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The mechanism of the macroscopic bending deformation of a
macromolecular chain of the DNA type due to a conformational
transformation of the double helix has been substantiated.
In the framework of the two-component nonlinear model of
conformational transformations of DNA, the shape of a deformed
fragment and the energy of its deformation have been found.
The estimations of the energy and the amplitude of the bending
deformation demonstrate that the deformation of DNA induced
by conformational transformations is energy-gained in comparison
with that resulting from the elastic mechanism of a bending.
Confronting the theoretical results with experimental ones
obtained for the anomalous bending of the TATA-box fragment
of DNA testifies that the mechanism of the intrinsically induced
deformation may be realized for a certain sequence of DNA
fragments.

1

Introduction

The study of mechanisms of the bending deformation
of DNA is one of the challenging problems of the
double helix structural mechanics. The bending of DNA
accompanies such key processes of realization of a
genetic information as the translation and transcription
and also governs the packing of a macromolecule in
chromosomes and viruses. The deformation of DNA
is usually described in the framework of the elastic
rod model, where the macromolecule is considered as
a homogeneous chain that obeys the Hooke law. The
flexibility of such a chain is characterized by the
persistence length, the value of which is determined
for macromolecules from experimental data and is well
known for DNA [1–3]. In the elastic rod model, the
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fragments of DNA with their lengths comparable to the
persistence one are allowed to bend fluctuationally by
small angles (0.2—1◦ per base pair, depending on their
sequence [3]), whereas the fragments shorter than the
persistence length are assumed practically rigid.
In the recent years, there have been accumulated the
experimental data which testify to the anomalously large
— from the viewpoint of the elastic (linear) bending
theories — deformations of relatively short fragments
of the DNA macromolecule [4–12]. Anomalously large
deformations of the DNA double helix occur in the
course of the nucleic acid–protein recognition processes
[4–9]. Cells demonstrate the formation of loops by
a DNA chain, whose length is considerably shorter
than the persistence one [10]. It is also known
that DNAs in bacteriophages exist in the extremely
compact conformation [11]. Responsible for such DNA
deformations was considered the interaction between
DNA and proteins. Nevertheless, the recent experiment
[12] showed that short DNA fragments can form loops
spontaneously and without stabilization of the latter by
specific proteins.
It is important that, in all indicated experiments,
no breaks of hydrogen bonds between base pairs were
observed, and the DNA macromolecule remained in
the double-stranded helical form. This effect cannot be
explained in the framework of the elastic rod model,
because the energy of deformation of DNA in such a
way, as was observed in [6—9, 12], would lead to the
denaturation of pairs of the DNA double chain.
Theoretical and experimental studies of the
anomalous deformability of DNA fragments do not
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Fig. 1. Schematic illustration of the double helix structure of DNA.
Circles stand for phosphate groups, pentagons for sugar rings, and
rectangles for bases

explain the mechanism of a deformation of the
macromolecule under environmental conditions. For
example, the calculations of conformations carried out
taking into account all atom-atom interactions allowed
one to find possible ways [13] and conditions [14–16] for
the structures with a substantially deformed double helix
to be formed. But the evaluated energy that is necessary
to deform the macromolecule’s fragment coincides by
value with the estimations of linear models and exceeds
the energy of pair melting in a double-stranded helical
structure [13].
The analysis of X-ray diffraction [17–20] and
electrophoresis [21] data concerning the fragments of the
DNA macromolecule proves the anomalous deformation
of the double helix and reveals the change of the
DNA conformation in its deformed section [17–21]. A
possibility for the conformational transformations of
the double helix to affect the DNA deformation was
considered as long ago as in works [22–24]. However, the
mechanism of the influence of internal conformational
transformations on the double helix shape could not
be clarified because of the complicated structure of the
macromolecule.
At the same time, the results of works [17–24]
allow one to assert that the anomalous deformation of
the macromolecule could be induced by conformational
reconstructions of the double helix. That is, the
mechanism of the anomalous bending can be a result of
the coupling between the conformational mobility and a
deformation.
In order to study the influence of the conformational
transformations of DNA on the shape of the double
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helix chain, the relevant nonlinear models were
developed in works [25–30] in the framework of
a phenomenological approach. In addition to the
deformation like that of an elastic rod, those models
make allowance for the internal conformational degree
of freedom, as well as for the interrelation between the
conformational transformations of the macromolecule
and its deformation. In works [28–30], it has been
shown that the conformational transitions in DNA
induce a deformation of the macromolecule chain, which
corresponds by its shape to the experimentally observed
deformations of the macromolecule’s fragments.
In our previous work [29], to understand the
mechanism of the deformation induced by internal
conformational transformations of the double helix, we
built a model of conformational transformation of a DNA
double helix fragment that includes a heteronomous
conformation typical of the regulatory fragment of DNA
(the TATA-box). Literature data on the deformation
of the DNA TATA-box are most detailed [6–9, 13–
18, 21], which allowed us to confront the theory and
the experiment. In work [29], we showed that the
deformation of DNA in the heteronomous conformation
is described by the bistable macromolecule model. The
results of simulations demonstrated that the shape of
a deformation of the bistable chain corresponds to the
experimentally determined deformation of the TATAbox, so that the developed approach can be used to
elucidate the mechanism of deformations.
In this work, we have calculated the energy and
the parameters of the deformation of the macromolecule
induced by internal conformational excitations. We have
substantiated the mechanism of the intrinsically induced
deformation of the macromolecule and found the energygained ways for its realization in the course of the
bending of a TATA-box of DNA.
2

Intrinsically Induced Deformation of a DNA
Macromolecule

DNA is a polymorphic macromolecule, whose
polymorphism is related to the conformational softness
of sugar rings in the double helix chains (Fig. 1) [31].
Under environmental conditions, DNA has double helix
conformations that are characterized by the C20 -endo
form of sugar rings and belong to B -family. Under
definite external conditions, DNA can occur in the
A-family conformations, with the C30 -endo form of
sugar rings. However, for certain DNA sequences, the
conformation that is characterized by the coexistence
of various sugar forms (C20 -endo and C30 -endo) in the
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nucleotide pair of a monomer link of the macromolecule
chain is observed. Such a conformation is called
heteronomous. It is observed in alternative sequences,
in particular, in a TATA-box of DNA.
In the framework of the heteronomous conformation
of DNA, two conformational states may be realised.
They differ from each other only by the alternative
which chain of the double helix includes sugars in the
C20 -endo form and which in the C30 -endo one (Fig. 2).
Therefore, a monomer link of the chain can be in two
stable states, which corresponds to the conformational
bistability of the macromolecule. It was shown in work
[29] that the transition between the heteronomous states
of the DNA chain can be described in the framework of
the two-component model of a bistable macromolecule,
where this transition is accompanied by a bending of the
macromolecule.
In order to elucidate the mechanism of the
intrinsically induced deformation, consider the
bending of a bistable macromolecule, which is
a two-component molecular chain. The internal
conformational component r describes the rotation of
the base pair in the plane that is orthogonal to the main
axis of the helix (twist); the rotation occurs owing to the
change of the forms of sugars. The external component R
describes the displacement of the monomer link resulting
from the conformational transition.
In the continual approximation, the conformational
mobility energy of a bistable macromolecule looks as
Z
£
1
E=
dz M Ṙ2 + mṙ2 +
2h
¤
+gh R + kh r + Φ(r) + 2χR F (r) ,
2

02

2 02

0

(1)

where M is the mass of the monomer link, m the reduced
mass of nucleosides, h the distance between monomers
along the z -axis; χ, g, and k are the parameter of the
intercomponent coupling and the force constants of the
external and internal subsystems, respectively. The first
and second terms in expression (1) compose the kinetic
energy of the link. The third and fourth terms describe
the interaction along the chain in the nearest neighbor
approximation. The fifth term in energy (1) describes
the conformational transition energy
¶2
µ
r2
,
(2)
Φ(r) = ε 1 − 2
a
where a and ε are the distance and the transition barrier
between the stable states. The nonlinear potential
energy (2) was chosen in the degenerate form, because
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Fig. 2. Schematic illustration of two states of the heteronomous
conformation of DNA. (a) The first link includes a sugar ring in
the C30 -endo form, the other link includes a sugar ring in the C20 endo form (hatched); (b) vice versa, the first link includes a sugar
ring in the C20 -endo form (hatched), and the other link includes
a sugar ring in the C30 -endo form

the degenerate bistability represents the states of
the heteronomous DNA conformation [29], whose
deformation is examined in this work. The sixth
term describes the coupling between the external and
internal components. The potential function F (r) was
constructed in such a way that it corresponds to the
energy growth on the conformational transition owing
to the correlation between the external and internal
components:
µ
¶
r2
F (r) = 1 − 2 .
(3)
a
Consider the possible static excitations of system (1).
The system of equations for a static excitation looks like
gh2 R00 + χh

kh2 r00 −

∂F (r) 0
r = 0,
∂r

∂F (r)
1 ∂Φ(r)
− χhR0
= 0.
2 ∂r
∂r

(4)

(5)

We search for those solutions of the system of equations
(4) and (5) which have the asymptotic behavior that is
characteristic of stable states: at z → ±∞, the quantity
r → ±a, r0 → 0, and R0 → 0. Then the static excitation
looks like a two-component topological soliton:
³p ´
Qz ,
(6)
r(z) = ±a th

R(z) = −

³p ´
χ
√ th
Qz ,
gh Q

(7)
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3

Fig. 3. Schematic illustration of the static conformational
excitation of a two-component chain: r is the conformational state
of the fragment, and ρ is the chain deformation

¡
¢
where Q= ε − χ2 /g /ka2 h2 .
The shape of a static deformation of
macromolecule can be written down in the form
³p ´
χ
ρ(z) = hR0 = − ch−2
Qz .
g

the
(8)

From this expression, one can see that the deformation
of a bistable macromolecule with degenerate potential
energy looks like a bell-shaped soliton. In Fig. 3, the
profiles of a static deformation and the conformational
state of a fragment belonging to the bistable chain are
depicted schematically. The component r has the form
of a kink and displays the conformational transition
between the states of the heteronomous conformation.
The deformation of the chain has the form of a bellshaped soliton.
A deformation of type (8) that is induced by intrinsic
conformational changes of the macromolecule will be
called hereafter an intrinsically induced deformation.
The form of a macromolecule chain deformation is
governed by the kind of a non-linearity of the
conformational component.
Formulas (6)—(8) demonstrate that the mechanism
of the intrinsically induced bending would operate
provided that
Q > 0, ε −

χ2
> 0.
g

(9)

Condition (9) determines the ranges of values of the
model parameters, at which the intrinsically induced
mechanism of deformation is feasible. In the case of a
real macromolecule, this condition can be satisfied, first
of all, owing to a significant variability of the chain
stiffness parameter g and the relatively more stable
parameters χ and ε. The stiffness of the double helix
chain is governed by such factors as the composition
and the sequence of nucleic bases, the conformational
reconstruction trajectory, the solvent composition, the
concentration of counterions, and interaction with other
molecules.
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Parameters of the Intrinsically Induced
Deformation

Let us calculate the DNA bending amplitude according
to the mechanism of the intrinsically induced
deformation and compare it with experimental data for
the bending of a heteronomous DNA in the TATAbox [7–9]. For this purpose, we have to define the
parameters of the model for a DNA macromolecule
in the heteronomous conformation. We suppose that
the distance between monomer links of DNA h =
3 Å [32], and the magnitude of the transition barrier
ε = 3 kcal/mol, which corresponds to the value
experimentally determined for B −A transitions in DNA
[32, 33]. For the distance a between the conformational
component wells and the stiffness k of the internal
sublattice, we use the relevant values estimated in
work [25] for B − A transitions: a ≈ 1 Å and k ≈
2
1200 g/s . The stiffness g of the external subsystem of
the macromolecule considered as a persistence chain
corresponds to the experimentally known bending
stiffness of DNA, g = RT P/h, where P is the persistence
length. Hence, in our model, the stiffness of the
external subsystem of the double helix considered as
2
a persistence chain gp =7200 g/s . To calculate gp ,
we used the value P = 536 Å, which corresponds to
the sequence occurring in the DNA TATA-box [3].
According to condition (9), for the intrinsically induced
mechanism of bending to be activated, the inequality
√
χ < εg must be valid. For further calculations, we put
√
2
χ =0.6 εgp = 231.6 × 10−7 g × cm/s .
Consider the parameters of an intrinsically induced
excitation of a bistable macromolecule. The width of
conformationally√excited solitons is proportional to the
quantity z0 =1/ Q. We shall confine the region of
the conformational excitation extension to the section
where the structural displacement amplitude exceeds the
amplitude of thermal fluctuations r̃. Our calculations
show that, for the parameters quoted above, the
amplitude of small displacements in one of the wells of
the conformational potential energy r̃ = 0.38 Å. The
number of pairs in the excited section is determined as
l = 2L + 1, where
L=

z0
arcth (1 − r̃/2a) .
h

(10)

To calculate the angle, by which the chain deviates
from the initial direction, we note that ρ/h = dR/dz =
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tan φ. Then, the general deformation is calculated by the
formula
ZLh
arctg(R0 )

φ=

dz
.
h

(11)

−Lh

Let us determine whether the mechanism of the
intrinsically induced bending deformation has advantage
over the elastic one for the given parameters of the
model. We substitute solutions (6) and (7) into energy
(1) and integrate over the excitation interval. Then, the
energy of the intrinsically induced bending looks like
Eind

µ
¶ ZLh
χ2
dz −4 p
= ε−
ch ( Qz).
g
h

(12)

−Lh

The elastic portion of the intrinsically induced bending
energy has the form
gh2
ER =
2

Z

Lh

−Lh

dz 02
1 χ2
R =
h
2 g

ZLh

dz −4 p
ch ( Qz). (13)
h

−Lh

After calculating the energy values (12) and (13)
for the macromolecule considered as a persistence chain,
we obtain that Eind > ER . Therefore, the intrinsically
induced mechanism is not effective for those DNA
fragments, the stiffness of which corresponds to the
persistence chain. However, it should be taken into
account that the bending stiffness is a parameter that
depends on external factors. In this case, provided that
the stiffness can accept other values in formulas (12)
and (13), it turns out that the intrinsically induced
mechanism becomes energy-gained if the stiffness g <
1.5χ2 /ε. On the other hand, from condition (9), we
obtain a restriction on g from below: g > g0 = χ2 /ε.
Thus, the intrinsically induced mechanism turns out to
be effective for those DNA fragments, the stiffness of
which falls within the interval (g0 , 1.5g0 ).
Indeed, according to the experimental data, the
bending stiffness for fragments with various sequences
can be lower than its persistence value [34–36].
According to the results of studying the intrinsically
induced bending of DNA in complexes with proteins by
using the cyclization kinetics method, the bending force
constant for the TATA-box is half as much as that for
the irregular sequence in DNA [34]. The stiffnesses of
DNA along the bending directions can also differ by
several times, depending on the sequence [35, 36]. In
work [36], it was found that, in the case of the TATAbox, the bending force constant along the major groove
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Fig. 4. Dependences of the average energy of the intrinsically
induced bending of the DNA macromolecule Eind /2L (solid curve)
and the average energy of the elastic bending ER /2L (broken
curve) on the bending stiffness value, g̃ = gh2

is 4 times lower than that along the minor groove. The
neutralization of phosphate groups on the interaction
with a protein can also bring about a reduction of
the stiffness of the DNA TATA-box [13]. Moreover,
the results of a recent experiment [12] show that some
specific DNA sequences manifest the anomalously high
flexibility.
Let us calculate the dependence of the energy of the
intrinsically induced bending of the DNA macromolecule
with given parameters on the bending stiffness. In Fig. 4,
the solid curve exhibits the results of calculations of the
dependence of the average energy of the intrinsically
induced bending of the DNA macromolecule Eind /2L
on the bending stiffness within the interval from the
value corresponding to the system bistability threshold,
g˜0 =g0 h2 , to the value corresponding to the bending of
the double helix as a persistence chain, g˜p = gp h2 . As
is seen from the results of calculations, at g̃ → g˜0 , the
energy of the intrinsically induced bending diminishes
down to 0. The broken curve in Fig. 4 demonstrates
the calculated variation of the elastic deformation energy
ER /2L of the obtained conformational excitation.
In order to explain the DNA bending mechanism by
intrinsic conformational changes, let us determine some
quantitative characteristics of the static excitation and
the bending deformation of a DNA fragment with the
heteronomous conformation.
The table presents the results of calculations of
the characteristics of the intrinsically-induced excitation
carried out for fragments with various lengths: from 4 to
10 base pairs. In the table, l is the number of base pairs
in the excited section of the macromolecule, φ is the
bend angle of the macromolecule chain at the excitation
section, and Eind is the excitation energy. For the sake
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excited section of the macromolecule, which is
bent according to the intrinsically induced bending
mechanism by a total angle of 80◦ . According to
the figure, most deformed is the central part of the
fragment. At the ends of the fragment, the deformation
brings about displacements, which correspond, by the
order of magnitude, to fluctuations r̃ in the internal
component. Thus, the energy distribution testifies that
the intrinsically induced bending mechanism can be
realized in DNA without violating the double-stranded
structure of the double helix.
4
Fig. 5. Bend angle and energy distributions on the intrinsically
induced bending of a sequence of 8 base pairs by a total angle of
80◦

of comparison with the intrinsically induced mechanism
of bending, we also calculated the energy of a chain
deformation in the framework of the elastic rod model,
2
Eel =gL (φ/2L) , with the corresponding stiffness values.
The table also presents the portion ER of the total
bending energy which describes the elastic energy of the
excited chain.
According to the table data, the amplitude and
the width of the excitation increase as the bending
stiffness becomes lower. In so doing, the energy of
the intrinsically induced bending decreases, while the
energy calculated in the framework of the elastic rod
model and the elastic portion of the intrinsically induced
deformation increase rather quickly, notwithstanding
that the bending stiffness is more than twice lower than
the bending stiffness of the double helix considered as a
persistence chain.
The data quoted in the table testify that the 8-basepair fragment of the macromolecule can be deformed to
the 80◦ -bend. The angle deformation that was observed
in the experiment for a TATA-box 8 base pairs in length
was also of about 80◦ [7–9].
Also important is to analyze the energy distribution
of the static excitation in the deformed fragment. In
Fig. 5, we plotted the results of calculations of the bend
angle and bend energy distributions along an 8-base-pair
Characteristics of the intrinsically induced excitation

Conclusions

A
two-component
model
for
conformational
transformations of a bistable macromolecule, which
describes the shape and the amplitude of a macroscopic
deformation in the DNA double helix chain, has been
built.
It has been shown that the proposed mechanism
of the intrinsically induced deformation can explain an
anomalously large bending, which is observed in the
TATA-box of DNA. The mechanism proposed attributes
the ability of the fragment to anomalously bend to
the properties of the DNA structure with a definite
sequence. This conclusion correlates with the results of
the recent experiment on studying the properties of the
DNA bending deformation [12].
The energy efficiency of the intrinsically induced
deformation means that the bend of heteronomous
sections in the course of the DNA packing is related to
a conformational transition in the chain structure. The
mechanism proposed can be applied to describe the DNA
compacting in nucleosomas and viruses.
Thus, the proposed mechanism of the intrinsically
induced bending explains substantial deformations of
bistable macromolecules and can be used for the
quantitative estimation of the bending parameters of a
polymorphic DNA.
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Обґрунтовано механiзм макроскопiчної деформацiї згину ланцюжка макромолекули типу ДНК за рахунок конформацiйних
перетворень структури подвiйної спiралi. В рамках двокомпонентної нелiнiйної моделi конформацiйних перетворень ДНК
знайдено форму деформованого фрагмента та енергiю утворення деформацiї. Оцiнка енергiї та величини деформацiї згину
показує, що iндукована конформацiйними змiнами деформацiя
ДНК є енергетично вигiдною в порiвняннi з пружним механiзмом згинання. Зiставлення результатiв теорiї з експериментом
для аномального згинання фрагмента ТАТА-бокса ДНК говорить про можливiсть реалiзацiї механiзму внутрiшньо iндукованої деформацiї для фрагментiв ДНК певної послiдовностi.
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