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Abstract: The formation and dynamics of the open states in a double-stranded DNA molecule
are largely determined by its mechanical parameters. The main one is the torque. However, the
experimental study of DNA dynamics and the occurrence of open states is limited by the spatial
resolution of available biophysical instruments. Therefore, in this work, on the basis of a mechanical
mathematical model of DNA, calculations of the torque effect on the process of occurrence and
dynamics of open states were carried out for the interferon alpha 17 gene. It was shown that
torsion action leads to the occurrence of rotational movements of nitrogenous bases. This influence is
nonlinear, and an increase in the amplitude of the torsion action does not lead to an automatic increase
in the amplitude of rotational movements and an increase in the zones’ open states. Calculations
with a constant torsion moment demonstrate that open states zones are more often formed at the
boundaries of the gen and in regions with a predominance of A–T pairs. It is shown, that for
the occurrence of open states in the part of the gene that contains a small number of A–T pairs, a
large amount of torque is required. When the torque is applied to a certain region of the gene, the
probability of the formation of the open state depends on the content of A–T pairs in this region, the
size of this region, and on the exposure time. For this mathematical model, open states zones can be
closed when the torsion action stops. The simulation results showed that the values of the torsion
moment required for the appearance of open states zones, in some cases, are close to experimentally
measured (13–15 pN·nm).

Keywords: DNA dynamics; open states; torque; mathematical model; rotational movements of
nitrogenous bases

1. Introduction

Open states (OS) are one of the factors affecting a number of biochemical processes,
and play an important role in the processes of transcription and replication, as well as in
DNA-protein recognition during the repair of nucleic acids [1–5]. The process of formation
and dynamics of OS zones of a double-stranded DNA molecule is largely determined by its
mechanical parameters, the most important of which is the torque [6–8]. It was noted that
DNA torque can play an important role in the process of transcription [9–11]. In this regard,
the importance of single-molecule level studies has significantly increased, and experimen-
tal studies are rapidly developing to measure the torque in DNA molecules [12–14]. Thus,
using an angled optical trap and magnetic tweezers, the magnitude of the torque leading
to the unwinding of the DNA double helix was measured [15,16].

Int. J. Mol. Sci. 2022, 23, 4428. https://doi.org/10.3390/ijms23084428 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23084428
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-9452-0132
https://doi.org/10.3390/ijms23084428
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23084428?type=check_update&version=1


Int. J. Mol. Sci. 2022, 23, 4428 2 of 13

In addition, the amount of torque required to melt the DNA was determined from
the difference between the work done in stretching one wound molecule and the work
done in stretching one overwound molecule on the same number of turns. [17,18]. It was
also found that RNA polymerase is able to generate a torque that is sufficient to change
the DNA structure [19]. However, the experimental study of DNA dynamics and OS
occurrence is limited by the spatial resolution of the available biophysical tools [20,21]. A
more complete description of the DNA mechanics can be obtained by combining data on its
mechanical parameters and studying its movements. Such an approach is possible within
the framework of mathematical modeling [22–24].

In this paper, the dynamics of OS occurrence under the torque influence with different
spatial and temporal localization are studied. The processes described are related to the
mechanical properties of DNA, which makes it possible to adequately take into account
various aspects of the DNA molecule functioning within the framework of a mechanical
mathematical model of the angular movements of nitrogenous bases.

2. Mathematical Model

The mathematical model of the angular movements of nitrogenous bases is based on
the analogy between a DNA molecule and a mechanical system consisting of two chains
of interconnected pendulums. At the same time, nitrogenous bases correspond to the
rotating pendulums, and the sugar-phosphate chains of the DNA molecule correspond to
the elastic thread to which these pendulums are attached; the hydrogen bond of a pair of
complementary nitrogenous bases corresponds to the elastic bond of the corresponding
pair of pendulums [25–27].

Thus, the mathematical model of angular motions includes the following Newton equations:
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Here:
ϕi

j(t)—angular deviation of the i-pendulum of the j-chain, counted counterclockwise,
at time t;

Ii
j—the moment of inertia of the i-pendulum of the j-chain;

Ri
j—distance from the center of mass of the i-pendulum of the j-chain to the thread;

Ki
j—constant characterizing the torque of the i-section of the j-thread;

ki
12—constant characterizing the elastic properties of the connection of the i-pair

of pendulums;
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Fi
j (t)—external influence on the i-pendulum of the j-chain at time t;

n—the number of pairs of pendulums in the system.
In Equations (1) and (2), the first term to the right of the equal sign describes the force

on the i-th pendulum from the side of the elastic thread, the second term—from the side of
the paired pendulum, the third term—the external force. The magnitude of the external

influence is taken equal to Fi
j (t) = −βi

j
dϕi

j
dt (t) + Mi(t), where the term −βi

j
dϕi

j
dt (t) models

the effects of dissipation caused by the interaction with the liquid media surrounding the
DNA molecule, the term Mi(t)—torque.

Equations (1)–(6) allow modeling the hydrogen bond in the i-th pair (δi = 1) and
breaking this bond (δi = 0). We assume that a break occurs in the i-th pair of bases if the
potential binding energy in this pair exceeds a certain critical value EH: the bond is restored
if its potential energy is less than EH and −π < ϕi

1< π, 0 < ϕi
2 < 2π.

We add the initial conditions to Equations (1)–(6):

ϕi
1(0) = ϕi

1,0,
dϕi

1
dt

(0) = ϕi
1,1, (7)

ϕi
2(0) = ϕi

2,0,
dϕi

2
dt

(0) = ϕi
2,1, i = 1, n. (8)

For definiteness, we assume that in the initial conditions (7) and (8) are:

ϕi
1,0 = ϕi

1,1 = ϕi
2,1 = 0, ϕi

2,0 = π, i = 1, n.

3. Solution of a Model Problem

The process of formation and the dynamics of OS zones in the DNA molecule were
studied on the basis of the numerical solution of problems (1)–(8). A graphic illustration of
the model is shown in Figure 1.
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The studies were carried out using the interferon alpha 17 gene code. For this gene,
n = 980, the values of the coefficients of Equations (1)–(6) are given in Table 1, the energy
value required to break one hydrogen bond is equal to EH = 34.774 pN·nm ≈ 5 kcal/mol
(data taken from [25]).

Table 1. Coefficients of Equations (1)–(6).

Type of Base A T G C

I · 10−44, kg ·m2 7.61 4.86 8.22 4.11
R, Å 5.80 4.80 5.70 4.70

K · 10−18, N·m 2.35 1.61 2.27 1.54
kH

12 · 10−2, N/m 6.20 6.20 9.60 9.60
β · 10−34, N·m · s 4.25 2.91 4.10 2.79

4. Constant Torque

Let Mi(t) = M0·1 pN·nm, i = 1, n, T0 = 10−10 s. Calculations on the interval [0, 3T0]
for M0 with a step equal to 0.001 show that OS zones arise at M0 ≥ 13.173.

Figures 2 and 3 show the graphs of the base pairs’ angular deviations of the DNA
molecule first strand at M0 = 13.172 on the intervals [0, T0] and [2T0, 3T0], respectively.
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Figure 4 shows graphs of the average angular deviations of the first (thin line) and
second (thick line) strands of the DNA molecule (at M0 = 13.172), i.e.,

ϕj(t) = n−1
n

∑
i=1

ϕi
j(t), j = 1, 2
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Figure 4. Graphs of the average angular deviations of the first (thin line) and second (thick line)
strands of DNA nitrogenous bases at M0 = 13.172 over the time interval [0, 3T0].

Figures 2 and 3 show that at t≥ T0, the amplitude of the angular deviations of the DNA
molecule chains decreases, and Figure 4 shows that the difference between the average
angular deviations ϕ1 (t) − ϕ2 (t) also decreases; this explains why at t > T0, no new OS
zones are formed and the unwinding of the DNA molecule process finished. Therefore,
further calculations were carried out on the interval [0, T0].

The results of calculations for different M0 values from the range 13.173 ÷ 16 are
shown in Figure 5; OS regions in pairs A–T are highlighted in green, and G–C, in red.

Figure 5 shows that with an increase in the torque value M0, the OS zone increases.
Figure 5c–f show that as M0 increases, OS nucleation starts in the zone saturated with A–T
pairs. With a significant increase in the torsion moment (M0 ≥ 15.795), OS zones begin to
form near the left edge of the gen (Figure 5f).

For a graphical representation of the dynamics of these processes, a graph of the
probability (in percent) of the occurrence of OS for M0 from the range of 13 ÷ 16, was
plotted (Figure 6).

Figure 6 shows that with a torque increase in the range of 13 to 14.1, nonlinear
dependence of the OS occurrence probability is observed. Moreover, at M0 > 14.1, there is a
sharp increase in the probability of OS occurrence up to 27%. Further, at 14.1 < M0 < 15.6,
there is a gradual increase in the probability of OS occurrence from 27% to 32% and a sharp
increase at M0 > 15.6, which corresponds to Figure 5e,f.
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Figure 5. OS regions under different impact values of the torque on a DNA molecule M0: (a) at
M0 = 13.173; (b)—at M0 = 13.185; (c)—at M0 = 13.210; (d)—at M0 = 13.673; (e)—at M0 = 15.794; (f)—at
M0 = 15.795. Green indicates OS in A–T pairs, red, in G–C pairs.
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5. Spatially Localized Constant Torque

It is known that under real conditions, the action of the torque created by RNA occurs
not on the entire gene, but on its promoter part. Therefore, below are the calculations for a
localized torque acting on different parts of the interferon alpha gene.

Let Mi(t) = Mi
0·1 pN·nm i = 1, n, t ∈ [0, T0], and Mi

0(t) = M0 at 1 ≤ i1 ≤ i ≤ i2 ≤ n,
Mi

0 = 0 for other i values. Such a torsion action will be called spatially localized on the
segment [i1, i2].

Figures 7–14 show the results of calculations obtained for the different values of the
torque, localized on segments with a length of 100 base pairs: [1, 100], [101, 200], [781, 880]
and [881, 980].
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Figure 7 shows OS regions under the torque localized in the segment [1, 100]. It can
be seen that with an increase in the M0 value, the OS zones increase. Note, that the zone
from 1 to 100 base pairs of the nitrogenous base pairs of the interferon alpha gene contains
a large number of G–C pairs.

Figure 8 shows OS regions under the localized torque action on the segment [101, 200].
It can be seen that with an increase of the M0 value, the OS zones also increase. Note that
for the occurrence of OS zones, a larger M0 value is required than when it is localized in
the segment [1, 100]. This can be explained by the fact that a smaller amount of energy is
required for the occurrence of OS when the torque effect is localized at the end of the gen
(edge effect).
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Figure 14. Graphs of the probability (in percent) of OS occurrence under the localized torque action
on the segment [781, 880] (thin line) and the segment [881, 980] (thick line).

Figure 9 shows the graphs of the OS occurrence probability under the localized torque
action on the segments [1, 100] and [101, 200].

Figure 10 shows graphs of the angular deviations of the first DNA molecule of the
strand under the localized torque action on the segment [781, 880] at M0 = 15.045, at which
OS does not yet occur.

Figure 11 shows OS regions under the localized torque action on the segment [781, 880].
It can be seen, that the occurrence of OS when the torque is localized in the area rich
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with A–T pairs begins at lower values of the M0 opposite torque localization on the
segments [1, 100] and [101, 200].

Figure 12 shows graphs of the angular deviations of the first strand of the DNA
molecule under the localized torque action on the segment [881, 980] at M0 = 14.032, at
which OS does not yet occur.

Figure 13 shows OS regions under the localized torque action on the interval [881, 980].
It can be seen that the occurrence of OS, in this case, occurs at even lower values of the
torque than in the case of localization on the region [781, 880], which can be explained by
the edge effect.

Figure 14 shows the graphs of the OS occurrence probability under the localized torque
action on the segments [781, 880] and [881, 980].

Figures 15–17 show the results of calculations obtained for the localized torque action
on segments 50 base pairs long: [781, 830] and [831, 880]. Graphs of angular deviations are
shown at the highest M0 value, which does not lead to OS.
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Figure 15. Influence of localized torque on a segment [781, 830]. (a)—Graph of the angular deviations
of the first strand of the DNA molecule on the time interval [0, T0] at M0 = 21.12. (b)—OS regions at
M0 = 21.121, green color indicates OS in A–T pairs, red, in G–C pairs.
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Figure 16. Influence of localized torque on a segment [831, 880]. (a)—Graph of the angular deviations
of the first strand of the DNA molecule on the time interval [0, T0] at M0 = 18.232. (b)—OS regions at
M0 = 18.233, green color indicates OS in A–T pairs, red, in G–C pairs.

Figure 17 shows the graphs of the OS occurrence probability under the localized
torque action on the segments [781, 830] and [831, 880]. The differences in the graphs are
explained by the fact that section [831, 880] contains many more A–T pairs. In addition, the
reduction of localized torque segments from 100 to 50 pairs led to an increase in the M0
values required for the occurrence of OS zones.
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6. Spatio-Temporal Localized Torsion Moment

Let Mi(t) = Mi
0(t)·1 pN·nm, i = 1, n, t ∈ [0, T0], and Mi

0(t) = M0 at 1 ≤ i1 ≤ i ≤ i2 ≤ n,
0 < t1 ≤ t ≤ t2 ≤ T0 and Mi

0(t) = 0 for other i and t values. Such a torsion effect will be
called localized on a spatial segment [i1, i2] and time interval [t1, t2].

Figure 18 shows OS regions that arise under the localized torque action on the spatial
segment [781, 880] with different temporal localization. It can be seen that when the torsion
action stops, the OS zones are closed, and an increase in the time localization interval leads
to an increase in the OS zones.
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Figure 18. OS sections arising under the localized torque action on the interval [781, 880] at M0 = 16.
(a)—on the time interval [0, 0.2T0] and (b)—on the time interval [0, 0.25T0]. Green color indicates OS
in A–T pairs, red, in G–C pairs.

7. Conclusions

In the article [19], it was shown that the torque value for RNAp Escherichia coli is
11 ± 4 pN·nm. Our simulation results showed that the torque values required for the
occurrence of OS zones depend on the localization and, in some cases, are close to those
obtained in the experimental work values [19].

It follows from the obtained results that the probability of OS zones formation depends
on the content of A–T pairs in the area of torque localization, the size of this area and the
size of the time interval influence. It should be noted that the torque spatial localization
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near the edge of the gen leads to an increase in the probability of the occurrence of OS
zones (edge effect), and also the OS zones can close when the torsion action stops.

In addition, it was noted that the torsion effect leads to the genesis of rotational
movements of nitrogenous bases. This effect is nonlinear, and an increase in the ampli-
tude of the torsion action does not automatically increase the amplitude of rotational
movements and the potential energy of hydrogen bonds and, as a result, increases the
OS regions. This explains the non-monotonicity of the OS occurrence probability graphs
(Figures 6, 9, 14 and 17).
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