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Abstract
Single-molecule experiments on DNA unzipping are analyzed on the basis of the mobility of nucleic bases in complemen-
tary pairs. Two possible scenarios of DNA double-helix unzipping are proposed and studied, using the atom–atom potential 
function method. According to the first scenario, the base pairs transit into a ‘preopened’ metastable state and then fully 
open along the ‘stretch’ pathway. In this case, the DNA unzipping takes place slowly and as an equilibrium process, with 
the opening energies being similar to the energies obtained in thermodynamic experiments on DNA melting. The second 
scenario is characterized by higher opening forces. In this case, the DNA base pairs open directly along the ‘stretch’ pathway. 
It follows from our calculations that, in this scenario, the enthalpy difference between the A ⋅ T and G ⋅ C base pairs is much 
higher than in the first case. The features of the first unzipping scenario show that it can play a key role during the process 
of DNA genetic information transfer in vivo. It follows from our study that a peculiarity of the second scenario is that it can 
be used for the development of faster methods for reading genetic information in vitro.

Keywords DNA base pairs · Unzipping

Introduction

The development of single-molecule micromanipulation 
techniques (Smith et al. 1992; Simmons et al. 1996; Bock-
elmann et al. 1998a; Bustamante and Keller 1995) made it 
possible to investigate biological macromolecules such as 
isolated systems, allowing one to study the main mechani-
cal processes involved in DNA functioning such as DNA 
stretching, bending, twisting and the opening of DNA base 
pairs (Lavery et al. 2002; Bustamante et al. 2000, 2003; 
Manghi and Destainville 2016). Among them especially 
interesting to research is the sequential separation of nucleic 
bases in a DNA double helix under the action of external 
force (DNA unzipping) (Bockelmann et al. 1998a,b,2002, 
2004 Essevaz-Roulet et  al. 1997; Thomen et  al. 2002), 
because it plays a key role in genetic information transfer.

In early studies, the separation of nucleic bases in DNA 
base pairs (bp) was investigated as its denaturation under 
the influence of temperature, i.e., DNA melting (Owczarzy 
et al. 2004; Frank-Kamenetskii and Prakash 2014; Wartell 
and Benight 1985). In this case, the opening of base pairs is 
not sequential. First, the base pairs in A ⋅T-rich sites open, 
and, second, in G ⋅C-rich sites, due to the lower free opening 
energy of the A ⋅ T pair as compared with G ⋅ C. In contrast 
to the melting process, single-molecule micromanipula-
tion methods make it possible to investigate the process of 
sequential opening of DNA base pairs in the same way, as 
it takes place in cells in vivo. Thus, with sufficient experi-
mental precision and adequate understanding of the opening 
of nucleic base pairs, new method for reading nucleotide 
sequences can be developed.

In a DNA unzipping experiment (Fig. 1), as carried out 
by single-molecule micromanipulation methods (Bockel-
mann et al. 1998a, b, 2002, 2004; Essevaz-Roulet et al. 
1997; Thomen et  al. 2002;  Bockelmann and Viasnoff 
2008; Huguet et al. 2009, 2010; Danilowicz et al. 2003), 
the dependence of the opening force on strand separation 
is measured. For �-phage DNA at low pulling veloci-
ties ( ≤ 1 μm∕s ), the strand separation begins after some 
critical force value (≤ 15 pN) is reached. As a result, the 
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force-extension curve forms a plateau. Note, that in this 
case, the unzipping process takes place without signifi-
cant fluctuations of the opening force. For larger velocities 
( > 1 μm∕s ), the plateau occurs at a higher force (Thomen 
et al. 2002). In the last case, the force fluctuates signifi-
cantly, and the DNA unzipping takes place as non-equi-
librium process. To sum up, DNA unzipping depending 
on the pulling velocity can take place according to two 
different scenarios.

DNA unzipping has been studied theoretically in Bock-
elmann et  al. (1998a, b), Huguet et  al. (2009), Huguet 
et al. (2010), Lubensky and Nelson (2000) and Volkov and 
Solovyov (2009). Bockelmann et al. (1998a, b) proposed 
a model of the unzipping process that considers the open-
ing energies of base pairs, extension energies of single 
strands, and energy parameters for instruments used in the 
experiment (elastic energy of the bead in a trap, extension 
of handles). The force–extension curve calculated within 
this model describes the experimentally observed plateau 
value. Later, more accurate selection of the parameters 
of this model made it possible to describe the unzipping 
process for shorter DNA fragments with greater accuracy 
(Huguet et al. 2009, 2010). In papers Lubensky and Nelson 
(2000, 2002) it was emphasized that the DNA unzipping 
under physiological conditions can have a randomness and 
a non-equilibrium nature. The dependence of unzipping pro-
cess on temperature conditions is considered in Monte Carlo 
simulations in Voulgarakis et al. (2006), but the model did 
not accord with experiment. Volkov and Solovyov (2009) 
propose the mechanism of the unzipping plateau appear-
ance but the difference in unzipping processes for DNA A ⋅ T 
and G ⋅ C pairs was not considered. The different unzipping 
scenarios for different velocities of DNA unzipping were 

discussed in Thomen et al. (2002), but the definite physical 
mechanism of these processes is not determined yet.

The observed data and the existing theoretical models of 
DNA unzipping give information on the mesoscopic param-
eters of DNA unzipping, but cannot give an understanding of 
the physical mechanism of the unzipping process. It should 
be noted, that unlike the effect of temperature in the process 
of DNA melting, the action of force in the experiments on 
unzipping has a directional nature and requires the consid-
eration of individual pathways of base motion in pairs.

The goal of the present work is to understand DNA unzip-
ping on the scale of the mobility of nucleic bases in a DNA 
pair. In the next section, we will show that, because of the 
different possible opening pathways of nucleic base pairs, 
DNA unzipping can take place according to two different 
scenarios. In Sect. 3 with the use of atom–atom potential 
functions, the opening energies for the A ⋅ T and G ⋅ C base 
pairs within these two scenarios are calculated. It is shown 
that, during the DNA unzipping process, the base pairs can 
open not only along the ‘stretch’ pathway, but, under some 
conditions, they can first transit into a metastable state along 
the ‘opening’ pathway and then fully open along the ‘stretch’ 
pathway. In Sect. 4, the critical force that corresponds to the 
opening of base pairs in the ‘stretch after opening’ scenario 
is estimated.

Possible scenarios of the DNA unzipping 
process

It should be noted that, in the unzipping experiment, a part 
of the DNA macromolecule remains without force tension, 
so it is in the usual coil-like state in solution (see Fig. 1). 
As known (Thomen et al. 2002), the effects that are related 
to the coil influence manifest themselves as a friction drag 
in DNA unzipping. So, we assume that the force that acts 
on the unzipping fork due to the presence of the coil has to 
perform two types of work: to draw out a double-stranded 
DNA (dsDNA) from the coil and to open the base pairs. 
Thus, the unzipping force should have two components: Fx 
and Fy (Fig. 1).

Between the unzipping fork and the coil, a closed dsDNA 
is situated. It experiences a tension from the external force 
( Fy component) and the hydrodynamic damping of the coil 
(so-called effect of drag in solution). Thus, this part of a 
double-stranded DNA is in a strained state, preparatory to its 
unzipping. Another part of the DNA consists of two already 
unzipped DNA strands, which are under the action of exter-
nal force.

The tension in the DNA chain ( Fy component on Fig. 1) 
should stimulate the double-helix stretching and be accom-
panied with losses in the stacking of base pairs. Such a pro-
cess under natural conditions should lead to the preopening 

Fig. 1  Scheme of a single-molecule manipulation experiment on 
DNA unzipping (Essevaz-Roulet et  al. 1997; Bockelmann et  al. 
1998a, b, 2002, 2004; Thomen et al. 2002; Bockelmann and Viasnoff 
2008). Force is applied to the polystyrene bead which is manipulated 
by magnetic or optical tweezers. Here F is the force that acts on a 
double-stranded DNA in the unzipping fork. Due to the experimen-
tal setup geometry, the applied force should have two components ( Fx 
and Fy)
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of base pairs and their interactions with surrounding water 
molecules. That is, base pairs in the region of the unzipping 
fork can transit into the ‘preopened’ metastable state along 
the ‘opening’ pathway. The possibility of the occurrence of 
such a metastable state of complementary base pairs in phys-
iological conditions in the environment of water molecules 
is shown by quantum mechanical calculations and molecular 
dynamic simulations of the base pair interaction with water 
(Kryachko and Volkov 2001; Giudice et al. 2003).

The DNA unzipping process can take place along differ-
ent pathways, according to the known types of the mobility 
of nucleic bases in complementary pairs (Diekmann 1989). 
The most probable for DNA unzipping are the ‘stretch’ 
(when bases in a pair separate from each other along hydro-
gen bonds), ‘opening’ (when base pairs open into the major 
groove), and ‘shear’ (when bases separate in the plane of 
a pair in a direction perpendicular to the hydrogen bonds) 
pathways (Fig. 2). All these pathways can induce a large dis-
tortions in the hydrogen bonds and lead to base pair opening.

The analysis of the pathways of DNA base pair opening 
at the level of small amplitude displacements, which are 
implemented as conformational vibrations, shows that the 
base displacements in a pair along the ‘stretch’ (Fig. 2a) and 
‘opening’ (Fig. 2b) pathways occur together with displace-
ments of the DNA backbone strands (Volkov and Kosevich 
1987, 1991; Volkov et al. 1989). But the movements of the 
bases in a pair along the ‘shear’ pathway occur together with 
displacements of the strands in the direction perpendicular to 
the hydrogen bonds that conflicts with the geometry of the 
DNA unzipping experiment. Thus, displacements of bases 
in a pair along the ‘shear’ pathway will not be considered in 
the present work.

It should be noted that the ‘stretch’ and ‘opening’ path-
ways are considered as the main probable fluctuations of 
the bases in the double helix under physiological conditions 
(Frank-Kamenetskii and Prakash 2014). These fluctuations 
are often found in studying DNA dynamics, and their occur-
rence is observed in the experiments involving formaldehyde 
kinetics and hydrogen exchange in DNA molecules (Volkov 
1995; Kryachko and Volkov 2001; Giudice et al. 2003).

Due to the construction of the experimental setup and the 
way, in which the force is applied to a DNA macromolecule, 

the ‘stretch’ pathway should have a certain advantage. If the 
external force has a sufficiently high value (and can over-
come the hydrodynamic damping of the coil), the opening of 
DNA base pairs in the unzipping process should always take 
place along the ‘stretch’ pathway. But if the external force is 
not sufficient to make the direct separation of bases along the 
‘stretch’ pathway, then the unzipping process can proceed 
via separation of base pairs along the ‘opening’ pathway (as 
was proposed in Volkov and Solovyov 2009).

So, we will assume that the unzipping of base pairs can 
take place according to two possible scenarios: the Wat-
son–Crick pair opens along the ‘stretch’ pathway (‘stretch’ 
scenario, Fig. 3a) or the Watson–Crick pair first transits into 
a ‘preopened’ metastable state along the ‘opening’ pathway 
and then fully opens along the ‘stretch’ pathway (Fig. 3b).

From the analysis of DNA double-helix conformational 
vibrations, it is known that vibrations of the bases in a pair 
along the ‘opening’ pathway take place with a much lower 
frequency than along the ‘stretch’ pathway (Volkov and 
Kosevich 1987, 1991). This means that base pair opening 
along the ‘opening’ pathway takes more time than along 
the ‘stretch’ pathway. Therefore, the ‘stretch after opening’ 
scenario should be realized with lower unzipping velocities 
than in the ‘stretch’ scenario.

Fig. 2  Degrees of freedom of 
nucleic bases in a pair of nucle-
otides. Picture is taken from 
Diekmann (1989): a ‘stretch’ 
pathway; b ‘opening’ pathway; 
c ‘shear’ pathway

Fig. 3  Two possible scenarios of the separation of nucleic bases in 
a pair in the DNA unzipping process: a direct separation along the 
‘stretch’ pathway; b separation along the ‘stretch’ pathway from a 
state which is preliminarily strained (or preopened) along the ‘open-
ing’ pathway
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Therefore, the two considered scenarios can be distin-
guished by velocity: the slow one (‘stretch after opening’) 
and the fast one (‘stretch’ scenario).

Methods and results

Let us estimate the energy required for the transition of a 
base pair from the Watson–Crick or the ‘preopened’ states to 
the ‘opened’ configuration for DNA base pairs. The interac-
tion energy in the complementary pairs A ⋅ T and G ⋅ C con-
sists of the energies of hydrogen bonds, van der Waals and 
Coulomb interactions:

The energy of a hydrogen bond between atoms i and j is 
modeled by the modified Lennard–Jones potential ‘10–12’ 
(Poltev and Shulyupina 1986):

where rij is the distance between atoms i and j. The van 
der Waals interactions are described by the Lennard–Jones 
potential ‘6–12’ (Zhurkin et al. 1980):

and the parameters Aij,Bij and A(10)
ij

,B
(10)
ij

 are taken from Pol-

tev and Shulyupina (1986) and Zhurkin et al. (1980). The 
Coulomb interaction is given by the electrostatic potential:

where qi and qj are the charges of the atoms i and j located 
at the distance rij , �0 is the vacuum permittivity, and �(r) is 
the dielectric permittivity of a medium.

It should be noted that the calculations performed in the 
present work for studying DNA unzipping take into account 
only the interaction energy of nucleic bases in a pair. It is 
known that an important role in the stability of a DNA base 
pair is played by stacking interactions (Yakovchuk et al. 
2006). But for base pairs that are situated in the unzipping 
fork, at the end of the closed part of the double helix, the 
contribution of stacking interaction should be low. This con-
clusion is in accordance with the known experimental facts.

It is known (Lukashin et al. 1976) that the probability of 
base pair fluctuations resulting in opening inside the double 
helix is much less than on the ends. The lower influence of 

(1)E(r) =
∑

i,j

[EHB(rij) + EvdW(rij) + ECoul(rij)].

(2)EHB(rij) =
−A(10)

ij

r10
ij

+
B
(10)
ij

r12
ij

,

(3)EvdW(rij) =
−Aij

r6
ij

+
Bij

r12
ij

,

(4)ECoul(rij) =
1

4��0�(r)

qiqj

rij
,

stacking interactions on the opening of base pairs at the end 
of the double helix is confirmed also by recent data from 
molecular dynamic simulations (Dans et al. 2016), where it 
was observed that the bases in a pair at the end of the double 
helix have significantly larger fluctuational amplitudes and 
are definitely in a state that differs from the states of the pairs 
inside the double helix, as well as from the fully opened 
pairs (Jose et al. 2009). That is these pairs are in an interme-
diate ‘preopened’ state, where the stacking interaction with 
neighboring pairs is very small. So we can consider that the 
contribution of the stacking interaction in the unzipping fork 
should be much less than for a base pair situated inside the 
double helix.

In our calculations, we consider that the transition into the 
‘preopened’ state takes place through the rotation of bases 
around the axis passing through the atom C′

1
 orthogonally to 

the plane of the base (Fig. 4). As the ‘stretch’ pathway, we 
consider a motion of bases in a pair relative to each other 
along the line connecting the C′

1
 atoms (Fig. 4).

The geometry of the Watson–Crick pairs A ⋅ T and G ⋅ C 
is taken from Saenger (1984). For the A ⋅ T pair, the distance 
R between atoms C′

1
 is taken as 10.44 Å, the angles between 

the glycosidic bond and R ( �1 and �2 ) are calculated from the 
condition that the Watson–Crick A ⋅ T pair in the closed state 
has the distance N6H⋯O4 equal to 2.9 Å, and the distance 
N1 ⋯HN3 is 2.8 Å. For the pair G ⋅ C, the calculations are 
made in a similar way.

First, we have calculated the energy minima [minima of 
function (1)] for Watson–Crick base pairs with the value of 
�(r) in (4) set as 1 (see Table 1). It is obvious that the results 
obtained are very close to the values calculated in Poltev 
and Shulyupina (1986). Small discrepancies in the range of 
∼ 1 kcal/mol can be due to uncertainty in the orientation of 
hydrogen atoms.

Fig. 4  Adenine–thymine nucleic base pair of a DNA macromolecule 
in the Watson–Crick configuration. The arrow shows the transition 
into the ‘preopened’ state: rotation of bases around the axis passing 
through atoms C′

1
 orthogonally to the plane of the pair
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Our calculations are sufficient for determining the compara-
tive stability of the A ⋅ T and G ⋅ C pairs in the Watson–Crick 
configuration. But, for the qualitative analysis of the interac-
tion energies of bases in complementary pairs, the potential 
functions (4) give an anomalously large contribution to the 
Coulomb interaction of hydrogen atoms for the G ⋅ C pair 
(Table 1). As DNA is situated in a water-ionic solution in 
reality, the atoms of bases are screened by water and other 
molecules, which results in a weakening of the Coulomb 
interactions. To take the effect of a physiological medium into 
account, the dependence of the dielectric permittivity on the 
distance between interacting atoms in the system is accounted 
for. Using the approach developed in Hingerty et al. (1985), 
the dielectric permittivity will be calculated according to the 
expression

(5)�(r) = 78 − 77
(

r

2.5

)2 er∕2.5

(er∕2.5 − 1)2
.

The results of calculations with the use of expression (5) 
are shown in Table 1 in the last column. As can be seen, 
these calculations give the consensus result for the A ⋅ T and 
G ⋅ C pairs. Therefore, the further calculations of energies 
discussed in the present work are performed accounting for 
dependence of the dielectric permittivity according to (5). 
Thus, we will consider that the base pair interaction energy 
minimum for the Watson–Crick state corresponds to the base 
pair opening energy in the ‘stretch’ scenario and, accord-
ingly, the energy minimum for the ‘preopened’ state corre-
sponds to the opening energy in the ‘stretch after opening’ 
scenario. This assumption is proper because both scenarios 
take place under the same external conditions, i.e., under 
the action of an external force on the pairs situated in the 
unzipping fork.

The energies, as well as the geometric parameters, of 
the A ⋅ T and G ⋅ C Watson–Crick and ‘preopened’ states are 
shown in Table 2. It is obvious that the geometry of the 
Watson–Crick minima are in accordance with the standard 
geometry of Watson–Crick pairs (Saenger 1984).

The transition into the ‘preopened’ state is calculated 
in two steps. First, we make rotation of bases (‘opening’ 
pathway) (shown in Fig. 4) up to the angle which corre-
sponds to the rupture of the external hydrogen bond in a 
pair ( N6H⋯O4 for the A ⋅ T and O6 ⋯HN4 to G ⋅C). It is 
known (Saenger 1984) that a hydrogen bond comes to be 
broken when the distance between the heavy atoms (N or 
O) and the hydrogen atom reaches the value of the sum of 
their van der Waals radii. As the van der Waals radius of a 
hydrogen atom is ≈1.2 Å, and those of nitrogen and oxygen 
are ≈1.5 Å (Zefirov and Zorkyi 1974), this distance will 
be ≈2.7 Å. Accordingly, since the length of the covalent 
bond N–H ≈1 Å (Saenger 1984), the hydrogen bond will 
be considered as broken, when the distance between heavy 
atoms reaches ≈ 3.7 Å. We consider also that the full base 
pair opening takes place, when the middle hydrogen bond 
( N1 ⋯N3 ) is broken Frank-Kamenetskii and Prakash (2014), 
i.e., the distance N1N3≈3.7 Å.

Table 1  Total interaction energy minima (in kcal/mol) obtained 
in Poltev and Shulyupina (1986), calculated in the present work with 
�(r) = 1 and �(r) given by expression (5)) for the A ⋅T(EAT

tot
 ) and G ⋅ C 

( EGC

tot
 ) Watson–Crick pairs

Contributions of hydrogen bonds ( E
HB

 ), van der Waals ( E
vdW

 ) and 
Coulomb ( E

Coul
 ) interactions to the calculated energies are shown

Obtained in Poltev and 
Shulyupina (1986)

Our results

�(r) = 1 �(r) is given by (5)

EAT

tot
−  11.3 −  11.3 − 9.72

EGC

tot
− 25.5 −  26.3 − 15.82

E
HB

– − 4.28 − 4.34
A⋅T
 E

vdW
– − 1.89 − 1.94

 E
Coul

– − 5.16 − 3.44
 E

HB
– − 6.72 − 6.99

 G⋅C
 E

vdW
– − 1.60 − 1.60

 E
Coul

– − 17.96 − 7.21

Table 2  The structures of 
Watson–Crick (‘closed’) and 
‘preopened’ configurations of 
the A ⋅ T and G ⋅ C base pairs

The distances between heavy atoms in hydrogen bonds and shortened contact in the A ⋅ T pair ( C
2
H⋯O

2
 ), 

as well as the ‘size’ of the pair, R (all distances in Å), orientation angles �
1
 , �

2
 (in degrees), and binding 

energies (in kcal/mol) of the pair are shown

A⋅T N
6
H⋯O

4
N

1
⋯HN

3
C
2
H⋯O

2
R �

1
�
2

E
G⋅C O

6
⋯HN

4
N

1
H⋯N

3
N

2
H⋯O

2

Watson–Crick (‘closed’) state
 A⋅T 3.0 2.8 3.4 10.47 53.7 59.0 − 9.72
 G⋅C 2.8 2.9 2.8 10.66 58.4 56.5 − 15.82

‘Preopened’ state
 A⋅T 3.4 2.9 3.2 10.14 58.7 64.0 − 7.72
 G⋅C 3.7 3.3 2.9 10.67 63.6 61.7 − 9.30
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On the second step, we move this rotated configura-
tion along the line C′

1
C′
1
 (‘stretch’ pathway) looking for the 

energy minimum to get the ‘preopened’ state. From Table 2 
(‘stretch after opening’, column R), it can be seen that, to 
achieve the energy minimum, the bases in the A ⋅ T pair 
should approach each other to ≈ 0.3 Å. At the same time, 
the bases in G ⋅ C pair almost remain in their places after 
the rotation. We will consider that the obtained ‘preopened’ 
configurations of the A ⋅ T and G ⋅ C pairs are stable under the 
action of external force.

The results of our calculations for two possible sce-
narios of DNA unzipping are shown in Table 3 together 
with the corresponding data obtained in the mesoscopic 
approach (Huguet et al. 2010) for low unzipping veloci-
ties. Energies in the 4th column of Table  3 are calcu-
lated from 10 nearest neighbor energies from  Huguet 
et  al. (2010) by averaging over all possible nearest 
neighbors. Thus, to calculate EAT, we use averaging: 
EAT = (EAA∕TT + ETA∕AT + EAT∕TA + EAC∕TG + EAG∕TC)∕5 . 
F o r  EGC,  w e  h a v e : 
EGC = (ECC∕GG + ECG∕GC + EGC∕CG + ECA∕GT + EGA∕CT)∕5 . 
It can be seen that the results of our calculations for the 
‘stretch after opening’ scenario fit the data much better than 
for the ‘stretch’ scenario. Consequently, we can conclude 
that in the single-molecule micromanipulation experiments 
performed with low opening velocities ( ∼ 10 μm∕s ), the 
‘stretch after opening’ scenario is more appropriate.

Critical force estimation

Now, let us consider the implementation of two suggested 
scenarios of DNA unzipping: ‘stretch after opening’ and 
‘stretch’. As follows from the experiment (Sect. 1), their 
implementation depends on velocities and, correspondingly, 
on the value of the critical force. We define the critical force 
as that at which the base pairs start to open at a given veloc-
ity. The value of the critical force (as well as the velocity) 

can be a feature that determines the scenario of the opening 
of base pairs in the DNA unzipping. In the slow equilibrium 
process, this value can be calculated by the formula pro-
posed in Bockelmann et al. (1998a)

where Gpair is the sum of the free energies of all opened 
base pairs in a polynucleotide, Gel is the free energy of a 
single-strand extension, and l is the total extension length 
of a single strand.

In the estimation, we will use parameters from (Bockel-
mann et al. 1998a): l = 9.5 Å and Gel ≈ 0.3 kcal/mol. Doing 
the same steps as in Bockelmann et al. (1998a) but using 
our calculated energies, we estimate the average value of 
opening force for a polynucleotide with a 50% A ⋅ T base 
pair content. We note that �−phage DNA, which is usually 
used in unzipping experiments, has approximately the same 
value of base pair content. The free energy of the base pair 
unzipping can be calculated by the formula

where E is the enthalpy, S is the entropy, and T is the tem-
perature. The base pair opening entropy averaged over 
the nearest neighbors is SAT = −21.3 cal/(mol K) for an 
A ⋅T-containing polynucleotide and is SGC = −23.83 cal/
(mol K) ( T = 298 K) for G ⋅C-containing polynucleotide, 
according to Huguet et al. (2010). Using the enthalpy values 
for the ‘stretch after opening’ scenario (Table 3) and formula 
(7), we calculated the free energies: GAT = −1.48 kcal/mol, 
GGC = −2.32 kcal/mol. Substituting the average free energy 
Gav = (GAT + GGC)∕2 in expression (7), we get the average 
opening force for the 50% A ⋅T-containing polynucleotide: 
Fav ≈ 13 pN, which coincides with the value calculated 
in Bockelmann et al. (1998a) and observed in the unzip-
ping experiments (Bockelmann et al. 1998a; Thomen et al. 
2002; Bockelmann et al. 2002, 2004; Huguet et al. 2010). It 
was observed in Thomen et al. (2002) that, with velocities 
≤ 1 μm∕s (which correspond to force values ≤ 15 pN), the 
DNA unzipping is an equilibrium cooperative process. Con-
sequently, it can be considered that the observed unzipping 
processes with force values ≤ 15 pN takes place according 
to the ‘stretch after opening’ scenario.

We note that, for the ‘stretch after opening’ scenario, the 
calculated difference ΔG = GGC − GAT ≈ 0.84 kcal/mol is 
in the range of thermal fluctuations in the system. Thus, 
the unzipping process in this scenario in a heterogeneous 
DNA takes place as in a homogeneous polymer. It can be 
considered that, in this scenario, the small difference in the 
unzipping free energies for the A ⋅ T- and G ⋅C-rich sequences 
is the reason for the stable process of DNA opening with 
low unzipping velocities and, correspondingly, low open-
ing forces.

(6)F =
Gpair + 2Gel

l
,

(7)G = E − TS,

Table 3  Comparison of opening energies (in kcal/mol) in the ‘stretch’ 
and ‘stretch after opening’ scenarios calculated in the present work 
with enthalpies used for the description of the unzipping by the meso-
scopic model (Huguet et al. 2010)

Enthalpies taken from Huguet et  al. (2010) are averaged over the 
nearest neighbors. The energy differences between the A ⋅ T and G ⋅ C 
base pairs ΔE = E

AT
− E

GC
 are shown

‘Stretch’ ‘Stretch after 
opening’

Mesoscopic model 
(Huguet et al. 
2010)

E
AT

− 9.72 − 7.72 − 7.70
E
GC

− 15.82 − 9.30 − 9.02
ΔE 6.10 1.58 2.03
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Unfortunately, the same calculations of the free energy 
cannot be done for the ‘stretch’ scenario because of the 
difficulties in accounting for the significant entropy contri-
bution produced by friction torque of a dsDNA coil. Our 
calculations show that the difference between the A ⋅ T and 
G ⋅C-opening enthalpies in the ‘stretch’ scenario is much 
higher than in the ‘stretch after opening’ scenario (Table 3). 
It is obvious that this difference together with a significant 
frictional torque should lead to a greater instability of the 
DNA unzipping in the ‘stretch’ scenario, which is observed 
in Thomen et al. (2002).

On the other hand, if the DNA unzipping experiment 
is performed with short DNA samples, and if the effect of 
rotational drag is minimized, then the unzipping will be 
stable enough for any force and velocity. In this case, the 
DNA unzipping should take place according to the ‘stretch’ 
scenario without any significant hydrodynamic fluctuations 
and should be sensitive enough to determine the type of 
unzipped pair (A⋅ T or G ⋅C).

Conclusions

According to our study, the mechanism of DNA double-
helix unzipping may follow two different scenarios.

The first scenario (‘stretch after opening’) is slow because 
of some changes in the base pairs, state before the opening. 
In this scenario, due to the dsDNA coil tension the base pairs 
first transit into the ‘preopened’ metastable state along the 
‘opening’ pathway (Fig. 3b) and then fully open along the 
‘stretch’ pathway. The opening of base pairs in this scenario 
can take place cooperatively and with low-energy dissipation 
because the opening energy difference between the A ⋅ T and 
G ⋅ C pairs ( ΔE ) is very small in this case (Table 3, ‘stretch 
after opening’). Therefore, this scenario is more probable in 
DNA unzipping experiments with low pulling velocities and 
should take place during the real unzipping processes in vivo 
such as transcription and translation.

The second scenario is the extension of hydrogen bonds 
along the ‘stretch’ pathway (Fig. 3a). This scenario is faster, 
and the opening takes place directly from any conforma-
tional form of DNA. In this case, the base pairs do not 
have time to transit into the ‘preopened’ metastable state. 
According to our calculations, the difference in enthalpies 
between the A ⋅ T and G ⋅ C pairs is significantly larger than 
in the ‘stretch after opening’ scenario. Thus, implementation 
of the second unzipping scenario can be more appropriate 
for the reading of DNA sequences by the single-molecule 
technique.
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