. In the first
section of the review, we consider a homogeneous case where
the McLaughlin-Scott equation is applied to DNA sequences
consisting of identical nitrogenous bases. These are the se-
quences poly (A), poly (T), poly (G) and poly (C). The section
begins with the necessary information about the predecessor
of the McLaughlin-Scott equation—the sine-Gordon equation
written in terms of DNA, about its one-soliton solutions
(kinks), as well as data on the main dynamic characteristics
of DNA kinks. Then, the McLaughlin-Scott equation for the
kink velocity is considered directly. We present analytical and
numerical solutions of this equation obtained in the absence of
an external field, in the presence of a constant external field, a
periodic external field with a constant frequency, a periodic
external field with a slowly varying frequency and an external
field with an “on/off” mode.

In the second part of the review, an inhomogeneous case is
considered. New methods and approaches are presented that
significantly expand the capabilities of the McLaughlin-Scott
method in studies of nonlinear dynamics of DNA and in the
construction of trajectories of motion of kinks in inhomoge-
neous DNA sequences. We demonstrate these new possibili-
ties for both artificial and native sequences, in particular,
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promoter regions of the T7 bacteriophage genome, the
IFNA17, ADRB2, NOSI1 and IL-5 gene sequences, and the
pBR322 and pTTQI18 plasmid sequences. In conclusion, we
discuss the prospects for using the McLaughlin-Scott model,
as well as the limits of its applicability for DNA.

McLaughlin-Scott equation for homogeneous
DNA

We begin our review with a brief description of the sine-
Gordon equation, one-soliton solutions (kinks) and the main
dynamic characteristics of the kinks written in terms of homo-
geneous DNA. These results are considered as a starting point
for deriving the McLaughlin-Scott equation for DNA.

Sine-Gordon equation as a predecessor

Canonical sine-Gordon equation (1) is dimensionless, univer-
sal and can be applied to different nonlinear dynamical sys-
tems (not only to DNA). The sine-Gordon equation rewritten
in terms of homogeneous DNA:

Ip,~K o, + Vsing =0 (6)
and one-soliton solution in the form of the kink:

i (z,1) = darctan{exp| (v /di) (z—vrt=20)l} (7)

were first obtained by Englander et al. (1980) and later with
refined parameters by Yakushevich et al. (2005).

Equation (6) is related to the canonical sine-Gordon equa-
tion (1) by a simple linear transformation:

T =M, § = pz, (8)

where A= (V/D"2, p=a \(VIK)".
In formulas (6)—(8) v, is the kink velocity, v, =

(1-v%/ Cz)_l/ % is the Lorentz factor, C=(K'a*I)"? is the
sound velocity in DNA, d = (K ' a*/V)"? is the kink size, I =
mR? is the moment of inertia of the base, m is mass of the
base, R is the distance between the center of mass of the base
and the nearest sugar-phosphate chain, V is the parameter that
characterizes interaction between nitrogenous bases in pairs,
K =KR? is the coefficient of torsion rigidity of the sugar-
phosphate chain, K is the stretch rigidity and a is the distance
between the nearest base pairs.

Usually, considering the case of homogeneous (synthetic)
DNA, many researchers are limited to only one set of param-
eters. In fact, there should be four such sets. One is for the
sequence poly (A), the second for poly (T), the third for poly
(G) and finally the fourth for poly (C). The values of all four
parameter sets for different types of homogeneous DNA se-
quences were first gathered and estimated from experimental
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data by Yakushevich et al. (2005) and then refined by
Yakushevich and Krasnobaeva (2016). The refined values
are presented in Table 1.

In addition to the velocity, the total kink energy and rest
energy:

Ey

E=——r, 9)
[1-v
CZ

Ey = 8VK'V, (10)

are also important dynamic characteristics of the DNA kinks
(Yakushevich and Ryasik 2012). Within the sine-Gordon model,
both the total energy E and the velocity of the kink vy, are con-
stants. There is one limitation on the velocity of the kink that is
necessary to ensure the stability of the solution (7): v, < C.

In the case v, < < C, formula (9) takes the form:

8\/K'Vvi (an
c: 2’

E=FE)+

whence follows the formula for the rest mass of a kink m:

7

VKV

= (12)

mgy =

Formulas (11)—(12) indicate that, in the first approxima-
tion, the DNA kink can be considered as a quasiparticle with
definite mass, velocity and rest energy.

Using formulas (10) and (12) and the parameter values
from Table 1, the values of the kink rest energy, mass and size
were obtained for four homogeneous DNA sequences: poly
(A), poly (T), poly (G) and poly (C) (see Table 2).

McLaughlin-Scott equation for DNA kink velocity.
Solution in the absence of external field

The McLaughlin-Scott equation in transformed parameters
was obtained from the modified sine-Gordon equation having
the following form (Yakushevich and Krasnobaeva 2007;
Yakushevich et al. 2012; Zakiryanov and Yakushevich 2013):

Icp,,—Klazgozz + Vsing = —0Bp, + M(1). (13)

Table1 Dynamic parameters of homogeneous DNA (Yakushevich and
Krasnobaeva 2016)

Sequence 1 (10 kgm® K10 ¥ Nm) V102D a(10m)
poly (A)  7.61 2.35 2.09 34
poly (T)  4.86 1.61 143 34
poly (G) 822 227 3.12 34
poly (C)  4.11 1.54 2.12 34
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Table 2 Rest energy, mass and size of the DNA kinks activated in
homogeneous DNA (Krasnobaeva and Yakushevich 2020)

Sequence Ey (107207 my (1077kg) d (107'%m)
poly (A) 177.13 495.88 36.09
poly (T) 121.32 316.97 36.09
poly (G) 212.88 666.56 29.00
poly (C) 144.74 333.14 29.00

There are two additional terms on the right side of this
equation. The first term describes the effects of dissipation
that is the energy loss due to resistance of the surrounding.
The second term describes the action of an external field. It
can be a constant torsion moment (for example, DNA torque)
or periodic field (for example, terahertz field) (Swanson 2011,
Bergues-Pupo et al. 2013).

Equation (13) is related to the dimensionless canonical
equation (2) by linear transformation (8), 3= a(dv)'?,
M()=VF(VID").

When obtaining the McLaughlin-Scott equation, it was as-
sumed that the solution to Eq. (13) had the form of kink:

iz, 1) = darcg{exp|(vy (1) /di) (z=ve () 1=20) ]}, (14)

that was moving with the velocity v(f) along the DNA
molecule.

It was shown that the time dependence of the velocity was
determined by the equation:

Hzere,_ lzj; (t) = ”T(t) is the relative kink velocity, v(#) = (1
—v()

In the absence of an external force, Eq. (15) takes on a
simpler form:

= —gd(r)(l—v'z(t)).

(o)

(16)

The solution of Eq. (16) was obtained by Yakushevich and
Krasnobaeva (2007) by the method of direct integration:

Cexp (—? (z—zo))

,\/1 +Cexp (—2? (t—to)) |

where C' is an arbitrary constant. The value of this constant
was found then from the initial condition:

v (t) = (17)

v(t:O):E, (18)

where vy is the kink initial velocity. Taking into account Eq.
(18), the final formula for the kink velocity v.(f) was obtained:

B
voyeexp | — (t=to)
elt) = ( ! ) , (19)

\/1 + (20) exp (—2§(t—to))

2N\ 12

where v, = (1—%) .
In 2014, the McLaughlin-Scott approach received a new
impetus for further development due to the fact that an ana-

lytical solution for the kink coordinate was found
(Yakushevich et al. 2014):

z(t) = Zm—C%arcsinh (U—C?%exp (—? (t—to)) )

1 Vo
+ C—arcsinh (— )
ﬂ C Yo s
where zg; is the kink coordinate at the initial moment of time

tp. The kink coordinate zz(f) is determined by formula:

ur(t) = dzfjit)~

Formulas (19) and (20) made it possible to obtain the time
dependence of the kink velocity and coordinate (Fig. 2a, b), as
well as to draw the kink trajectories on the phase plane {vy,
zx} (Fig. 2c¢) and in 3D space {vy, zx, ¢} (Fig. 2d)
(Yakushevich and Krasnobaeva 2019). The graphs were con-
structed for the sequences poly (A), poly (T), poly (G) and poly
(C). When constructing them, the numerical values of the
dissipation coefficients (B,op(a) = 4.25 % 1034 s), Bronm)
=291 x 107 9), Bromcy=4.10 X 1074 (J8), Bponicy=2.79
x 107* (J s)) obtained by Yakushevich et al. (2011) were
taken into account. The model value of the kink initial velocity
vo was chosen to be equal to 189 m/s, which was one-tenth of
the sound velocity in poly (A).

In Fig. 2a, the velocity of the kinks decreases with time that
is explained by the influence of dissipation effects, and the
decrease occurs more sharply in the case of poly (T) and poly
(C) sequences and more smoothly in the case of poly (G) and
poly (A) sequences.

Later, Krasnobaeva and Yakushevich (2015) obtained an
analytical formula determining the length of the path that the
kink could travel to a complete stop:

(20)

IC | vy

(21)

Using this formula and the parameter values from Table 1,
it became possible to obtain the kink path lengths for four
homogeneous DNA sequences: poly (A), poly (T), poly (G)
and poly (C) (see Table 3).

From Table 3, it follows that the maximum kink path
length is observed in the case of poly (G), and the minimum
length, in the case of poly (C).

@ Springer
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Fig. 2 Time dependence of the kink velocity (a) and coordinate (b), as
well as the kink trajectories on the phase plane {vy,zx} (¢) and in 3D
space {vUy, zx, ¢} (d). The graphs are constructed for four homogeneous

Solution in the presence of constant external field

It is believed that DNA torsion moment (DNA torque) can
act as a mechanical regulator for many biological process-
es, including transcription and replication (Forth et al.
2013). However, the mechanisms of the influence of the
torsion moment on the functional properties of the DNA
molecule are still not clear enough, despite extensive dis-
cussion of this issue in the scientific literature (Derks and
Gaeta 2011; Forth et al. 2013; Ma et al. 2013). This issue
could be clarified with the help of new technologies for
conducting experiments with single DNA, for example,
using the methods of an optical torque wrench or an
angle-dependent optical trap (AOT) (Porta and Wang
2004; Manoranjan et al. 2018), as well as the method of
magnetic tweezers (Harada et al. 2001; Klaue and Seidel
2009; Lipfert et al. 2010), which allow direct investigation
of the influence of such applied torque on the dynamic
properties of the DNA molecule.

The solution of the McLaughlin-Scott equation in the case
of constant torque M, was obtained analytically by
Yakushevich and Krasnobaeva (2007) and numerically in
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absence of any external field. The initial velocity of the kinks is vy = 189
(m/s)

the work of Yakushevich et al. (2013, 2016). In this case,
the McLaughlin-Scott equation has the form:

dv' () 781/(1)(171/2(0) n (171;/2(0)3/2’ (22)

da 1

M()7T
41V

and the analytical solution for the kink velocity is determined by:

_CMor [T B\, M [T
RCE Y V“P(7)+ a3 v -

2
Y T /3 T
\/1 —+ |:(_nlco _M?} \/7> exp(— z t) M?j I

’Uk(t) =

Table 3 Kink path

lengths in homogeneous Sequence s (107" m)
sequences
poly (A) 0.339
poly (T) 0.317
poly (G) 0.380
poly (C) 0.279
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Fig. 3 Time dependence of the kink velocity (a) and coordinate (b), as
well as the kink trajectories on the phase plane {vy, zx} (¢) and in 3D
space {vUy, 2, t} (d). The graphs are constructed for four homogeneous

In Fig. 3, the graphs of the time dependence of the kink
velocity and coordinate, as well as 2D and 3D kink trajecto-
ries, are shown. These graphs were calculated for the se-
quences poly (A), poly (T), poly (G) and poly (C) using the
data of Table 1, as well as model values M, = 2.85 x 102 (J)
and vy = 189 (m/s). The reasons for this choice of model
values are as follows. As mentioned above, there is one im-
portant requirement for kink velocity: v, < C .Taking into
account that the velocity of sound in DNA is equal to 1890
m/s, the initial value of the kink veocity was chosen equal to
189 m/s, which is 10 times less than C. The chosen model
value M, coincides in order of magnitude with the data of Lui
and Wang (1987) and Nelson (1999).

In the work of Yakushevich and Krasnobaeva (2007), it
was shown that for each type of homogeneous DNA, it is
possible to find a value of the constant external field My,
for which the velocity of the kink movement remained con-
stant and equal to the initial value. To prove this, it was
enough to assume that the derivative in Eq. (22) was equal
to zero. Then, the McLaughlin-Scott equation transformed to:

Jn(-re) i (ra) e

321
- b
£
N~
o 2
>
X
N15 -
_
//
1 /‘//
//
0.5 Z
Z
0 2 4 6 8
tx 107"9%s)
260

\
0\2\\\ 15 2
P 1
8

0.5
tx 107%s) z,x 107(m)

sequences poly (A), poly (T), poly (G) and poly (C) and in the presence of
a constant external field. The initial velocity of the kinks is vy = 189 (m/s)

crit

whence the formula for M, was found

i ABvyy |V
M(c) " == ?—CO 77 (25)

where

-1/2
Yo = (1—(U0/C)2) . (26)

Numerical estimates of M that we calculated for four
types of homogeneous polynucleotide chains are presented in
the second column of Table 4.

Another important feature in the DNA kink behavior was
noted in the computer experiments: after a short initial period,
the kink velocity always reached a constant (stationary) value

Table 4 Critical values

of M,™™ in the case vg = Sequence My (1022 1) vy (m/s)

189 (m/s) and stationary

kink velocity calculated poly (A) 285 189.05

in the case of constant poly (T) 1.95 274.68

ouemgl M M=285 iy ) 343 157.49
O poly (C) 233 231.10
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Fig. 4 Time dependence of the kink velocity (a) and coordinate (b), as
well as the kink trajectories on the phase plane {vy, zx} (¢) and in 3D
space {vUy, Zx, t} (d). The graphs are constructed for four homogeneous

(Yakushevich and Krasnobaeva 2007; Yakushevich et al.
2016). It was shown that the stationary velocity did not de-
pend on the value of the initial velocity. This was confirmed
via development of an analytical formula which permitted the
calculations of values of the stationary kink velocity for dif-
ferent types of homogeneous polynucleotide chains:

2 -1/2
+—16Vﬁ} . (27)

o = C|1
o [ m2IM3

The calculation results for four types of homogeneous poly-
nucleotide chains are presented in the third column of Table 4.

Solution in the presence of periodic external field
with constant frequency

The action of periodic fields on living systems is a frequently
encountered problem in modern biophysics. This is due to the
growing number and variety of electronic devices and their
influence on the basic fundamental life processes and, there-
fore, on human health. It has been suggested that external
periodic fields with a frequency of the terahertz range can
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sequences poly (A), poly (T), poly (G) and poly (C) and in the presence of
a periodic external field with constant frequency. The initial velocity of
the kinks is vg = 189 (m/s)

cause a change in the physicochemical property of DNA
(Alexandrov et al. 2010a, b).

The McLaughlin-Scott equation gives a possibility to dem-
onstrate one of the mechanisms of the influence of this field on
the dynamics of open states in DNA. In the case of a periodic
external field with a constant frequency (2, the McLaughlin-
Scott equation has the form (Yakushevich et al. 2012):

dih(’) - —?v,(t) G0)

MOZijE_‘f/Zt)W (1_U,2(t)) 3/2.

An analytical solution of Eq. (28) was found by
Krasnobaeva and Shapovalov (2009):

(28)

Cobh Cob .
(UQA/O* m) exp(—ht) + P (hcosut 4 Qsin€dt)

Uk (t) =

)

2
\/1 + { <1C+'“;’yo* h:’_—hgz> exp(—ht) + # (hcosQut + Qsith)}

(29)

_ My=w _B
where b= 4m,h =T
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Fig. 5 Time dependence of the kink velocity (a) and coordinate (b), as
well as the kink trajectories on the phase plane {vy,z;} (¢) and in 3D
space {vUy, zx, ¢} (d). The graphs are constructed for four homogeneous

In Fig. 4, the graphs of the time dependence of the kink
velocity and coordinate, as well as 2D and 3D kink trajectories,
are shown. These graphs were calculated for the homogeneous
sequences poly (A), poly (T), poly (G) and poly (C) using the data
in Table 1, as well as model values M, = 2.85 x 102> (J), vy =
189 (m/s) and © = 0.4 x 10'% (s ). Due to the lack of experi-
mental data, the obtained results on the influence of this periodic
field on the dynamics of open states are so far only predictive.

Solution in the presence of periodic external field
with a slowly varying frequency

The case of periodic external field with a slowly vary-
ing frequency was considered by Yakushevich et al.
(2012, 2013). The McLaughlin-Scott equation takes in
this case the following form:

i _ B,

=—Jv (¢ )(1*1/2(1?)) + #Mocos(ﬂhofﬂ) (171/20))3/2. (30)

Here, M, and 2 are the amplitude and frequency of the
external field, and « is the coefficient characterizing
the velocity of decrease (or increase) of the frequency.

\/\/\/\_/\_/\/

z,x 107 (m)

tx 1071%s)
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=
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;
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sequences poly (A), poly (T), poly (G) and poly (C) and in the presence of
a slowly varying periodic external field: M, cos (£2t— of*/2). The initial
kink velocity is vy = 189 (m/s)

An analytical solution of Eq. (30) has not yet been found.
Numerical solutions for the velocity, coordinates and phase
trajectory of the kink were obtained in the works of
Krasnobaeva and Yakushevich (2015) and Yakushevich
et al. (2013). Figure 5 shows the results obtained using the
revised values of the DNA dynamic parameters from Table 1,
the initial kink velocity (m/s), as well as model values charac-
terizing the external field: M, = 2.85 x 1072 (), Q=04 x
10" (s Myand o = 1 x 10*' (s %) (Yakushevich et al. 2013).

Solution in the presence of on/off external field

In the case of an on/off external field, the McLaughlin-Scott
equation has the form (Yakushevich et al. 2018a, b):

' (t) 32

dt

(et
(et

:—?”’@)(1—&2(0)+4mMo(l v ())

1 1
)/a) 1+ exp(

1 2 3/2
)/a) 1+exp( )/g))(1 ’ m)

>/a)) AL )
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Fig. 6 Time dependence of the kink velocity (a) and coordinate (b), as
well as the kink trajectories on the phase plane {v;, zx} (¢) and in 3D
space {vUy, 2, t} (d). The graphs are constructed for four homogeneous

Here, M, denotes a constant external field, M;cos(£2¢)
models a periodic external field, & = &+/V/I, and 7 is the
parameter characterizing the slope of the sigmoid function.

Numerical solutions of Eq. (31) for the velocity and coor-
dinates of the kink, as well as two-dimensional and three-
dimensional trajectories of the kink, are shown in Fig. 6.
The results presented correspond to the case when initially
the constant external field is switched on/off, and after a pause,
the periodic external field is switched on/off. The time inter-
vals during which the external fields are turned on are indicat-
ed by stripes. The results presented in Fig. 6 were obtained
using the values of the dynamic parameters of DNA from
Table 1 and model values vy = 0, My = 2.85 x 107> (J), M,
=2.85x10% (J)and & = 5.

McLaughlin-Scott equation
for inhomogeneous DNA

Natural DNA is inhomogeneous (Watson and Crick 1953;

Crick and Watson 1954). It contains four types of nitrogenous
bases: adenine (A), thymine (T), guanine (G) and cytosine
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sequences poly (A), poly (T), poly (G) and poly (C) and in the presence of
an on/off external field. The initial kink velocity is vy = 189 (m/s)

(C), arranged in a certain order, unique for each living organ-
ism. Therefore, when modeling the internal dynamics of in-
homogeneous DNA, it is necessary to take into account that
the values of the dynamic parameters are not constant but
depend on the location of nitrogenous bases in the sequence.

This approach was used for simulation of bubble dynamics
in artificial inhomogeneous (random, periodic, aperiodic) se-
quences (Dominguez-Adame et al. 1995; Yakushevich et al.
2002) and natural DNA sequences such as the sequence of the
A; promoter of bacteriophage T7 (Salerno 1991), sequences
of'the A; and D promoter of bacteriophage T7 (Salerno 1992),
the promoter sequence of the pBR322 plasmid (Salerno
1995), the complete genome of the bacteriophage T7
(Lennholm and Hornquist 2003), some regions of the human
genome (coding region 114 000-115 000 and non-coding
region 50000-51000) (Cuenda and Sanchez 2004a, b). In
these works, different modifications of the sine-Gordon equa-
tion were used.

Sine-Gordon equations for inhomogeneous DNA

One of the first modifications of the sine-Gordon equation,
taking into account DNA inhomogeneity, was proposed by
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Table 5 Coefficients of the McLaughlin-Scott equation for the IFNA17 gene and the kink dynamic characteristics (Krasnobaeva and Yakushevich
2015)
Sequence Coefficients of the McLaughlin-Scott equation Dynamic characteristics of kinks
IFNA17 7 2 v . a o iy v
(10* kgm?) (10~ Nem) (10721 ao 1) (10720 3) (107 kg) (107" m)
6.11 1.93 2.08 3.49 1.60 438.78 32.75

Salerno (1991). For this purpose, a discrete version of Eq. (5)

was used:

e,
dar*

n 7K,n (‘pn+17290n + <pn,1) + Vysing, =0, (32)
where the first two coefficients (Z, and K ;, ) were assumed to
be constants, and the third coefficient (V,)), characterizing the
interaction between complementary bases within pairs, was
replaced by:
Anm

Vp=——, 33

: (33)
where \,, =2 in the case of an AT base pair, and A\, =3 in the
case of a GC base pair.

Salerno solved the problems (32)—(33) numerically and
used the solutions (kinks) to simulate the movement of the
DNA open states in a small (168 base pairs) fragment of the
T7 bacteriophage sequence:

ttgtctttattaatacaactcactataagg
agagacaacttaaagagacttaaaagatta
atttaaaatttatcaaaaagagtattgact
taaagtctaacctataggatacttacagcc
atcgagagggacacggcgaatagccatccecce
aatcgacaccggggtcaa

The bacteriophage T7 genome is one of the most studied
genomes. It is also one of the first genomes to be fully

g 260 oo —5 8
E —IFNA17
S 240
220
200
180
tx 10'{s)

Fig.7 Time dependence of the velocity of kinks activated in the IFNA17
gene and in homogeneous chains. The graphs were constructed for M, =
2.85 x 1072 (J), vo = 189 (my/s)

sequenced (Dunn et al. 1983, Genome of bacteriophage T7,
n.d.). An important area of application of bacteriophages is
antibacterial therapy, as well as genetic engineering. Salerno
and Kivshar Yu (1994) suggested that the kinklike solutions
of Eq. (32) can be thought of as quasiparticles moving in the
effective potential of the T7 bacteriophage.

It seemed quite natural that further development of this
direction would follow the path of a simple generalization of
the Salerno model, and that for this it would be sufficient to
take into account the dependence of all three coefficients from
the sequence of bases. However, Grinevich et al. (2013)
showed that a model generalized in this way led to contradic-
tory results. The reason for these contradictions was explained
later (Grinevich et al. 2015a, b). It was shown that the more
accurate derivation of the sine-Gordon equation for an inho-
mogeneous DNA led to the following model equation:

o,

1, dt2 —KR, (Rn+1@n+l_2Rn¢n + Rn*l‘»onfl)

+ V,sing,
=0, (34)

which in the continuum limit took the form:

I(z) aasz—KR(z) az(gizz)ap) + V(z)sinp, = 0. (35)
CDS-1

Fig. 8 Schematic representation of the pTTQ18 plasmid containing four
functional regions: promoter (Pr), terminator (Term) and two coding re-
gions (CDS-1 and CDS-2)
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Table 6 Coefficients of the McLaughlin-Scott equation for the pTTQ18 plasmid and the kink dynamic characteristics (Yakushevich et al. 2018a)

Sequence Coefficients of the McLaughlin-Scott equation Dynamic characteristics of kinks

pTTQ 18 7 ? \% o . E, my E
(107 (107'® (1072 a1 ") (10720 (107" kg) (107"
kgm?) Nem) )] ) m)
6.21 1.95 221 3.51 1.66 457.87 31.91

Problem (35) has not yet been solved analytically. However,
Yakushevich and Krasnobaeva (2008a, b) proposed an approx-
imate method, called the method of concentrations method,
which made it possible to reduce the inhomogeneous problem
(35) to a quasi-homogeneous one and thus to solve it using the
methods applied for solving homogeneous problems.

Method of concentrations

In the method of concentrations, the idea of Dominguez-
Adame et al. (1995) was used whereby they proposed replac-
ing the coefficient V(z) in Eq. (35) by a linear function of the
concentrations of AT and GC base pairs in the double poly-
nucleotide chain:

V—V(Car,Csc) = CarVar + CocVac, (36)

where Cx 1 and Cg are the concentrations of AT and GC base
pairs, respectively. Vit and Vgc are the values of the
coefficient V in the double strand consisting of only AT
base pairs and of only GC base pairs, respectively. This
idea was developed by Yakushevich and Krasnobaeva
(2008a). They suggested that three coefficients (I, K
and V) of the inhomogeneous sine-Gordon equation
depended on the concentrations of A-, T-, G- and T-
bases (C4, Cr, Cg and C¢) in the DNA sequence:

350

Vi(ms)

150

50
0 2 ] 6 8
tx 10'%s)

Fig.9 Time dependence of the velocity of kinks activated in the pTTQ18
plasmid. Curve 1 corresponds to My; = 5.37 x 1072 (), curve 2—M, =
2.67 x 10723 (J), curve 3—Mps = 2.77 x 1072* (J). vo = 189 (m/s)

@ Springer

I =14Cp+17Cr +16Cg + IcCc,

—/ I ! ! !

K =K,Ca+K;Cr +K;Cs +K-Ce, (37)
V =VACy+ ViCr + VCq + VeCe.

Here 1,4, I, I; and I~ are the moments of inertia of adenine,
thymine, guanine and cytosine, respectively; K'4, K'7, K' and
K'( are the torsion rigidity constants in homogeneous DNA;
Vi, Vi, Vi and V- are the constants that characterize interac-
tion between nitrogenous bases in pairs AT, TA, GC and CG.
Concentrations are determined by formulas:

Ny Ny Ng Nc

Co=-2Cr="L Ce=29 c.==C 38
ATNTTT N N T N (38)
CadCr+Co+Co=1, (39)

where Ny, N7, Ng, Nc are the number of adenines, thymines,
guanines and cytosines, respectively; N is the total number of
the bases in the sequence.

Then, Eq. (35) takes the following form:

To,~K d*p_ + Vsing = 0, (40)

and the complex inhomogeneous problem (35) is reduced to
the simpler homogeneous problem (39) with renormalized
coefficients.

After taking into account the effects of dissipation and ex-
ternal field, Eq. (39) transforms to:

To,—K d* o, + Vsing = —Bep, + M (1), (41)

where 8= 08, Ca+ By Cr+ g Co+ B¢ Cc. The one-
soliton solution of Eq. (41) has the form:

oi(z,t) = darcig{exp[(v(t)/di) (z—vk(t) - t=20)]}.  (42)

Table 7 Details of the structure of the ADRB2, NOSI and IL-5 gene
sequences

Sequence Na Ny Ng Nc N
ADRB2 466 529 498 520 2013
NOS1 3028 2833 3135 3295 12,291
IL-5 589 584 419 460 2052
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Table 8  Coefficients of the McLaughlin-Scott equation for the ADRB2, NOS1 and IL-5 genes and the kink dynamic characteristics (Krasnobaeva

etal. 2012)
Sequence Coefficients of the McLaughlin-Scott equation Dynamic characteristics of kinks

7 7 \% [} Ey my d

. —20 ~34 _ —27 _

(10 kgm?) (107" Nem) 1077 ao s 1072°)) (107" kg) 1071 m)
ADRB2 6.13 1.93 2.18 3.49 163.91 451.09 31.99
NOS1 6.19 1.94 2.21 3.51 165.67 456.69 31.90
IL-5 6.17 1.94 2.12 3.51 162.25 44551 32.56

1/2 dv' (1) [&; M()m

Here, () = (1—1/2(;))71/2, c= e/ d = (Kd)V)
Within this approach, the total kink energy is determined as:

E(1) = Eoy(1),

where £y = 8v/K'V is the rest energy. The rest mass is deter-
mined as:

(43)

oy = (44)

Solution of the McLaughlin-Scott equation for the
IFNA17 gene by the method of concentrations

The McLaughlin-Scott equation derived from the sine-
Gordon equation (41) has the form:

where v/(¢) = % is the relative kink velocity.

One of the first examples of the application of the
method of concentrations for solving the McLaughlin-
Scott equation in the case of inhomogeneous DNA
was presented in the work of Krasnobaeva and
Yakushevich (2015). An analytical solution was obtain-
ed there for the IFNA17 gene coding interferon alpha
17 (human), which is known in medicine as an antiviral
and antitumor drug (Dubois et al. 2009; Bychkov et al.
2011). The IFNA17 gene was identified by Lawn et al.
(1983). The sequence of nucleotides in this gene (Homo
sapiens interferon alpha 17 (IFNA17) n.d.) is the
following:

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

gttcaaggtt
cttttcttta
tgatctgcct
gggaagaatc
ggagtttgat
ccagcagacc
cctagaaaaa
acaggaggtt
gaaatacttc
ggaggttgtc
attaaggagg
ttatctcaca
ttgaatcaaa
ggcactagta
ttatttaatt
attgtggtga
tcattaaatt

acccatctca
ctgatggccg
cagacccaca
tctcctttet
ggcaaccagt
ttcaatctct
ttttccactg
gggatggaag
caaagaatca
agagcagaaa
aaggattgaa
ctttcatgag
attttcaaat
ctttacagat
atttttaaga
atgtaacaat
tttactatac

agtagcctag
tgctggtgct
gcctgggtaa
cctgcctgaa
tccagaagac
tcagcacaga
aactttacca
agactcccct
ctctttatct
tcatgagatc
aactggttca
ttcctccatt
gttttcagca
gaccatgctg
tttaaattat
atatgttctt

caacatttgc
cagctacaaa
taggagggcc
ggacagacat
tcaagccatc
ggactcatct
gcaactgaat
gatgaatgag
aacagagaag
tctctectttt
acatggcaat
tcaaagactc
gtgtaaagaa
atgtctctgt
ttttttatgt
catatttagc

aacatcccaa
tccatctgtt
ttgatactcc
gactttggac
tctgtcctcc
gctgcttggg
aacctggaag
gactccatcc
aaatacagcc
tcaacaaact
gatcctgatt
acttctataa
gcgtcgtgta
tcatctattt
aatatcatgt
caatatatta

tggccctgtce
ctctaggctg
tggcacaaat
ttccccagga
atgagatgat
aacagagcct
catgtgtgat
tggctgtgag
cttgtgcctg
tgcaaaaaat
gactaataca
ccaccacgag
tacctgtgca
atttaaatat
gtacctttac
atttcctttt

The sequence contains 282 adenines, 303 thymines,
181 guanines and 214 cytosines. The total number of
bases in the IFNA17 gene sequence is equal to 980.
With the help of formula (37), the coefficients of the
McLaughlin-Scott equation were obtained. Using formu-
las (43) and (44), the values of the main dynamic

characteristics of the kink propagating in the IFNA17
gene were obtained. The results of these calculations
are presented in Table 5.

Then, with the help of formula (23), the model values M, =
2.85 x 10 2% (J) and v, = 189 (m/s), the dependence of the
kink velocity on time was constructed (Fig. 7)
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Fig. 10 Time dependence of the velocity of kinks activated in the genes
ADRB2, NOSI and IL-5

Figure 7 shows that the velocity of the kink activated in the
IFNA17 gene (solid line) first increases and then reaches a
stationary value vy, = 208.65 m/s. The increase of the velocity
at the initial stage is explained by the fact that the model value
of the constant external field M, = 2.85 x 10 > (J) exceeds the
critical value M, = 2.58 x 1072* (J). Curves calculated for
homogeneous sequences poly (T) and poly (C) behave in a
similar way. However, in the case of poly (A), the velocity
curve remains straight, and in the case of poly (G), it
decreases.

Solution of the McLaughlin-Scott equation for the
pTTQ18 plasmid by the method of concentrations

The method of concentrations was applied by Yakushevich
et al. (2018a) to solve the McLaughlin-Scott equation for the
case of a small circular DNA molecule, the pTTQ18 plasmid
(Stark 1987) (Fig. 8). This plasmid was originally intended for
the expression of cloned genes in Escherichia coli under the
control of the tac promoter (Amann et al. 1983). It is widely
used now in genetic engineering for genetic information trans-
fer and for genetic manipulations (Bishop et al. 2003). The
sequence length of the plasmid is 4563 bases (Plasmid
pTTQ18, complete sequence, n.d.). Of these, 1105 are ade-
nines, 1090 are thymines, 1193 are guanines and 1175 are
cytosines (see Appendix 2).

Table 9 Stationary kink

velocities in the genes Sequence Uy (/S)

ADRB2,NOS1 and IL-5

(Krasnobaeva et al. ADRB2 204.16

2012) NOS1 206.23
IL-5 202.01

@ Springer

Table 10 Details of the structure of Aj, A, and A; promoters

Sequence Na Nt Ng Nc¢ N
A4 25 19 7 9 60
A, 27 11 12 10 60
Aj 26 9 13 12 60

The coefficients of the McLaughlin-Scott equation, calcu-
lated with the help of Eq. (37), as well as the dynamic char-
acteristics of the kink (rest energy, mass and size), obtained
using formulas (43)—(44), are presented in Table 6. The curves
of the kink velocity versus time, calculated for three different
values of the external field, are shown in Fig. 9.

Figure 9 shows the time dependence of the kink velocity
for three different values of constant external field. In the case
My, =5.37 % 1072 (m /s) > M,*™, the kink velocity increases
and reaches a stationary value vy, = 369.08 (m/s) (curve 1). At
My, = My™ = 2.70 x 10~ 2 (J), the kink velocity practically
does not change and remains equal to v, = 187.37 (m/s)
(curve 2). At Mo; = 2.67 x 107 2* (m/s) < My,™™, the kink
velocity decreases and goes to the stationary value vy, =
18.83 (m/s) (curve 3).

Solution of the McLaughlin-Scott equation for the
ADRB2, NOS1 and IL-5 genes by the method of
concentrations

Krasnobaeva et al. (2012) used the method of concentrations
to solve the McLaughlin-Scott equation for three genes: the
ADRB2, NOS1 and IL-5 genes of the human genome with an
established effect on the course of bronchial asthma (Lammers
et al. 1992). The ADRB2 gene encodes a beta-2-adrenergic
receptor that is an ionic protein channel built into the cytoplas-
mic membrane of a cell, which has a high affinity for adren-
aline and provides an increase or decrease in the activity of an
innervated tissue or organ (Israel et al. 2000; Bengtsson et al.
2001; Dallongeville et al. 2003; Contopoulos-loannidis et al.
2005). The NOS1 gene encodes nitric oxide synthase, which
in turn catalyzes the production of nitric oxide (NO). The latter
plays an important role in the body of mammals, participating
in neurotransmission, regulation of blood circulation and the
development of lung pathology (Grasemann et al. 1999;
Alderton et al. 2001; Shinkai et al. 2002; Reif et al. 2006).
The IL-5 gene encoding interleukin-5 (IL-5) belongs to an
extensive family of cytokines that are information molecules
secreted by cells of the immune system (Stark et al. 2007). In
turn, cytokines mediate intercellular and intersystem interac-
tions, regulating cell survival, stimulation or suppression of
their growth, differentiation, functional activity and apoptosis,
ensuring the coordination of the action of the immune, endo-
crine and nervous systems (Mordvinov and Furman 2009).
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The sequences of these genes (Homo sapiens adrenoceptor
beta 2 (ADRB2) n.d.; Homo sapiens nitric oxide synthase 1
(NOS1) n.d.; Homo sapiens interleukin 5 (IL5) n.d.) are pre-
sented in Appendixes 3—5. After calculating the number of A-,
T-, G- and C-bases in these sequences (see Table 7) and ap-
plying formula (37), the values of the coefficients of the
McLaughlin-Scott equation were obtained (see Table 9).

With the help of formulas (37), (43) and (44), the coeffi-
cients of the McLaughlin-Scott equation and the main dynam-
ic characteristics of the kinks propagating in the ADRB2,
NOSI and IL-5 genes were obtained (see Table 8).

Table 8 shows that the kink activated in the IL-5 gene has
the lowest rest energy, and the kink activated in the NOS1
gene has the highest rest energy. The difference is 3.42 J.
Thus, it can be argued that from an energetic point of view,
it is easiest to excite a kink in the IL-5 gene, and most difficult

in the NOS1 gene. Note also that the mass of the kink activat-
ed in the NOSI1 gene is the largest, and the size is the smallest.
With the help of formula (23), parameters presented in
Table 8, the model values of the external field M, = 2.85 x
1072 (J) and the initial velocity vy = 189 (m/s), the time
dependence of the kink velocity was constructed (Fig. 10).
Figure 10 shows that the velocity of the kink for each
sequence reaches a stationary value. Numerical estimates of
the values of stationary velocities are presented in Table 9.

Solution of the McLaughlin-Scott equation for three
promoters of bacteriophage T7 by the method of
concentrations

Yakushevich and Krasnobaeva (2008b) solved the McLaughlin-
Scott equation for three promoters: A;, A, and Aj:

Ali tttaaaatttatcaaaaagagtattgacttaaagtctaacctataggatacttacagcca

A2: taagtcgcacgaaaaacaggtattgacaacatgaagtaacatgcagtaagatacaaatcg

A3: gcacataaggtgaaacaaaacggttgacaacatgaagtaaacacggtacgatgtaccaca

which produce early mRNAs and are located near the left
end of the T7 bacteriophage sequence (Genome of
bacteriophage T7, n.d.) (Table 10).

With the help of formulas (37), (43) and (44), the values of
the coefficients of the McLaughlin-Scott equation and the
main dynamic characteristics of the kinks propagating in the
A4, A, and A; promoters were obtained (see Table 11).

Table 11 shows that the rest energy of the kink activated in
the promoter A is less than the rest energy of the kink acti-
vated in the promoters A, and As. Thus, it is more energeti-
cally advantageous to activate kink in the A; promoter than in
the A, and Az promoters. This conclusion is consistent with
the fact that the A; promoter is a “strong” promoter, while the
A, and A; promoters are weak.

Yakushevich and Krasnobaeva (2008a) were limited
themselves to consideration of A;, A, and A;

promoters. However, the methods described above make
it possible to consider a wider class of sequences hav-
ing the same values of the coefficients of the
McLaughlin-Scott equation as in the case of promoters
Ai, Ay and As.

Let us call such sequences the promoter-like sequences and
denote them as A;, A, and Aj. Figure 11 shows the time
dependence of the velocity and coordinates of the kinks mov-
ing under the action of a constant external field M, as well as
the kink trajectories on the phase plane {v, z}, calculated using
the dynamic parameters from Table 11 and the model M, =
2.85 x 107> (J) and vy = 189 (ms).

Figure 11a shows that the kink velocity calculated for
each promoter-like sequence reaches a stationary value.
Numerical estimates of the stationary velocities are pre-
sented in Table 12.

Table 11 Coefficients of the McLaughlin-Scott equation and the kink dynamic characteristics, calculated for A, A, and A; promoters (Yakushevich
and Krasnobaeva 2008b)
Sequence Coefficients of the McLaughlin-Scott equation Dynamic characteristics of kinks

T 7 1% o e E, my d

(10* kg'm?) (10°' N-m) (1072 ) (10720 (107 (10710

) Is) 7 kg) m)

Ay 6.28 1.99 2.00 3.59 159.56 436.82 33.85
A, 6.64 2.06 2.18 3.73 169.61 472.16 33.10
Az 6.63 2.06 222 3.73 171.03 475.84 32.77
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Fig. 11 Time dependence of the kink velocity (a) and coordinate (b), as
well as the kink trajectories on the phase plane {vy, z;} (¢) and in 3D
space{uvy, zx, t} (d). The graphs are constructed for promoter-like

Method of blocks

In contrast to the method of concentrations, the method of
blocks proposed by Grinevich et al. (2015a) makes it possible
to take into account inhomogeneity of the DNA molecule.
According to this method, an inhomogeneous DNA se-
quence is first divided into several regions or blocks.
Usually, such blocks are functionally significant regions and
areas between them. Secondly, for each of the blocks, the
solutions of the McLaughlin-Scott equation are found with

Table 12 Stationary kink velocities calculated for promoter-like se-

quences (Yakushevich and Krasnobaeva 2008a)

Sequence Uy (V/8)

_ 209.67

A

_ 197.35
2

_ 195.74

@ Springer
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sequences A}, A, and A3 in the presence of a constant external field M,
=2.85 x 107 (J). The initial velocity of the kinks is v = 189 (m/s)

the help of the method of concentrations. Then, these solutions
are stitched at the boundaries between the blocks.

This approach allows calculating the energy profile of the
sequence and constructing the trajectories of kinks moving in
a potential field with such a profile.

Solution of the McLaughlin-Scott equation for the
IFNA17 gene by the method of blocks

The solution of the McLaughlin-Scott equation for the
IFNA17 gene has been obtained by Yakushevich and
Krasnobaeva (2017) using the method of blocks. In contrast
to the method of concentrations, the method of blocks takes
into account the internal structure of the sequence, which,
according to the GenBank data (Homo sapiens interferon
alpha 17 (IFNA17) n.d.) contains three blocks: one CDS re-
gion (50..619) and two regions (1..49) and (620..980) with
unknown functional properties (Fig. 12).

The details of the gene structure are presented in Table 13.
There, Nj is the total number of nitrogenous bases in the j-th
block, Nja, Njt, Njg and N are the numbers of adenines,
thymines, guanines and cytosines in the j-th block, j =1, 2, 3.
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Fig. 12 Three blocks in the IFNA17 gene sequence

The coefficients of the McLaughlin-Scott equation and the
kink rest energy averaged over the length of each of the three
blocks are presented in Table 14.

Using the data of Table 14, the energy profile of the
IFNA17 gene was constructed (Fig. 13). It turned out that
the profile contained one barrier corresponding to the CDS
region.

The solution of the McLaughlin-Scott equation in the first
block has the following form (Yakushevich and Krasnobaeva
2017):

(Um%l) exp (‘@f> ]
o (f) = L (46)

2 b
by _b
[z )3
Cor I

where vy is the initial kink velocity, 71 is the moment of

1+

inertia averaged over the first block, 501 is the sound velocity
in the first block, 7y, = (1—(@01/601) 2)_1/2 and 3, is the

coefficient of dissipation.
In the second and third blocks, the kink velocity is determined
by similar formulas (Yakushevich and Krasnobaeva 2017):

<U02%2> exp <_%(t_tl )) ]

vk (t) = 2 (47)

B 2
(%%2) exp (‘%(t_fl )) ]
Co I

(vorTis ) exp (—?(r—a)ﬂ

v3k(t) = 3 (48)

2
Co3 I3

where v, and vy; are the initial \Lelocitigs of'the DNA kink in
the second and the third blocks, 7, and 75 are the moments of

1+

1+

Table 13 Details of the structure of the IFNA17 gene sequence

Block Coordinates Nja Nit Nig Nic N;
1 1..49 15 12 7 15 49
2 (CDS) 50..619 157 145 130 138 570
3 620.980 110 146 44 61 361

inertia of nitrogenous bases averaged over the second and
third blocks, respectively, 602 and 603 are the sound velocities
in the second and in the third blocks, 7, = l—(voz / E’oz
2)71/2’ Yo3 = (1= U03/603 2)71/2, Bz and [3; are the coet-
ficients of dissipation, #; and ¢, are the times of crossing the
boundaries between the first and second blocks and between
the second and third blocks, respectively.

Defining the kink coordinate in the i-th block by formula:

vE(t) = dz’;f”, the formulas for time dependence of the kink

coordinate for each of the blocks were found:

214(t) = (Jt;vl_’k(T)dT. (49)
24(t) = j vk (T)dT (50)
z3x(t) = j v3 i (T)dr (51)

With the help of formulas (49)—(51) and of the data of
Table 14, the kink trajectories in the plane {t, z} for different
values of the initial velocity vy, were constructed (Fig. 14).

Figure 14 shows that in the first case (curve (1)) the initial
total energy of the DNA kink is not large enough to overcome
the energy barrier. Therefore, when reaching the first bound-
ary, the kink is reflected from the boundary and begins to
move to the left end of the gene. After reaching the left end,
the kink is reflected from the left end, which is possible only if
the rest kink energy in the left neighboring region to the left is
greater than the total energy of the kink. Just this scenario is
shown in Fig. 14. After a few zig-zag motions, the kink even-
tually stops in the first block.

In the second case (curve (2)), the kink can overcome the
right boundary of the first block and enter the second block
(CDS). However, the kink does not reach the end of the sec-
ond block and stops inside this block.

In the third case (curve (3), the kink passes the entire sec-
ond block (CDS), continues moving in the third block and
stops before reaching the right end of the gene.

Solution of the McLaughlin-Scott equation for the
pBR322 plasmid by the method of blocks

Yakushevich and Krasnobaeva (2019) used the method of
blocks to solve the McLaughlin-Scott equation for the
pBR322 plasmid (Fig. 15a). This plasmid is widely used in
gene research, and its components are applied to create new
instrumental plasmids (Watson 1988). The sequence of the
pBR322 plasmid consists of 4361 bases (Cloning vector
pBR322, complete sequence, n.d.) (Appendix 6).

A linear version of the scheme (Fig. 15a), obtained by
cutting circular DNA at the point S, is shown in Fig. 15b. It
is known that the main chain of the plasmid contains two
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Table 14  Coefficients of the McLaughlin-Scott equation and kink rest energy calculated for each of the IFNA17 gene blocks (Yakushevich and

Krasnobaeva 2017)
Block Coefficients of the McLaughlin-Scott equation Kink rest energy
~ ~ ~ 34 ~ _
7107 kgm?) I (107 Nem) V(10720 )) aao T as E, (1072°])
1 5.95 1.91 2.08 345 159.56
2 (CDS) 6.20 1.95 2.16 3.52 169.61
3 5.98 1.90 1.95 344 171.03

coding regions CDS-1 and CDS-2 with coordinates (86 ...
1276) and (1915 ... 2106), respectively, and the complemen-
tary chain contains one coding region CDS-3 with coordinates
(3293 ... 4153).

Yakushevich and Krasnobaeva (2019) divided the se-
quence of the pPBR322 plasmid into five blocks: two coding
regions CDS-1 and CDS-2, as well as three intermediate re-
gions with coordinates (1..85), (1277..1914) and (2107 ..
4361). For convenience, they were renumbered as shown in
Fig. 16. The block structure of the sequence is shown in
Table 15.

The coefficients of the McLaughlin-Scott equation and the
kink rest energy are presented in Table 16.

When constructing the energy profile of the plasmid, the
authors took into account the ring form of the plasmid. The
result of the construction is presented in Fig. 17. The vertical
axis shows the values of the kink rest energy. The horizontal
axis shows the coordinates of the nitrogenous bases in the
units of base pairs (bp), 1 bp =3.4 x 107" m.

The energy profile contains two barriers that correspond to
the coding regions CDS-1 and CDS-2. Because the kink be-
havior in many respects is similar to the behavior of a quasi-
particle, the authors suggest that the behavior of the pBR322
kink is determined by whether the kink can overcome the

1.75

CDS

E,x 10"8(J)

1.55

1.45 -
0 100 200 300 400 500 600 700 800 900
bp
[
Fig. 13 Energy profile of the IFNA17 gene

@ Springer

barriers or not, and the latter depends on the initial kink
velocity.

To construct 3D trajectories of kinks in the pBR322 plas-
mid, the authors used two coupled ordinary differential equa-
tions for each block (one equation for the kink velocity and the
other for the kink coordinate):

(i)

dz, (t )
l;lt( ) - o (1), (52)
d~<i>(t) B(f) o ) 0 2
Yk — ——,Ek (t) 1- Yk . 5 i= 1725 (53)
dt 7(z) 60)

The solutions of the equations are presented in the form of
trajectories in the space {v, z, t} (Fig. 18).

10

t x 10-19(s)

T T T T
0 200 400 600 800
z(bp)
[

Fig. 14 Kink trajectories in the IFNA17 gene. Calculations were made
for three values of the initial velocity: (1) vg; = 500 m/s, (2) vy; = 800 m/s
and (3) vo; = 1500 m/s
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b _ = _:‘
complementary chain CDS-3
Fig. 15 Plasmid pBR32 (a) and its linear version (b). S is a cut point. The
main and complementary chains are shown. Coding regions CDS-1 and
CDS-2 are in the main polynucleotide chain, and CDS-3 is located in the
complementary chain

CDS-2

CDS-1 CDS-2
. |
1 2 3 4 5

Fig. 16 The numbering of blocks in the main chain of the pBR322
plasmid

Table 15 Details of the blocks structure in the pBR322 sequence
(Yakushevich and Krasnobaeva 2019)

Block Coordinates N NT Ng N¢ N
1 1..85 597 584 573 586 2340
2 (CDS-1) 86..1276 190 268 353 380 1191
3 1277..1914 142 145 160 191 638
4 (CDS-2) 1915..2106 54 37 48 53 192
5 2107..4361 597 584 573 586 2340

Discussion and perspectives

We have reviewed the use of the McLaughlin-Scott equation
and related methods as potential tools for studying the

CDS-2

1.67

EgX 1078 (J)

1.65

1.64 : .
1000 2000 3000, () 4000
[ | |
1T 2 3 4 5

Fig. 17 Energy profile of the pBR322 plasmid

dynamics of DNA open states which were considered here
as nonlinear conformation excitations—kinks. We described
how this equation has been used in the case of homogeneous
DNA. The results on the dependence of the velocity and co-
ordinate of the kink on time and the trajectory of the kink
obtained in the absence and in the presence of external fields
of various types were described. Four sets of DNA parameters
were used to demonstrate the results: one set for the poly (A)
sequence, one for the poly (T) sequence and two for the poly
(G) and poly (C) sequences. This allowed us to compare the
results obtained for each of the four cases.

In the second part of the review, it was shown how the
McLaughlin-Scott equation could be applied to inhomoge-
neous DNA. Two approaches were described in detail. The
first was based on the quasi-homogeneous approximation.
The second was a combination of two methods: the quasi-
homogeneous approximation and the block method. We illus-
trated how these approaches were used to study the dynamics
of DNA open states in the IFNA17, ADRB2, NOS1 and IL-5
genes, in the Al, A2 and A3 promoter sequences of the

Table 16  Coefficients of the McLaughlin-Scott equation and the rest energy of kinks calculated for each of the pBR322 plasmid blocks (Yakushevich

and Krasnobaeva 2019)

Block Coefticients of the McLaughlin-Scott equation Kink rest energy
~ ~ ~ 34 ~ _
1 (10 kg'm?) 7 (107 Nem) V102 Qo s Ey (1072°])

1 6.19 1.94 2.18 3.51 1.65

2 (CDS-1) 6.05 1.90 2.26 3.44 1.66

3 6.09 1.92 221 347 1.65

4 (CDS-2) 6.26 1.96 2.23 3.55 1.67

5 6.19 1.94 2.18 3.51 1.65
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bacteriophage T7 genome, as well as in the pTTQ18 and
pBR322 plasmids (Fig. 19).

We should note, however, that in all works described
above, the authors use the DNA dynamic models that take
into account the mobility of nitrogenous bases in only one of
the two polynucleotide DNA chains. In this case, the second
chain is modeled only as an average field.

Another limitation is associated with the choice of angular
displacements of nitrogenous bases as dominants. It is assumed
that they make the main contribution to the DNA open states

CDS-1

\ \\ open statemﬂ
4 “
i

formation. However, there are other approaches where the trans-
verse displacements of the bases are chosen as dominants. The
well-known Peyrard-Bishop model (Peyrard and Bishop 1989;
Dauxois et al. 1993) takes into account just such motions.

Certain restrictions are also imposed by the use of the block
method in which the dynamic characteristics of native DNA
sequences are replaced by approximate ones, obtained by di-
viding the real sequence into several blocks and averaging the
dynamic parameters within each block.

The question of the correctness of applying the results ob-
tained for open states to the study of the dynamics of the
transcriptional bubble still remains open, since the latter is a
part of a more complex and multicomponent system
(Shimamoto 2013; Shimamoto and Imashimizu 2021) and
its dynamics is largely limited by biochemical processes in-
volved into the transcription process.

Despite all these limitations, the approach based on the
McLaughlin-Scott equation can be regarded as promising be-
cause of its reliability, simplicity and convenience, especially
when modeling the behavior of the open states of DNA, and
when predicting their behavior under the action of various
external fields. We believe that the McLaughlin-Scott ap-
proach can be useful for further studies of the relationship
between the dynamic and functional properties of DNA and
opens up new possibilities for the application of analytical
methods of theoretical physics and nonlinear mathematics in-
vestigations of both DNA and other biological molecules.

bacteriophage T7

human genes

(ADRB2, NOS1, IL-5, IFNA17)

Fig. 19 The diagram presents the living systems considered in the review. They are arranged in a circle around the DNA open state
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