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H I G H L I G H T S

• The influence of the chemical en-
vironment on hydrogen bonds and π-π
stacking in TATA-box-like B-DNA
chains is studied.

• Novel strategies are proposed to esti-
mate the non-covalent interactions
energies present in B-DNA.

• An analysis of the contribution of
hydrogen bond and pi-pi stacking to B-
DNA stabilization is made.

G R A P H I C A L A B S T R A C T

A B S T R A C T

DNA is one of the most important biomolecules since it contains all the genetic information about an organism.
The tridimensional structure of DNA is a determinant factor that influences the physiological and biochemical
mechanisms by which this molecule carries out its biological functions. It is believed that hydrogen bonds and π-
π stacking are the most relevant non-covalent interactions regarding DNA stability. Due to its importance,
several theoretical works have been made to describe these interactions, however, most of them often consider
only the presence of two nitrogenous bases, having a limited overview of the participation of these in B-DNA
stabilization. Furthermore, due to the complexity of the system, there are discrepancies between which involved
interaction is more important in duplex stability. Therefore, in this project we describe these interactions con-
sidering the effect of chain length on the energy related to both hydrogen bonds and π-π stacking, using as model
TATA-box-like chains with n base pairs (n=1 to 14) and taking into consideration two different models: ideal
and optimized B-DNA. We have found that there is a cooperative effect on hydrogen bond and π-π stacking mean
energies when the presence of other base pairs is considered. In addition, it was found that hydrogen bonds
contribute more importantly than π-π stacking to B-DNA stability; nevertheless, the participation of π-π stacking
is not negligible: when B-DNA looks for a conformation of lower energy, π-π stacking interaction are the first to
be optimized. All work was realized under the framework of DFT using the DMol3 code (M06-L/DNP).
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1. Introduction

The hereditary basis of almost all life form is its genome, which
consists of a long DNA chain that provides a complete set of all genetic
information [1]. It is estimated that each of our cells has, approxi-
mately, 1.5 gigabytes of genetic information stored in this biomolecule
[2]. Hence, DNA is considered as one of the molecules of greater bio-
logical relevance, since from this is possible to get several functional
products (as proteins and different types of RNA) necessary for many
biological processes.

DNA is conformed by nucleotides which are formed by a sugar, a
phosphate group and a nitrogenous base: adenine (A), guanine (G),
thymine (T) and cytosine (C). Through phosphodiester bonds between
phosphate groups and sugars, these units lead to the formation of
strands that interact non-covalently with each other to originate dif-
ferent DNA structures [3]. Under normal physiological conditions, DNA
adopts a so-called B-DNA conformation [2,4] whose structure and sta-
bility is mainly determined by the number and type of weak interac-
tions. There are different kinds of weak interactions, nevertheless, it is
believed that hydrogen bonds (between nitrogenous bases) and π-π
stacking (between base pairs) are the most relevant for DNA stabiliza-
tion [5]. Therefore, understanding these interactions would explain the
physical and chemical properties of DNA, and its role in biological

processes involving this molecule.
Due to the importance of π-π stacking and hydrogen bonds in sta-

bilizing DNA duplex, several theoretical studies have been made with
different approximations in order to estimate their energy [6–13]. Most
of them consider only the presence of two nitrogenous bases, having a
limited overview of the participation of these interactions in B-DNA
stabilization.

On the other hand, due to the complexity of the system, there are
discrepancies between which of the two interactions (hydrogen bonds
or π-π stacking) participates more significantly in the stabilization of
DNA duplex. For example, according to Smirnov et al. [14] π-π stacking
interactions are more important than hydrogen bonds (a similar con-
clusion was obtained by Sen et al. for PNA⋅DNA duplexes [15]), while
Zhang et al. [16] establish that hydrogen bonds contributes more in the
B-DNA stabilization. Consequently, it is not clear which one plays the
most important role in the duplex stabilization or if both are equally
relevant.

In view of the above, the goal of this study is to estimate the asso-
ciated energy to both hydrogen bonds and π-π stacking interactions in
order to get a better description of these, considering the effect of chain
length (presence of other base pairs). Furthermore, with the obtained
results, the contribution of each interaction to B-DNA stabilization is
estimated.

Fig. 1. Examples of B-DNA chains with different base
pairs (n) as indicated. Frontal (up) and lateral (down)
view.
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2. Methods

To carry out this work, based on TATA box’s sequence (a well
known promoter region conserved in a wide range of eukaryotic and
viral genes [17] which consists in a repetition of T and A bases), we
modeled TATA-box-like chains of different length, i.e. different number
of base pairs (n), from n=1 to n=14. The charge of the phosphate
groups was neutralized by the addition of a hydrogen atom, assuming
that the presence of these atoms would not affect significantly the hy-
drogen bond and π-π stacking interactions [11,18].

In order to estimate the energy associated to hydrogen bonds and π-
π stacking, we took into account two different cases:

(a) Ideal
(b) Optimized

For the ideal case, structures were obtained with the open-source
software make-na [19]. This software considers the distance between
adjacent nucleobases and between phosphate groups, rotation and
torsion angles, among other parameters (based on experimental data),
in order to get ideal B-DNA chains, i.e., chains that obey the symmetry
restrictions required for these systems (Fig. 1). Let us stress that even if
these chains satisfy the symmetry restrictions, they are not relaxed into
their minimum energy configuration; however, they provide a good
starting point to estimate weak interaction energies. Subsequently,
ideal structures were submitted to a geometry optimization process
(Fig. 2) to get a better description of the stabilizing interactions present
in the chain.

For hydrogen bond mean energy (−DHB) estimation (see Fig. 3), single
point energy calculations for each chain and for each of their strands
were performed, and the following equation was proposed:

− = − = −
− +

D Ē
E E E

n
( )

HB HB
n n ns s1 2

(1)

where ĒHB is the mean hydrogen bond formation energy; En represents
the total energy of a n-base pair chain; En s1 and En s2 the total energy of
chain’s strands and n the number of base pairs.

The Espinosa-Molins-Lecomte (EML) equation [20] was used to es-
timate hydrogen bond energies:

=E V r0.5 ( )HB (2)

Based on Quantum Theory of Atoms in Molecules (QTAIM) [21],
this equation takes into account the electron distribution at (3,−1)
bond critical points (BCPs) of hydrogen bonds and correlates local po-
tential energy density (V (r)) with hydrogen bond energy (EHB).

Whereas for π-π staking mean energy (−Dπ) estimation, assuming
that the major contribution for this interaction corresponds to ni-
trogenous bases, phosphate groups and sugar moieties were removed
from DNA chains, while hydrogen atoms were added instead, leaving
nitrogenous bases in the chain configuration (see Fig. 4). Single point
energy calculations were performed for each base pair and the fol-
lowing equation was employed:

− = − = −
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π

1π bp

(3)

where Ēπ is the mean π-π stacking formation energy; Enπ corresponds to
the chain total energy without sugars and phosphate groups; Eibp the
total energy of base pairs and Nπ the number of spaces between base
pairs.

All calculations were carried out under Density Functional Theory
(DFT) framework [22,23], using the DMol3 code [24] implemented in
the Materials Studio 8.0 software suite [25], employing the M06-L
functional [26] (a meta-GGA functional that, among other things, was
parameterized for the good description of weak interactions like π-π
staking and hydrogen bonds) and a double numeric basis set with po-
larized functions (DNP). Basis set superposition error (BSSE) corrections
were performed by means of counterpoise method [27] implemented in
DMol3 code. The occupied convergence tolerance for all calculations
were 1×10-5 Ha, 2×10-5 Ha, 4×10-3 Ha/ and 5×10-3 for SFC cy-
cles, energy, gradient and displacement, respectively.

For topology analysis, single point energy calculations were carried
out using the Gaussian 09 suit of programs of computational chemistry
[28] (M06-L/6-31G(d,p)). Finally, electron density was analyzed uti-
lizing Multwfn software [29].

3. Results and discussion

It is important to mention that ideal B-DNA chains are built by
imposing symmetry restrictions [19,30], obtaining chains such as those

Fig. 2. Lateral view of a B-DNA chain before (left) and
after (right) optimization.
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shown in Fig. 1. In this figure, it is possible to observe a C10 axis of
symmetry and total planarity of nitrogenous bases. Due to the relation
between tridimensional arrangement of nitrogenous bases and the in-
teractions involved in double helix stabilization [30], a change in
conformation will affect the efficiency and strength of the latter. For
that reason, it is interesting to study the effect of the rearrangement of
the chain (optimization process) on hydrogen bonds and π-π stacking.

As mentioned before, it is considered that hydrogen bonds and π-π
stacking interactions are the most important in B-DNA stabilization [5].
For that reason, we start with the estimation of interaction energies and
the analysis of chain length effect over these. In a later step, a charge
distribution analysis is made and, finally, the relative contribution of
these interactions to B-DNA stabilization is estimated.

3.1. Hydrogen bonds

Eq. (1) was used in order to estimate the hydrogen bond mean en-
ergy −D( )HB , i.e. the required energy to break up these interactions. When
calculating the mean hydrogen bond energy by means of Eq. (1), we are
neglecting the presence of other noncovalent interactions when strands
are separated like shown in Fig. 3. In order to validate this approach,
we made a topology analysis of TATA-box-like chain with n=7 (as an
example) and estimated the hydrogen bond mean energy using Eq. (2)
(see Tables S1 and S2 in SI). As the energy is calculated with V (r) at
hydrogen bonds (3,−1) BCPs, we assume that this corresponds only to
hydrogen bonds. The difference between the energies calculated with
Eqs. (1) and (2) (Table 1) is less than 3 kcal mol-1 (around 16%);
therefore, we consider that Eq. (1) adequately estimates the hydrogen
bond mean energy. Hydrogen bond mean energy as a function of the

number of base pairs (n) is shown in Fig. 5 (values are available in Table
S3 in the SI).

As seen in Fig. 5, −DHB increases as n does. Consequently, the pre-
sence of other base pairs tends to raise the hydrogen bond energy, i.e.
there is a cooperative effect. From the same figure, it is clear that the
curve representing the ideal case has the greatest hydrogen bond mean
energies. When the structure is relaxed, the planarity of base pairs is
lost. As a consequence, the strength of hydrogen bonds is altered, re-
sulting in weaker hydrogen bonds for optimized chains. Nevertheless,
hydrogen bond mean energy differences between ideal and optimized
cases are less than 1 kcal mol-1 and, when number of base pairs in-
creases difference, tends to vanish. These differences could be asso-
ciated with the fact that when ideal structure is submitted to a geometry
optimization process, base pairs are distributed according to neighbors
pairs. Therefore, as n grows the movements of base pairs are more re-
stricted and the energy estimated is more similar to ideal case.

Oscillations present in curves (Fig. 5) could be attributed to finite
size effects. Indeed, by symmetry restrictions in an ideal chain with a
very large number of base pairs, any TA or AT base pair would be

Fig. 3. Illustration of how hydrogen bond mean en-
ergy (−DHB) is estimated.

Fig. 4. Illustration of how π-π staking mean energy
−D( )π is estimated.

Table 1
Hydrogen bond mean energies calculated by means of Eqs. (1) (first two columns) and (2)
(last two columns) for chains with n=7.

−DHB (kcal mol-1)

Eq. (1) Eq. (2)
Ideal Optimized Ideal Optimized

17.84 17.65 15.01 14.44
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equivalent. In the case of a finite length ideal B-DNA chain, the units at
the extremes will contribute with a different quantity to hydrogen bond
energy.

Using n as the total number of base pairs and distinguishing chains
by its parity, the hydrogen bond mean energy can be written as

− =
⎧

⎨
⎪

⎩⎪

+

+
D

E
n

n

E
n

n

ϵ Δ even

ϵ Δ odd
HB

even
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0

0
(4)

where ϵ0 is the interaction energy between the nitrogenous bases and
ΔEeven and ΔEodd are the contribution from the base pairs at the edges of
the chain (border effects), when the number of base pairs is even or
odd, respectively. The numerical values of the edge effects are un-
known, however, from the calculated values (Fig. 5 and Table S1), it
can be observed that −DHB takes an approximately constant value for
even n, with n ≥ 4, suggesting that ΔEeven ≈ 0.

Since we expect that this analysis would be more accurate for large
chains, to evaluate ϵ0 and ΔEodd we take into account the values of the
largest chains (n=13 and n=14). We have that En=13 ≈
17.89 kcal mol-1, and En=14 ≈ 17.97 kcal mol-1, consequently, from
Eq. (4) we get

= − ≈ −Dϵ 17.97 kcal molHB0
1

and

= − − ≈ − −E n DΔ ( ϵ ) 1.01 kcal molodd HB 0
1

Hence, with values of ϵ0 and ΔEodd, Eq. (4) can be rewritten as
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17.97 kcal mol 1.01 kcal mol oddHB

1

1
1

(5)

The values obtained from Eq. (5) (Table S4 in SI) are shown in
Fig. 6. As can be observed, this expression adjusts satisfactorily to the
estimated values for the hydrogen bond mean energy for n>3. The
reason why the analytical development fails for small n is that it as-
sumes that chain edges do not affect the hydrogen bond mean energy
and this is only valid in larger chains.

From the results shown before (Figs. 5 and 6), it is clearly important
to consider more than 4 base pairs for the adequate estimation of the
hydrogen bond energy; otherwise, hydrogen bond energy could be
underestimated.

In Table 2 we show the values of the hydrogen bond mean distances

between nitrogenous bases for the ideal and optimized chains. Notation
used to name interactions between A and T is given in Fig. 7. It is im-
portant to remark that we considered only the presence of two hy-
drogen bonds (with separation distances R1 and R2, respectively).

In general, from Table 2, it can be noticed that central hydrogen
bonds (R2) are stronger than the outer ones (R1), i.e., they have smaller
associated distances for a given chain (in compliance with discussion in
Ref. [31]). Distances are in concordance with calculated values using
Eq. (2) (see Tables S1 and S2 in SI). Calculated distances obtained for
both cases have the same trend of experimentally reported values [32]

Fig. 5. Hydrogen bond mean energy as a function of DNA chain length. Blue symbols
correspond to ideal chains while red symbols to optimized structures. Lines connect the
points for clarity. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. Hydrogen bond mean energy as a function of the DNA chain size (represented by
n) for the ideal case: theoretical values (blue) and analytical development (red). (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Table 2
Hydrogen bond mean distances for the studied cases. (ideal chains: σ ≤ 9.00×10-4 Å;
optimized chains: σ ≤ 1.40×10-2 Å).

Ideal case Optimized case

TA Units R1 () R2 () R1 () R2 ()

1 1.871 1.810 1.884 1.835
2 1.870 1.810 1.856 1.833
3 1.870 1.810 1.868 1.819
4 1.870 1.810 1.869 1.825
5 1.870 1.810 1.867 1.816
6 1.870 1.810 1.868 1.810
7 1.870 1.810 1.882 1.799
8 1.870 1.810 1.868 1.810
9 1.870 1.810 1.855 1.823
10 1.870 1.810 1.889 1.801
11 1.870 1.810 1.862 1.816
12 1.870 1.810 1.851 1.826
13 1.870 1.810 1.878 1.802
14 1.870 1.810 1.855 1.825

Fig. 7. Sketch indicating the distances between the atoms for, both, A and T.
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(2.93–2.95 for R1 and 2.82–2.85 for R2). Difference of ≈1 Å between
the calculated data and the reported experimentally is expected due to
hydrogen atoms are not observable by X-ray diffraction. Additionally,
these differences could be associated to errors related to the calculation
method used (there is not a explicit correction for the noncovalent in-
teractions) and to the fact that all calculations were performed in gas
phase. For ideal chains, as it can be expected, mean distances are es-
sentially the same for all the chains. For all of these chains symmetry
restrictions are satisfied, thus distance will not change with the addition
of more base pairs.

3.2. π-π stacking

π-π stacking usually refers to attractive interactions between π
systems [33] and, therefore, are often present in unsaturated organic
groups [34]. They depend on both geometry and force factors that favor
the juxtaposition of two aromatic molecules, in order to allow the direct
contact between their corresponding π systems [5]. Eq. (3) was used to
estimate the energy related to this interactions along TATA-box-like
DNA chains (between base pairs). Results are shown in Fig. 8 (values
are available in Table S5 in SI).

In contrast to hydrogen bonds (Fig. 5), π-π stacking interactions are
favored when geometry optimization is carried out, i.e. π-π stacking
mean energy is greater in optimized chains than in ideal chains (on
average, difference between ideal and optimized cases is around
1.36 kcal mol-1). As mentioned before, ideal chains have smaller hy-
drogen bond associated distances. Hence, the base pairs are arranged in
order to maximize the contact between them, and, therefore, the π-π
stacking mean energy is increased.

Due to differences between hydrogen bond and π-π stacking mean
energies in optimized cases, it can be suspected that when B-DNA
reaches its minimum energy configuration, π-π stacking interactions
are optimized first, before hydrogen bonds. This may be the reason why
Smirnov et al. [14] concluded that π-π stacking contribution was more
important than that proceeding from hydrogen bonds when DNA
polymerase was able to add non-polar nitrogenous bases (bases without
the capability to interact with other nitrogenous base by means of hy-
drogen bonds) during DNA replication process.

3.3. Charge transfer

Aiming to a deeper examination of hydrogen bonds, an analysis of
the electronic density accumulation as a function of chain length was

made over regions where hydrogen bonds are present between A and T
bases (N-H⋯X, where X = N,O; see Fig. 7). In an intermolecular in-
teraction the atomic charge is shared between them, i.e., part of the
electropositive atoms charge is transferred to more electronegative
atoms. Hence, the larger the charge transfer, the larger the hydrogen
bond strength.

For this purpose, Charge Separation Index (CSI), a measure of the
local polarity of a molecule, is obtained from the sum of absolute values
of charges q of each atom i in the region of interest [35]:

∑=CSI q| |
i

i
(6)

A different way to interpret this descriptor is as the measure of the
degree of separation between negative and positive charges of region of
interest [36]. The larger the CSI value, the larger the polarization in
that region and larger the hydrogen bond strength.

To obtain this descriptor, we performed a Mulliken population
analysis. We considered chains of n=1, 3, 5 and 7, since only chains
with an odd number of base pairs have a central one which is equidi-
stant to both chain edges which is convenient to reduce their influence
as much as possible.

In Table 3 we show CSI descriptor values for N-H⋯X (where
X = N,O) regions. Values are organized according to the nomenclature
introduced in Fig. 7. It can be observed that for the two cases studied,
the central hydrogen bond (R2) is stronger than the external one (R1).
This fact is in accord with distances analyzed before (Table 2) and with
the topology analysis performed for ideal and optimized chains with
n=7 (Tables S1 and S2 in SI). Other works have reported the same
behavior [7].

Due to system symmetry, as it could be expected, differences in CSI
values in ideal chains are not significantly large. However, it can be

Fig. 8. π-π stacking mean energy as a function of DNA chain length. Blue symbols cor-
respond to ideal chains while red symbols to optimized structures. Lines connect the
points for clarity. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 3
Charge Separation Index (CSI) for hydrogen bond regions (N-H⋯X, where X = N, O; see
Fig. 7) between T and A bases.

Chain Base pair Interaction CSI

Ideal Optimized

1TA 1 R1 1.426 1.422
R2 1.589 1.531

3TA 1 R1 1.426 1.416
R2 1.580 1.521

2 R1 1.413 1.417
R2 1.576 1.512

3 R1 1.427 1.435
R2 1.581 1.530

5TA 1 R1 1.426 1.413
R2 1.579 1.522

2 R1 1.412 1.419
R2 1.577 1.520

3 R1 1.419 1.418
R2 1.572 1.521

4 R1 1.415 1.412
R2 1.575 1.509

5 R1 1.425 1.436
R2 1.581 1.528

7TA 1 R1 1.425 1.405
R2 1.578 1.520

2 R1 1.411 1.410
R2 1.575 1.529

3 R1 1.414 1.413
R2 1.573 1.522

4 R1 1.414 1.410
R2 1.575 1.520

5 R1 1.417 1.411
R2 1.572 1.527

6 R1 1.414 1.408
R2 1.575 1.519

7 R1 1.425 1.416
R2 1.581 1.536
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noted that when these structures are relaxed (optimized cases) there is a
loss of charge (CSI values decrease), and hydrogen bonds tend to be
weaker. This is in agreement with hydrogen bond mean energies ana-
lysis (Fig. 5), where hydrogen bonds in optimized cases were weaker
than those in ideal cases due to a loss of planarity.

3.4. Electrostatic potentials

With the aim to complete the analysis made before for hydrogen
bond and π-π stacking interactions, electrostatic potentials and mole-
cular electrostatic potentials are analyzed in order to shed light on
charge distribution along studied B-DNA chains. For potential electro-
static planes, central base pairs are studied in order to avoid border
effects.

As previously highlighted, when chains are relaxed, the hydrogen
bond mean energy tends to decrease (Fig. 5 and Table 3) due to base
pairs planarity loss. Likewise, this can be observed in the electrostatic
potential planes showed in Fig. 9. In this figure, a top view of the
electrostatic potential for central base pair of ideal and optimized
chains with n=7 is shown. As can be seen, in the optimized case there
are more negative (rich in electrons) zones around hydrogen bonds than
in ideal case, this is more clear in oxygen atom of N-H⋯O hydrogen
bond. As stronger hydrogen bonds are associated with ideal chains,
electrons of electronegative atoms are more shared in ideal chains hy-
drogen bonds, therefore the associated area will be smaller. Hence,
planarity of base pairs plays an important role in how electrons are
shared and, consequently, in hydrogen bond strength.

Contrary to hydrogen bonds, as showed before (Fig. 8), π-π stacking
interactions are favored when chains are optimized. This is reflected in
Fig. 10, where a lateral view of central base pairs of ideal and optimized
chains with n=7 is shown. Negative zones between base pairs are
bigger in optimized case, indicating that contact of π electron density is

greater in this case. To get a better overview, electrostatic potentials for
some ideal and optimized chains with an odd number of base are shown
in Figs. 11 and 12, respectively. Yellow regions correspond to electro-
static potential minima (negative zones) while the blue ones correspond
to maxima. From these figures, it is clear that electron density overlap
between base pairs is greater in optimized chains. Therefore, the pre-
sence of other base pairs tends to optimize, in first place, π-π stacking.

Based on the results shown previously, it could be possible to con-
firm that π-π stacking interactions are firstly improved along DNA chain
and lately hydrogen bonds. That is the reason why DNA polymerase has
the capability to add nitrogenous bases during DNA replication despite
bases are polar o non-polar, as reported by Smirnov et al. [14].

3.5. Contribution to stabilization

Finally, we determined the contributions of hydrogen bonds and π-π
stacking in B-DNA stabilization, assuming that these are the most im-
portant non-covalent interactions along DNA duplex. To this end, we
used total hydrogen bond energy (required energy to separate strands
in DNA duplex):

= − = − − +D E E E E( ( ))HB HB n n ns s1 2 (7)

and total π-π stacking energy (required energy to separate all base pairs
that form the chain):

∑= − = − −
=

D E E Eπ π n
i

n

i
1

π bp
(8)

Then, the contribution rate was estimated using the following
equation:

=
+

⋅Contribution D
D D

100i

HB π (9)

Fig. 9. Electrostatic potential planes for central base pairs of ideal (a) and optimized (b) chains with n=7 (scale: from−0.04 a.u. (red) to 0.04 a.u. (blue)). Top view. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Electrostatic potential planes for central base pairs of ideal (a) and optimized (b) chains with n=7 (scale: from −0.04 a.u. (red) to 0.04 a.u. (blue)). Lateral view. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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where Di represents DHB or Dπ, depending on which energy is being
described. Results are shown in Fig. 13.

For both ideal and optimized cases, hydrogen bonds has the greater
contribution to B-DNA stabilization, in concordance with what was
reported by Zhang et al. [16]. However, the contribution of π-π
stacking is not negligible.

Discrepancies between which interaction is more important in B-
DNA stabilization could be related in how they are examined. For

example, when B-DNA is studied out of biological processes (like
Atomic Force Microscopy (AFM) [16], for example), hydrogen bonds
predominate over π-π stacking due to B-DNA strands are separated
artificially. On the other hand, when interactions are studied by means
of biological processes (like DNA replication [14], for example) π-π
stacking is considered more important than hydrogen bond because of,
in this approximation, interactions contribution is determined in how
an enzyme adds a nucleotide and how this is stabilized in the growing

Fig. 11. Molecular electrostatic potential maps for ideal chains. Yellow regions represent minima, while blue ones represent maxima. Isovalue = 0.03 a.u. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Molecular electrostatic potential maps for optimized chains. Yellow regions represent minima, while blue ones represent maxima. Isovalue = 0.03 a.u. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Contribution rate of hydrogen bond and π-π stacking interactions for ideal (a) and optimized (b) cases.
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chain. All the mentioned before is in agreement with our results: π-π
stacking interactions are firstly optimized, explaining why DNA poly-
merase is able to add nucleotides through π-π staking no matter if
nucleotides can or not form hydrogen bonds (as found by Smirnov et al.
[14]). Nevertheless, when interactions are studied as proposed in
Figs. 3 and 4 it is found that hydrogen bonds are more important than
π-π stacking for B-DNA stabilization as reported by Zhang et al. [16].
All depends on the context and approximation used to determine in-
teraction contributions.

It would be very interesting to contrast our results with experi-
mental data. However, at the best of our knowledge, no experimental
data of TATA-like-box chains is available to make comparisons with
such results.

We have some proposals of experimental designs that may provide
quantitative comparisons with our work. To this end we may look at a
number of techniques which have resulted useful to determine experi-
mentally the energetics of DNA duplex formation. A first common step
to all these methods would consist in the laboratory synthesis of short
DNA sequences with the required amount of TA base pairs that may
provide the genomic sample for all the different methods. One possible
approach would be using thermal DNA denaturation, tracked by either
isothermal titration calorimetry coupled with spectrophotometric as-
sessment [37] or by the use of a compounded NanoDrop device com-
bining spectrophotometric with fluorometric measurements on micro-
volumes [38]. Another approach is based in elastic properties of DNA
sequences and the use of atomic force microscopy [39] to provide ap-
proximations based on DNA stretching [40,41].

In brief, once that synthetic sequence specific constructs are avail-
able there are a number of experimental techniques that may be used as
experimental comparisons to our theoretical calculations. Most of these
are based on well-established principles in DNA analytics.

4. Conclusions

In this work, we performed an analysis of the influence of chain
length in both, hydrogen bonds and π-π stacking, assuming that these
are the most important non-covalent interactions in B-DNA stabiliza-
tion. For this purpose, TATA-box-like chains (ideal and optimized cases)
were used.

For hydrogen bonds, we found that they become weaker when a
geometry optimization process is carried out. Whereas, π-π stacking
interactions tends to be stronger. Therefore, it is proposed that when B-
DNA looks for a conformation of lower energy, π-π stacking interactions
are the first to be optimized, lately hydrogen bonds. This fact could
explain DNA polymerase ability to add non-polar nitrogenous bases
during DNA replication, as reported by Smirnov et al. [14].

With our results, it is clear that the presence of other base pairs have
a cooperative effect on both hydrogen bond and π-π stacking mean
energies, i.e., as chain length increases, these interactions become
stronger. Important periodic oscillations were observed only for hy-
drogen bond mean energies due to border effects. Eq. (5) is proposed to
estimate the hydrogen bond mean energies of TATA-box-like chains of
any size.

Finally, the contribution of each interaction to B-DNA stabilization
was calculated. According to these results, hydrogen bonds contribute
more importantly in duplex stabilization than π-π stacking, in agree-
ment with that reported by Zhang et al. [16]. Nevertheless, the con-
tribution of π-π stacking is not negligible. The disagreements between
which interaction is more important are due to the method and ap-
proximation used to study these interactions.
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