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The melting transition of DNA–ligand complexes, allowing for two binding mechanisms to different DNA conformations
is treated theoretically. The obtained results express the behavior of the experimentally measurable quantities, degree of
denaturation, and concentrations of bound ligands on the temperature. The range of binding parameters is obtained,
where denaturation curves become multiphasic. The possible application to the nanocomposites crystallization is
discussed.
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Introduction

The phenomenon of the helix–coil transition in biopoly-
mers has been known since 1960s (Poland & Scheraga,
1970; Vedenov, Dykhne, & Frank-Kamenetskii, 1971)
and it is still vigorously discussed (Barbi, Lepri, Peyrard,
& Theodorakopoulos, 2003; Chalikian, 2003; Cule &
Hwa, 1997; Garel, Monthus, & Orland, 2001; Munoz &
Serrano, 1997; Takano, Nagayama, & Suyama, 2001).
There are two main reasons for such continuous interest.
From the biological point of view, the helix–coil transi-
tion is connected with such important genetic processes
as transcription and translation. On the other hand, from
the physical point of view, the interest is caused by the
fact that double-stranded DNA is an example of one-
dimensional cooperative system with large-scale correla-
tions (Vedenov et al., 1971).

Over the past century considerable attention has been
paid to the theory of helix–coil transition in biopolymers,
particularly in DNA (Frank-Kamenetskii, 1997; Poland &
Scheraga, 1966; Wartell & Benight, 1985). In the investi-
gation of DNA molecular structure and function it is ulti-
mately important to reveal the role of DNA interaction
with water and different low-molecular compounds
(ligands) dissolved in water. The influence of water, ions,
and ligands on the structure and functions of DNA was
intensively investigated (Garbett, Ragazzon, & Chaires,
2007; Zimmer & Wahnert, 1986). The interaction of

ligands with double-stranded DNA is a fundamental fea-
ture for many intracellular processes. Ligands with
reduced or no sequence specificity are often able to impact
on the regulation, transcription, and translation processes
(Nelson, Ferguson, & Denny, 2007). Because of the
sophisticated double-helical structure of DNA, different
binding specific or unspecific non-covalent modes become
possible: intercalation (Reha et al., 2002), bis-intercalation
(Krishnamoorthy, Duportail, & Mely, 2002), minor groove
binding (Reddy, Sharma, & Lown, 2001), major groove
binding (Niidome et al., 1996), a combination of those
(Larsson, Carlsson, Jonsson, & Albinsson, 1994), and
binding via non-classical modes (Lipscomb et al., 1996).

Current research is focused on the theoretical model
of the helix–coil transition of DNA–ligand complexes
allowing for two types of the ligand to the double-
stranded DNA (ds-DNA) and two types of binding to
single-stranded (ss-DNA). The suggested model is useful
to analyze the experimentally obtained results for
simultaneous binding of two different ligands having
different binding parameters with ss- and ds-DNA
(Karapetian et al., 1996). While our previous work
(Karapetian et al., 1996) was focused mainly on the
effect of ligands on the DNA stability and cooperativity
of melting, the present study is devoted to the cold
denaturation phenomena, experimentally observed e.g.
by Dubins, Lee, Macgregor, and Chalikian (2001).
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Theory

We have implemented the standard model of DNA–
ligand melting (Karapetian et al., 1996; Vedenov et al.,
1971). The molecule consists of N base pairs. In the area
of helix–coil transition each base pair can adopt one of
the two conformational states: helix and coil. The macro-
molecule is divided into n regions consisting of N1 coil
base pairs and N2 helical base pairs. The total number of
base pairs remains constant during the melting process

N ¼ N1 þ N2 (1)

Solution also contains two types of ligands with differ-
ent binding parameters. Let us suppose we have ligands
bound with single-stranded regions with binding constants
K 0
1 and K 00

1 and with double-stranded regions with binding
constants K 0

2 and K 00
2 . The total number of ligands is equal

to k, the number of molecules bound with single-stranded
regions by the first mechanism is equal to k01, by the
second mechanism is equal to k001 , the number of molecules
bound with double-stranded regions by the first
mechanism is equal to k02, by the second mechanism is
equal to k002 . Let F1 and F2 be the free energies per base
pair at the coil and helical states, correspondingly, F0 is
the free energy of helix initialization, Wa

i is the free energy
of binding (i ¼ 1; 2 and a ¼ 0; 00), and W is the number of
microstates of macromolecule, corresponding to the given
energy. Thus, the total free energy can be computed by
the following equation (Grigoryan, Mamasakhlisov, &
Karapetian, 2014; Karapetian et al., 1996)

F ¼ F1N1 þ F2N2 þ nF0 þ
X
i¼1;2

X
a¼0;00

kai W
a
i � T ln W

(2)

Using the most probable distribution approach, we
obtain the following system of equations for the concen-
trations cai ¼ kai

Ni

where Ka
i are the binding constants, D is the total con-

centration of ligands, rai is the number of binding sites
per ligand, P is the total concentration of phosphate
groups, and # is the helicity degree. Equation for the
effective parameter of the helix growth yields

S� ¼ S
1� c01r

0
1=2

� � 2
r0
1 1� c001r

00
12

� � 2
r00
1

1� c02r
0
2

� � 1
r0
2 1� c002r

00
2

� � 1
r00
2

; (4)

where S ¼ exp F1�F2
T

� � ¼ exp � DH
RT þ DS

� �
is the helix

growth parameter for the pure DNA, where ΔH is the
change of enthalpy and ΔS is the change of entropy of
one base pair formation. The order parameter, describing
the helix–coil transition is the helicity degree, defined as

h ¼ 1

N
N2h i; (5)

where :::h i means the thermodynamic average.

Results and discussion

To address the effect of the ligands, described above, the
helicity degree has been calculated using the Equations
((3–5)). In this paper, we focused our attention on the
ligands with higher affinity to native DNA. Solution of
the Equation (3) has been obtained numerically.

Let us consider the two following most interesting
cases. If the total concentration of ligands in solution is
very low 2D

P \, the melting curve obtained for the
certain values of binding constants Ka

i is presented in
Figure 1. In Figure 1 we compare denaturation curve for
the pure DNA (curve 1) with those for the DNA–ligand
complex (curve 2). Because of higher affinity of ligands
to the helical regions of DNA, the denaturation curve is
shifted to the low values of the parameter S i.e. to the
high temperatures. Thus, the low concentrations of
ligands led to the stabilization of ds-DNA helical
structure.

At the same time, if the total concentration of ligands
in solution is comparable with those for the phosphate
groups 2D

P � 1 and PK 0
1 >> 1, PK 0

2 >> 1, PK 00
2 >> 1,

PK 0
2 >> 1 DNA–ligand complexes exhibit both

high-temperature and low-temperature denaturation with
the wide “window” of stable double helix in the area of
helix–coil transition of the pure DNA (see Figure 2,
curve 1). In this case, the key point is the higher affinity
to native DNA in comparison with denaturated one. The

c01r
0
1 = 2

1� c01r
0
1 = 2

¼ PK 0
1

2

2D

P
� 2ð1� #Þc01 � 2ð1� #Þc001 � #c02 � #c002

� �

c001r
00
1 = 2

1� c001r
00
1 = 2

¼ PK 00
1

2

2D

P
� 2ð1� #Þc01 � 2ð1� #Þc001 � #c02 � #c002

� �

c02r
0
2

1� c02r
0
2

¼ PK 0
2

2

2D

P
� 2ð1� #Þc01 � 2ð1� #Þc001 � #c02 � #c002

� �

c002r
00
2

1� c002r
00
2

¼ PK 00
2

2

2D

P
� 2ð1� #Þc01 � 2ð1� #Þc001 � #c02 � #c002

� �
(3)
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high-temperature denaturation of the DNA–ligand com-
plex is substantially shifted to the high-temperatures area
in comparison with the pure DNA (“hot” denaturation).

At the same time, at high-temperature conditions at
which the pure DNA still remain denaturated, DNA–
ligand complex exhibits native state. Within the decrease
of temperature DNA–ligand complex undergoes “cold”
denaturation, while the pure DNA becomes helical
(Figure 2, curve 3).

“Cold” denaturation phenomenon was observed experi-
mentally for proteins and nucleic acids (Dubins et al.,
2001; Mikulecky & Feig, 2002; Privalov, 1990). The
mechanism of “cold” denaturation was addressed in a huge
amount of publications (Badasyan et al., 2014;
Hayrapetyan et al., 2014; Mikulecky & Feig, 2004;
Privalov, 1990). The “cold” denaturation of DNA–ligand
complex is accompanied by redistribution of ligands,
bound with molten regions of DNA (see Figure 3, curve 3).
While the concentrations of ligands bound with native
regions, ca2 remains constant during the “cold” and “hot”
denaturation, the concentrations of ligands bound with
molten regions are abruptly increase in the area of “cold”
denaturation. Thus, the stabilization of the molten phase
occurs because of ligands are bound with denaturated
DNA. To understand the mechanism of cold denaturation
the simplest case of DNA–ligand interaction has been
considered, where low-molecular compounds are bound
with single-stranded regions with binding constant K 0

1 and
with double-stranded regions with binding constant K 0

2,
where K 0

2 � K 0
1. In this case, the system of Equation (3)

will be transformed as

Figure 1. Dependence of the degree of denaturation 1−θ on
the parameter of the helix growth S. Line 1 is the denaturation
curve for the pure DNA. Line 2 is the denaturation curve for
2D
P ¼ 1.4� 10�2, r01 ¼ 2, r001 ¼ 2, r02 ¼ 4, r002 ¼ 4,
K 0
1 ¼ 2.9� 104 M−1, K 00

1 ¼ 102 M−1, K 0
2 ¼ 9.6� 105 M−1

, and
K 00
2 ¼ 107 M−1.

Figure 2. Dependence of the degree of denaturation 1−θ on
the helix growth parameter S. Line 1 is the denaturation curve
for the pure DNA. Line 2 is the denaturation curve for r01 ¼ 2,
r001 ¼ 2, r02 ¼ 4, r002 ¼ 4, K 0

1 ¼ 2.9� 104 M−1, K 00
1 ¼ 102 M−1,

K 0
2 ¼ 9.6� 105 M−1

, and K 00
2 ¼ 107 M−1.

Figure 3. Dependence of the ligand concentrations cai on the
helix growth parameter S. The 1, 2, 3, and 4 lines describe
ligand concentration dependence of the helix growth parameter
S for c01, c

00
1, c

0
2 and c002, respectively. Results are obtained for

the values of parameters: r01 ¼ 2, r001 ¼ 2, r02 ¼ 4, r002 ¼ 4,
K 0
1 ¼ 2.9� 104 M−1, K 00

1 ¼ 102 M−1, K 0
2 ¼ 9.6� 105 M−1

, and
K 00
2 ¼ 107 M−1.
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c01r
0
1 = 2

1� c01r
0
1 = 2

¼ PK 0
1

2

2D

P
� 2ð1� #Þc01 � #c02

� �

c02r
0
2

1� c02r
0
2

¼ PK 0
2

2

2D

P
� 2ð1� #Þc01 � #c02

� � (6)

If the total concentration of ligands in the solution is
comparable with those for the phosphate groups 2D

P � 1
and PK 0

1 >> 1, PK 0
2 >> 1, DNA–ligand complexes also

exhibit both high-temperature and low-temperature dena-
turation (see Figure 4). At the same time, if binding of
ligand to ss-DNA is suppressed, K 0

1 = 0 we have only
heat denaturation with the substantial stabilization of heli-
cal DNA (see Figure 5). The higher binding affinity to
double-stranded regions results the almost constant
concentration of ligands bound with native DNA (see
Figure 3). Simultaneously, at low temperatures the system
seeks for the state with lower internal energy. In case of
saturation for the ligands that are bound with ds-DNA the
only option is to increase the number of ligands bound
with ss-DNA (see Figure 3). Thus, the main reason of
cold denaturation is the ligands ability to bind with sin-
gle-stranded regions of DNA with the binding constants
lower than those for the double-stranded regions.

Thus, the appropriate choice of the binding constants
permits to fix the order parameter of the ds-DNA in the
wide enough range of temperature conditions. This
mechanism should be especially important for the control
of polymer’s nanocomposites crystallization (Grigoryan
et al., 2014), where we need to cool the sample, but at
the same time to keep the DNA molecules at the ordered
state.

Conclusions

The biphasic behavior obtained above theoretically was
observed experimentally (Guan, Shi, Li, Zhao, & Li,
2007) for the binding of dicationic Hoechst 33,258 and
intercalator EtBr (Karapetian et al., 1996).

� The existence of both hot and cold denaturation
transition is common for the ligands that bind with
multiple binding modes at the certain relations
between the binding constants.

� DNA complexes with two types of ligands having
different binding parameters with ss- and ds-DNA
exhibit both “hot” and “cold” denaturation.

� The range of high temperature exists, where the
DNA–ligand complex occurs in the native state.

� The temperature of hot denaturation of DNA–
ligand complex is substantially less than those for
the pure DNA.
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