Morse potential in DNA molecule – An experiment proposal
SLOBODAN ZDRAVKOVIĆ1,* and MILJKO V SATARIĆ2
1

Institut za nuklearne nauke Vinča, Poštanski fah 522, 11001 Beograd, Serbia
Fakultet tehničkih nauka, Univerzitet u Novom Sadu, 21000 Novi Sad, Serbia

2

*Corresponding author (Phone, +381-11-2392658; Email, szdjidji@vinca.rs; szdjidji@yandex.ru)
We rely on the helicoidal Peyrard-Bishop model for DNA dynamics. Interaction between nucleotides at a same site
belonging to different strands is modelled by a Morse potential energy. This potential depends on two parameters that
are different for AT and CG pairs, which is a possible source for inhomogeneity. It was shown recently (Zdravković
and Satarić 2011) that certain values of these parameters bring about a negligible influence of inhomogeneity on the
solitonic dynamics. We propose an experiment that should be carried out in order to determine the values of both of
these parameters.
[Zdravković S and Satarić MV 2012 Morse potential in DNA molecule – An experiment proposal. J. Biosci. 37 613–616] DOI 10.1007/s12038-0129232-4

1.

Introduction

It is well known that a DNA molecule consists of two
compatible chains. Chemical bonds between neighbouring
nucleotides belonging to the same strands are strong covalent bonds, while nucleotides at a certain site n, belonging to
the different strands, are connected through weak hydrogen
interaction. According to the helicoidal Peyrard-Bishop
(HPB) model for DNA dynamics, the DNA chain is treated
as a perfectly homogenous periodic structure and only transversal motions of nucleotides are taken into consideration
(Dauxois 1991). The model assumes small oscillations
around the bottom of the potential well. It is very common
to describe this weak interaction by Morse potential energy
(Dauxois 1991; Yakushevich 1998). Its expression is
VM ¼ Dð1  ea x Þ2

ð1Þ

where the coordinate x describes the stretching of the nucleotide pair while the parameters D and a are the depth and the
inverse width of the Morse
potential. This function is shown
 1
in figure 1 for a ¼ 1:2A and D=0.07eV (Zdravković and
Satarić 2009a). As the nucleotides oscillate around the bottom of the Morse potential well, the potential energy has
values from zero to V and x belongs to the interval [xA,xB],
as shown in figure 1.
Keywords.

DNA can be seen as a series of particles and springs
and a displacement of a certain particle affects the
neighbouring springs and nucleotides and, consequently,
propagates along the molecule. According to the HPB
model, such propagation is a modulated solitonic wave
(Dauxois 1991; Zdravković and Satarić 2008b; Tabi et al.
2009). A key problem in DNA functioning is an impact of
inhomogeneous effects on DNA dynamics. This can be
viewed as the influence on the solitonic wave. It was mentioned above that the DNA chain is considered as a perfectly
homogenous periodic structure. Hence, the only source for
inhomogeneity represents the fact that there exist two different kinds of the nucleotide pairs. Namely, it is well known
that adenine (A) and thymine (T) are connected by a double
bond while guanine (G) and cytosine (C) are connected by a
triple bond. Let us suppose that the AT and GC interactions
are described by (a,D) and (a',D') parameters, respectively.
Then, we can safely assume
D0 ¼

3
D:
2

ð2Þ

Of course, the experiments that will be described later are
intended to check this relationship, as well as the relationship
between a and a′.
Therefore, the question is if the wave characteristics
like amplitude, speed, etc., are changed significantly
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Figure 1. Morse potential energy as a function of the nucleotide
1
pair stretching for a ¼ 1:2A and D=0.07eV.

whenever the wave reaches a new type of the nucleotide
pair. If DNA dynamics, i.e. the solitonic wave, were very
sensitive to these inhomogeneities the wave would not
exist or, at least, would be extremely unstable. This,
practically, means that the impact of the different nucleotide bonds on the wave characteristics determine the
stability of the DNA molecule.
It was argued recently that DNA is stable if the bottom of
the Morse potential well in figure 1 is only slightly affected
by this inhomogeneity (Zdravković and Satarić 2011). In
other words, we were looking for a combination of the two
relevant parameters, which brings about a constant shape of
the bottom of the potential well. It was shown that the
bottoms of the Morse potential wells for the different nucleotide pairs can be almost equal even though the values of the
pairs of the parameters (a,D) and (a',D') are rather different.
The assumption that the energy V is constant along DNA,
i.e. V'=V was used to calculate the relationship between a
and a', corresponding to the AT and CG pairs (Zdravković
and Satarić 2011). This is demonstrated in figure 2. One can
see that the lines (a) and (b), corresponding to the AT and
GC pairs, are hardly distinguishable. Notice that the chosen
value for V is a little bit bigger than half of the value 12 kB T .
The line (c) represents a symmetric potential 0.1x2. The curve
(b), describing the stronger interaction, i.e. the CG pair, is
closer to the symmetric one (c) than the curve (a), describing
the weaker bond. Therefore, to plot figure 2, the values of the
parameters a and D were estimated (Zdravković and Satarić
2006, 2009a). The value of the parameter a' was calculated
according to the procedure explained in (Zdravković and
Satarić 2011) while D' was calculated from equation (2). In
what follows we suggest an experiment that should be carried out to check our predictions.
J. Biosci. 37(4), September 2012
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Figure 2. Morse potential energy as a function of the stretching
x
 1
for different nucleotide pairs (a) D=0.07eV, a ¼ 1:2A , (b)
D′=1.5⋅0.07eV, a0 ¼ 0:97A

2.

1

, (c) Symmetric potential 0.1x2.

Experiment proposal

Micromanipulative experiments were carried out from 1992
(Smith et al. 1992). Hence, one single molecule can be
mechanically manipulated (Bustamante et al. 1994; Lee
et al. 1994; Boland and Ratner 1995; Smith et al. 1996;
Bockelmann et al. 1997, 1998; Allemand et al. 1998; Strunz
et al. 1999; Clausen-Schaumann et al. 2000; Williams et al.
2004; Lionnet et al. 2006; Galburt et al. 2009; Mosconi et al.
2009). Some relevant review papers include (Strick et al.
2003; Peyrard 2004; Moffitt et al. 2008). Results of some of
these experiments were used to estimate the upper value of
the parameter a (Zdravković and Satarić 2006). Also, some
experiment proposals were suggested recently (Zdravković
and Satarić 2008a, 2009b, 2010). In this article we propose
how to experimentally determine the values of D and a. Of
course, depending on the prepared DNA sample, one can
determine the values of these parameters for both AT and
GC pairs.
Let us start with figure 3. A nucleotide pair at a position n
is stretched and the applied force, which should be measured, is F1. Suppose that A is a force coming from ‘springs’
between the nucleotides belonging to the same strands. Let B
be a force resulting from the interactions of the nucleotide

Figure 3. A stretched segment of a double-stranded DNA.

Morse potential in DNA molecule
pairs at the positions n±1, n±2, etc. Then, the expression for
the total force F1 becomes
F1 ¼ A þ B þ 2aDeax ð1  eax Þ:

ð3Þ

The last term is the force coming from the interaction
between nucleotides at the site n. Of course, this term is a
first derivative of the function VM(x), given by equation 1.
The next step is deformation of the same DNA pattern
except that there are two equal pairs, n and n', which are
stretched. This is shown in figure 4. The measured force is
F2 ¼ A þ B þ 4aDeax ð1  eax Þ:

ð4Þ

Of course, the stretching x should be equal in both cases.
From equations 3 and 4 we easily obtain a relationship
between a and D, i.e.
F2  F1 ¼ 2aDeax ð1  eax Þ:

ð5Þ

The experiment should be repeated for x'≠x, which brings
about


0
0
0
0
F2  F1 ¼ 2aDeax 1  eax :
ð6Þ
Finally, we easily obtain a formula

is attached to a flat surface of silicon. The thin cantilever of
atomic force microscope (AFM) should pull up a segment of
one strand while the other remains stick to the surface. The
covalent bonds between silicon atoms of substrate and carbon
atoms of DNA are strong while the Morse forces between
nucleotides are weaker. This enables the measurement of the
force between the strands. In order to control the number of
displaced nucleotides by AFM cantilever, the fluorescence
labelling method could be applied by using small molecules
of dye attached to the same strand around the contact position.
One of the biggest problems in micromanipulative experiments could be thermal vibrations. In what follows we
suggest how to reduce their impact on the experiment proposed in this study.
Suppose that only one nucleotide is attached. As its motion is in one direction we can estimate its thermal amplitude
xT as
kB T
¼ Dð1  ea xT Þ2 :
2

ð9Þ

1

F o r a ¼ 1:2 + a n d D = 0 . 0 7 e V , o n e o b t a i n s
xT ¼ 0:47 +, which is a very large value. The real stretchxTﬃﬃ
ing is yT ¼ p
¼ 0:33 +, but this is still too large. Howev2
er, if n nucleotides are attached, then

F2  F1
eax ð1  eax Þ
0
0 ¼
0
0
F2  F1 eax ð1  eax Þ

ð7Þ

where only a is unknown. Therefore, the values of the
parameters a and D can be calculated from equations 7 and
5 or 6.
According to figures 3 and 4 one might think that only
one or two nucleotide pairs should be stretched. If so, this
could be a very difficult task. However, this is not correct.
The only important is that the numbers of the stretched pairs
are not equal in these two figures. For example, if p1 and p2
nucleotide pairs are involved in figures 3 and 4, then equations 3 and 4 become

Fi ¼ A þ B þ 2pi aDeax ð1  eax Þ;
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i ¼ 1; 2:

ð8Þ

Finally, we want to point out that figures 3 and 4 might
not correspond to the real experiments. According to them,
one might conclude that both strands should be stretched at
the same time. One possible more realistic experimental
setup could be as follows. The linearly stretched DNA chain

Figure 4. A stretched segment of a double-stranded DNA with
two equal pairs in the middle.

kB T
¼ nDð1  ea xT Þ2 ;
2

ð10Þ

which, as an example, brings about xT ¼ 0:1 + for n≈14.
Of course, these calculations are bases on the assumption
that the nucleotide pairs are independent. However, the calculations obviously show that the thermal influence can be
reduced if more nucleotides are attached. Note that it is easier
to attach a few nucleotides than a single one.

3.

Conclusion

In this article we suggest a possible experimental scenario to
determine the values of the two crucial parameters describing DNA dynamics. We believe that this could support or
refute our predictions explained in Introduction. Namely, a
certain combination of the pairs of the parameters (a,D) and
(a',D') yields a constant shape of the bottom of the Morse
potential well. This is very important for DNA stability
(Zdravković and Satarić 2011) as was explained above.
The initial deformations x and x' in equations 5–7 are
arbitrary. This point deserves a discussion. In Zdravković
and Satarić (2010) we explained that the measured constant
of the longitudinal spring k should be understood as an
average value. This means that k depends on the initial
deformation. In this case we do not know if such dependency
exists for a and D. Therefore, the experiment should be
carried out for different pairs of x and x'.
J. Biosci. 37(4), September 2012
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Of course, if a and D depend on x, then the question is
what values should be used in future calculations. When the
soliton moves through the DNA moleculem then xA in
figure 1 is its amplitude. Hence, the initial deformation
should be equal to xA. We explained how this value can be
experimentally determined (Zdravković and Satarić 2010).
The value xA is nothing but the initial deformation which
brings about the known solitonic speed (Hakim et al. 1984).
Therefore, in such case, both x and x’ should be close to xA.
It is well known that a measuring uncertainty can be
decreased if the measurement is repeated a few times and if
a mean value is taken for the final result. For example, any
pair (p1,p2) in equation 8 brings about equation 7. The
measurement should be repeated n times giving the values
a1, a2, …, an. The final result would be the mean value, i.e.
a ¼ ða1 þ ::: þ an Þ=n.
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