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The binding energies of complexes of DNA nucleobase pairs are evaluated using quantum mechanical
calculations at the level of dispersion corrected density functional theory. We begin with Watson-Crick base
pairs of singlets, duplets, and triplets and calculate their binding energies. At a second step, mismatches are
incorporated into the Watson-Crick complexes in order to evaluate the variation in the binding energy with respect
to the canonical Watson-Crick pairs. A linear variation of this binding energy with the degree of mismatching is
observed. The binding energies for the duplets and triplets containing mismatches are further compared to the
energies of the respective singlets in order to assess the degree of collectivity in these complexes. This study also
suggests that mismatches do not considerably affect the energetics of canonical base pairs. Our work is highly
relevant to the recognition process in DNA promoted through the RecA protein and suggests a clear distinction
between recognition in singlets, and recognition in duplets or triplets. Our work assesses the importance of
collectivity in the homology recognition of DNA.
DOI: 10.1103/PhysRevE.93.062410
I. INTRODUCTION

Nucleic acids are continuously susceptible to damage
imposed by external factors like UV radiation or chemical
exposure [1–4], as well as by internal processes. Chromosomes
can be disrupted during the replication and recombination
processes [5]. Permanent mutations can be generated on
DNA molecules leading to serious problems, often related
to cancer tumors [6,7]. Such processes can also result in the
formation of mismatched base pairs (bps) or even inhibit gene
expression [5]. However, cells have generated an enzymatic
repair mechanism, known as the SOS repair system [8]. The
SOS mechanism is activated when a chromosome is broken
and activates a complex machinery involving proteins, which
are capable of repairing damages with a high fidelity [9]. This
reconstruction mechanism compares the broken chromosome
with a complete chromosome through a process called homology recognition (HR). The HR process is promoted by a class
of proteins known as RecA [10]. Once the HR is complete,
RecA performs homologous alignment and strand exchange
[11–13]. Homology sampling occurs via Watson-Crick-type
base pairing [14]. The chromosome can then be reconstructed
through the polymerase chain reaction mechanism [15]. These
mechanisms render cells a robust system, despite the fact that
nucleic acids residing in biophysical systems are continuously
prone to damage, chemical and structural modifications.
The protein RecA involved in the recognition process
belongs to a family of proteins. It is a DNA-dependent ATPase
for performing homology recognition, while trying to repair
DNA [16]. The RecA protein has been found in virtually all
bacteria [17,18], in archaea [19], in bacteriophage genomes
[20], as well as in eukaryotes [21] and humans [22]. RecA
is regulated within the SOS response system and functions
in a network that determines under which conditions and in
which way RecA is expressed [7]. All processes related with
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the preservation and repair of the genome are centered in the
recombination mechanism that RecA protein catalyzes. In fact,
many studies have proven that problems in the regulation of
the recombination process can drive to instabilities within the
chromosomes and carcinogenesis [6,23,24]. Recombination
and its regulation involve a plethora of proteins, but are still
not fully understood [7].
When a chromosome is broken, the SOS system is activated
and RecA proteins invade the broken single strand of DNA
(ssDNA). The role of RecA is to compare base pair (bp)
complexes in order to find the homologous partner of a ssDNA
molecule. This process is referred to in literature as homology
search or homology recognition. Base sampling is facilitated
by having an extended and underwound conformation of the
DNA [25], or the secondary DNA-binding site that mediates
the homology sampling reaction binds to the strands of the
double-stranded DNA (dsDNA), leaving the second strand
available for base sampling [26]. The atomistic mechanism by
which the HR process occurs is, though, not fully understood
[27]. It is believed though, that the fidelity of the search process
is governed by the distance between the DNA-binding sites
[28]. Crystallographic evidence shows that RecA separates a
strand in sequences of three bases (triplet), and then searches
for the homologous partner. Alternatively, “recognition in
duplets” is suggested as a possible mechanism in recent
experiments [29]. In the case of a successful HR, RecA
also catalyzes a process known as strand exchange in which
alignment of the homologous regions and transfer of one of the
strands of the dsDNA to the ssDNA takes place. This results
in the reparation of a damaged chromosome.
It has been proposed that during the recognition process,
within each triplet a nearly B-form structure of the DNA
(B-DNA) is preserved [30]. This stacking is sufficient and
allows the homology discrimination process to exploit the
energy difference between the Watson-Crick (WC) and the
mismatched pairing. Between the triplets, the large rises
are related to a mechanical stress with important functional
roles in homology recognition and strand exchange. HR
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attempts to verify whether a dsDNA is complementary to the
target ssDNA, as implied above. For a correct pairing the
complex must remain stable. For mismatched pairing (even if
this involves only one mismatched base pair), the complex
must rapidly unbind. In thermodynamic equilibrium, the
populations in different binding configurations are determined
by their binding energies. These can control the rapidness
and accuracy of the recognition process [30]. It has also been
proposed that in sequence recognition one mismatch in the
B-DNA produces collective destabilization that extends to
approximately six base pairs [31]. Experiments on homology
recognition for B-DNA, when abasic sites are added to
divide the bases, showed that dividing into groups improved
recognition in comparison with recognition in B-form [32].
Additional information, such as the biochemical details
of RecA were recently reported [33,34], as well as the
geometry of the DNA strands probed by the RecA protein [35].
Nevertheless, details on the HR and strand exchange are further
being investigated [29,30,36–38]. Several physical arguments
have been followed to unravel in detail the recognition process.
For example, studies have underlined the importance of taking
into account the deformation of the backbone due to the
presence of RecA [30] or the entropy and enthalpic effects
involved in the process [29]. Recently, a detailed mechanism
for HR based on a decision tree was suggested [39]. Within
that model, collective effects are a key step in the decision
cascade in HR [40].
Following, these previous investigations, our work aims to
evaluate the role of collective effects in the HR process from
a basic physical concept: the interaction energy. Based on
plain physical arguments, this research explores the difference
between recognition in singlets and recognition in duplets or
triplets in agreement with the decision tree model [39]. To
our knowledge, such an approach has not been used before
and can provide valuable insight into fine differences within
DNA, which can be essential for the HR process. From our
view of the relevant studies, one experimental work refers to
binding energies of the two ss-DNA sites without allowing
for a comparable quantitative analysis to our data [28]. In
this respect, our approach provides a novel investigation path,
which relies only on basic physical concepts to understand
complex biophysical processes. This paper is organized as
follows: in Sec. II the methodology used is presented, in Sec. III
the results are analyzed and discussed in Sec. IV, while in
Sec. V the conclusions are given.
II. METHODOLOGY

Quantum mechanical calculations were used to determine
the binding energy of different DNA base-pair complexes as a
function of the number of mismatched DNA base pairs therein.
The average binding energy for each system was obtained
through a density functional theory (DFT) [41,42] approach as
implemented in SIESTA [43]. All structures were equilibrated
until the atomic forces reached 0.04 eV/Å. An energy cutoff of
300 Ry and triple-ζ basis plus polarization orbitals were used.
Efficient pseudopotentials for the simulations were considered
[44], as well as two different approximations for the exchangecorrelation functional. The first is the generalized gradient
approximation, which can well reproduce both hydrogen
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and covalent bonds [45,46]. For this, the approach proposed
by Perdew, Burke, and Ernzerhof (PBE) was taken [47].
For the inclusion of long-range interactions, a nonempirical
long-range exchange-correlation functional (vdW-DF2) was
assumed [48]. The use of both functionals, PBE and vdW-DF2,
is based on two reasons. First, our benchmark simulations
showed that the use of the more complex vdW-DF2 functional
after a first relaxation of the structures with the PBE functional
is computationally more efficient than applying directly the
vdW-DF2 functional. Second, it is possible to assess the role of
the long-range dispersive interactions in the DNA complexes.
The simulations are performed at zero temperature, without
any interaction between the strands and the RecA protein, and
excluding any surrounding aqueous medium.
The simulated structures are dsDNA stacked base-pair
complexes of the B-form, which are typically involved in the
recognition process [33]. These include two helical strands,
each having the phosphate and sugar groups and a nitrogenous
nucleobase (adenine (A), thymine (T), guanine (G), and
cytosine (C)) [49]. Besides the canonical WC pairs (A-T and
C-G), other mismatched pairing combinations are possible
[50,51], a representative fraction of which are considered here.
The binding energies for singlet, duplet, and triplet complexes
of one, two, and three bps, respectively, with and without
the presence of mismatches are calculated. All structures were
generated using the nucleic acid builder [52]. Hydrogen atoms
were added wherever necessary to assure that the structures
are kept neutral. In the following, we will use the notation
ATC-TAG for a dsDNA formed by a 3 -A-T-C-5 strand
hydrogen bonded to a 5 -T-A-G-3 strand.
All systems considered here, were structurally relaxed using
the PBE approach by adding constraints to the backbone.
The constraints had to be added as the structures are very
small and relaxation would significantly affect their helical
form. These structures were next reoptimized at the level of
dispersion correction (vdW-DF2) for all possible canonical
and mismatched bps. The results shown will be based on the
vdW-DF2 calculations, unless otherwise stated. Due to the
use of atomic orbitals in our DFT approach, the counterpoise
correction for basis set superposition error (BSSE) [53] was
taken into account in the energy calculations. According to
this, the binding energy Ebind is evaluated as
ghost

Ebind = EC − E1

ghost

− E2

.

(1)

In this expression, EC is the total energy of both weakly bonded
ghost
(i = 1,2) is the total
monomers in the complex, and Ei
energy of the monomer i of the complex calculated using the
ghost atomic orbitals of the other monomer. Each monomer is
defined as one strand in the stacked base-pair complexes. The
binding energy calculated here is related to the free energy
revealing a mechanism for HR.
III. RESULTS

In order to evaluate the collective effects in HR the binding
energies for all nucleobase complexes are calculated based on
Eq. (1). We observe in which way the binding energy is being
altered due to the presence of mismatches. The difference in
the binding energy of the duplets and triplets compared to the
sum of the binding energies of the respective singlets is also
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TABLE I. Hydrogen bond lengths (d) (in Å) within the singlets
of Fig. 1 obtained through the vdW-DF2 approach. The results
correspond to the singlets without the backbone. The atom labels
correspond to that figure. These are compared to respective literature
data (d ref ). The relative error (in %) obtained from the comparison is
also given.
bp
A-T
A-C1d

FIG. 1. Typical singlets studied in this work: (a) the A-T bp and
(b) the G-C bp both including the backbone. In (c) and (d) the AT bp and the A-C1d bp both without the backbone are depicted.
All structures were relaxed with the vdW-DF2 functional. The atom
labeling shown in (c) and (d) is used in the analysis in Tables I and
II. Carbon, hydrogen, oxygen, nitrogen, and phosphorous atoms are
shown in cyan, white, red, blue, and gold, respectively. The same
coloring scheme is used in all figures.

estimated. A large difference would point to strong collectivity
effects in the HR process.
A. Singlets

We begin our analysis with singlets, that is a single base
pair (canonical or mismatched). Typical singlets modeled in
this work are depicted in Fig. 1. For the canonical WC pairing,
A-T and G-C are taken. For mismatched pairing, we choose
the purine-pyrimidine mismatch A-C depicted in Fig. 1. This
atomic arrangement has been found stable and was labeled
A-C1d [54]. The A-T and A-C bps also serve as a benchmark
as relevant literature data are available.
The DFT energies obtained from this work are tested
against available crystallographic data [56,57], previous DFT
[55], and more accurate MP2 and CCSD(T) simulations [54].
Our results and a comparison to reference data on structural
properties and energies are summarized in Tables I and II.
The comparison is very good taking into account the level
of accuracy of the DFT approach. The largest difference in
the bond lengths was found equal to 0.28 Å and 0.07 Å for
the WC and mismatched pairing, respectively. The binding
energy calculated through Eq. (1) leads to a relative error of
≈17% for PBE and ≈14% for vdW-DF2. More accurate results
for the energies are obtained from the dispersion corrected

Bonds

d

d ref

Error

N6-O4
N1-N3
N1(A)-N4(C)
N6(A)-N3(C)

2.95
2.88
2.86
2.86

2.67 [55]
2.79 [55]
2.93 [54]
2.91 [54]

10.5
3.2
2.4
1.7

simulations compared to the PBE approach, as expected. The
hydrogen bonding, though, depending on its directionality can
sometimes be better captured by a PBE approach [46].
In the calculations for the singlets, we have neglected
the backbone for simplicity and for allowing a comparison
to available literature data mentioned above. In order to
check the contribution of the backbone, we have repeated the
calculations for the singlet bps including part of the backbone.
Typical examples are shown in Fig. 1 for the WC bonded A-T
and G-C. The binding energy from the PBE calculations for
the A-T and G-C bps with the backbone were found equal
to −0.72 and −1.34 eV, respectively. The vdW-DF2 binding
energies are −0.70 and −1.26 eV, respectively. These energies
show that the largest contribution to the binding energy comes
from the base pairs and not from the backbone. Accordingly,
the hydrogen bonding between the nucleobases in the pairs
mostly influence the interaction of the two strands.
B. Duplets

At a second step, canonical WC and mismatched duplets
are simulated. These are complexes of two stacked base pairs.
In these simulations, the backbone is also included and kept
fixed during relaxation. The influence of mismatched bps in the
binding energies of the complexes is evaluated. Representative
examples of the duplets are depicted in Fig. 2 for both WC
and mismatched bp complexes. We begin with two different
WC duplets: AA-TT and GG-CC. The first one corresponds
to the 3 -A-A-5 strand, which is hydrogen bonded to its
complementary WC strand 5 -T-T-3 . In these WC duplets,
the following mismatches are then incorporated: A-C, G-T,
T-C, and T-T. (For purine-purine mismatches we have obtained
unphysical results and do not further consider these. According
to crystallographic evidence for such conformations, the
TABLE II. Ebind for WC and mismatched singlets without a
backbone calculated through Eq. (1). The DFT results are compared
to more accurate MP2 and CCSD(T) schemes in the literature [54].
All values are in kcal/mol (eV).
bp
A-T
G-C
A-C1d
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PBE

vdW-DF2

Ref. [54]

−18.15(−0.79)
−32.70(−1.42)
−19.13(−0.83)

−17.30(−0.75)
−29.37(−1.27)
−18.46(−0.80)

−15.4(−0.67)
−28.2(−1.22)
−16.10(−0.70)
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G-T mismatch

A-C mismatch

0
-0.5

GG-TT

AA-CC

AA-TC

AG-TT

-1
-1.5

AA-TT

AA-TT

TT-TT
T-T mismatch

T-C mismatch

0

CC-TT
AT-TT

-0.5
AC-TT

ΔEbind (eV)

-1
-1.5

AA-TT

CC-CC

AA-CC

0
-0.5
-1
-1.5
-2
-2.5
-3
0

FIG. 2. vdW-DF2 relaxed atomic structures of (a) the canonical
WC AA-TT and (b) the mismatched AA-CC bps. The AA-CC
complex includes two mismatched bps. Both are typical duplets in
our calculations.

AA-TT
C-C mismatch

A-C mismatch

GC-CC

GA-CC

GG-CC

GG-CC
T-C mismatch

-0.5

TT-CC

G-T mismatch

GG-TT

-1

interstrand C1 -C1 distance is farther apart than in a standard
B-DNA WC bp [50,58–62].) In the case of the A-C mismatch,
we have simulated AA-TC, which is a duplet with one
purine-pyrimidine mismatch (A-C) and one WC bp (A-T).
The AA-CC duplet, which contains two purine-pyrimidine
mismatches, is also modeled. Within the same concept, the
GG-CC WC duplet is modeled and the respective mismatched
complexes GG-CT (a duplet with one G-T mismatch) and
GG-TT, a duplet with two G-T mismatches. We proceed in the
same way for a number of one and two mismatches in the WC
AA-TT and GG-CC stacked bp complexes as summarized
in the graphs of Fig. 3. In these the binding energies are
presented as a function of the number of mismatched bps.
Results are shown for both exchange-correlation functionals
for comparison.
Inspection of Fig. 3 reveals a more or less linear behavior in
the binding energy as the number of the mismatched base pairs
increases. This trend will be discussed in the following. The
linearity holds for all cases, with small deviations seen in the
A-C and G-T mismatches for the GG-CC complex. Since for
the A-C mismatch in the AA-TT WC pair the linearity holds,
the small deviation from linearity for the A-C mismatch in
GG-CC points to a possible issue with the GA-CC mismatch.
This GA-CC pair seems to have a larger energy than expected
for linearity denoting that the A-C mismatch in the GA-CC
bp makes the pair more unstable than within other complexes
having an A-C mismatch (AA-TC in the upper left panel of
Fig. 3). This will be further discussed in the triplet cases below.
The smaller deviation from linearity for the G-T mismatch in
the GG-CC bp in the PBE case is almost negligible for the
more accurate vdW-DF2 calculations. Further focus on these
vdW-DF2 energy values reveals that a positive binding energy

GT-CC

-1.5

GG-CT

-2

PBE
vdW-DF2

-2.5
-3

GG-CC

GG-CC
0

1

2 0

1

2

Number of mismatched bps
FIG. 3. Binding energies (Ebind ) for the WC duplets AATT (top) and GG-CC (bottom) with their respective mismatched
combinations. The blue diamonds and red squares represent the PBE
and vdW-DF2 results, respectively. In the x axes, “0” corresponds to
the canonical WC pairing without mismatches, while “1” and “2” are
pairings with one and two mismatches, respectively.

corresponds to TT-TT (T-T mismatch of the AT-AT bp) and
CC-CC (C-C mismatch of the GC-GC bp). These bps are the
most unfavorable ones according to our calculations.
Further observation of the energy values reveals that the two
exchange-correlation functionals lead to very similar results,
which deviate more as more mismatches are added. In all cases,
we find that the PBE and vdW-DF2 results coincide for the
WC pairing. They are very close when one mismatch is added
and differ between 0.07 and 0.30 eV (for TT-TT and TT-GG,
respectively) for two mismatches, that is the fully mismatched
complex. Note that the same mismatches generated from
different WC pairings may have slightly different binding
energies. Specifically, the AA-CC mismatch can be generated
either from the AA-TT WC bps or from the GG-CC bps by
introducing two mismatches as implied above. Since the initial
bps are structurally different, the same mismatches need to
be accommodated within a different chemical environment in
the AA-TT or GG-CC cases, resulting in slightly different
binding energies. One should also have in mind that in our
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TTT-TTT
AAA-CCC

0.5

0

GGG-TTT
ATT-TTT

CCC-TTT

AAA-TCC

-0.5

AGG-TTT

-1
AAA-TTC
AAT-TTT

ACC-TTT
AAG-TTT

-1.5

AAC-TTT

A-C mismatch
T-T mismatch
T-C mismatch
T-G mismatch

ΔEbind (eV)

-2
AAA-TTT

CCC-CCC
AAA-CCC

0

GGG-TTT
GAA-CCC
GCC-CCC

-1

TTT-CCC

GGG-TTC
GTT-CCC

-2
GGA-CCC
GGC-CCC
GGT-CCC
GGG-TCC

-3

FIG. 4. (a) The CCC-GGG triplet modeled in this work. According to our convention, this complex is formed by a 3 -C-C-C-5 strand
bonded to a 5 -G-G-G-3 strand. In (b) a TTG-CCC triplet with two
mismatched bps is shown.

-4

GGG-CCC

0

equilibration process the backbone has been kept fixed, not
allowing for a completely free relaxation, which could also
affect the respective energies.
C. Triplets

Following the same procedure described in Sec. III B, we
move to triplets, that is bp complexes with three base pairs.
Typical WC and mismatched triplets studied in this work are
represented in Fig. 4. A WC AAA-TTT triplet includes a
3 -A-A-A-5 strand paired with its complementary 5 -T-T-T-3
strand. For example, representative triplet complexes with
up to three A-C mismatches are AAA-TTT, AAA-TTC,
AAA-TCC, and AAA-CCC. Similarly, for up to three T-T
mismatches the respective triplets are AAA-TTT, AAT-TTT,
ATT-TTT, and TTT-TTT, while for the G-T mismatches we
model the bp complexes AAA-TTT, AAG-TTT, AGG-TTT,
and GGG-TTT. Within the same spirit, the complexes for
the C-T mismatch are AAA-TTT, AAC-TTT, ACC-TTT,
and CCC-TTT. For the GGG-CCC bp the incorporation of
mismatches is done in the same way. All binding energies for
the triplets obtained using the vdW-DF2 exchange-correlation
functional are summarized in Fig. 5.
This figure reveals that similar to the duplet cases, in
the triplet cases the binding energy varies linearly with the
number of mismatched bps. A deviation is observed in the
A-C mismatch of the GGG-CCC bp, which again involves

1

2

A-C mismatch
C-C mismatch
T-C mismatch
G-T mismatch
3

Number of mismatched bps
FIG. 5. Binding energy (Ebin ) for the WC triplets AAA-TTT
(top) and GGG-CCC (bottom) with their respective mismatched
combinations as a function of the number of mismatched base pairs.
In the x axes, “0” corresponds to the canonical pairing without
mismatches, while “1,” “2,” and “3” denote one, two, and three
mismatches, respectively. All results are based on the vdW-DF2
functional.

the A-C pair as in the duplet A-C mismatch discussed in
the previous section. The calculations for the triplets confirm
that the A-C mismatch is indeed unfavorable compared to
other mismatches. Positive binding energies were found in
all fully mismatched complexes (i.e., bp complexes with
three mismatches) denoting unfavorable mismatching. An
exception was found for the T-C mismatch for which the
CCC-TTT complex has a negative binding energy. Regarding
the AAA-TTT triplets, we observe a trend with respect to
the type of mismatch. Specifically, the T-C mismatches have
overall lower binding energies, followed by the T-G and
the A-C mismatches. The case of the T-T mismatch is not
clear, but has the highest energy for the triple mismatch
(TTT-TTT). In the GGG-CCC triplet, the T-C mismatched
cases also correspond to a lower binding energy followed by
the G-T and the A-C mismatches, similar as in the AAATTT triplets. These trends point to a higher stability when

062410-5
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a T-C mismatch is present compared to other mismatches.
According to these results, the T-C mismatch can better
accommodate in the bp complexes decreasing the binding
energy.

IV. DISCUSSION

In order to understand in more detail the mechanism
behind homology recognition of DNA, we investigated the
issue of collectivity. For this, we have evaluated whether the
comparison of the energetics of singlets, duplets, and triplets
denote a collective behavior. We should first underline that the
binding energies shown in Figs. 3 and 5 are large compared
to experimental data [63]. For example, for the AA-TT and
GG-CC canonical WC pairs, we find binding energies of
−1.49 and −2.90 eV, respectively, while the experimental data
correspond to −0.34 and −0.35 eV, respectively. Note, though,
that the linear trends in the energies with respect to the addition
of mismatches are observed here and in the experiments
[63] as well. However, we attribute the discrepancy between
theoretical and experimental values mainly to the fact that
the sugar-phosphate backbone was kept fixed throughout the
relaxations not allowing for a completely free relaxation of
the structures. This was done due to the very small size
of the DNA strands, which would otherwise not keep their
helical conformation during a full relaxation. In addition, our
simulations are static and are performed at 0K. Note that
quantitatively the DFT results are not as accurate as higher
order ab initio calculations but can qualitatively capture the
trends presented in the figures. These trends are of interest
in this work and not the exact binding energy values. The
qualitative comparison of the binding energies for all bp
complexes is sufficient in providing additional details in the
HR process.
First, we assess the role of the backbone in the complexes
following up the comments regarding the singlets with and
without a backbone. An inspection of the binding energies
of the A-T (with the backbone) (Ebind = −0.70 eV), AATT (Ebind = −1.49 eV), and AAA-TTT (Ebind = −2.21 eV)
cases, reveals that there is a similar decrease of about −0.7 eV
in the binding energy starting from A-T and adding one and two
A-T pairs for constructing the duplet and triplet, respectively.
The fact that each addition of one A-T unit to an A-T based
complex (singlet or duplet) adds the same amount of energy to
the binding energy of the resulting complex (duplet or triplet),
which is almost the same as the binding energy of the single
A-T unit, clearly denotes that the contribution of the backbone
to the binding energy of the complexes is indeed very small.
Accordingly, at a first approximation, the backbone can be
neglected in the energetics analysis.
Collectivity, effects within the bp complexes will be first
assessed by comparing the energy of a duplet (or a triplet)
to the sum of the singlet energies composing the duplet (or
triplet). For a WC pairing, our results point to a minor effect
in considering the complexes as a whole or as a sum of
singlets. As an example, we look at the difference of the
binding energy of the WC duplet AA-TT (collective case)
from the binding energies of two A-T singlets (noncollective
case). Taking into account the vdW-DF2 binding energies
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given in Table II and Figs. 3 and 5, this difference is very
small, about −0.09(0.01) eV. For the triplet WC AAA-TTT,
the difference in the binding energy of the complex from
the respective value for three A-T singlets is −0.11(0.04)
eV for the singlet with(without) the backbone, respectively.
The results for the G-C pairing are quite similar, with a
difference between the collective and noncollective cases of
−0.38(−0.36) eV and −0.30(−0.27) eV for the WC duplet
and triplet, respectively. The numbers above are based on the
singlets with the backbone. In parentheses are the differences
in the binding energies based on the singlets without the
backbone. Our results show first that when accounting for the
backbone in the singlets, the differences in the binding energies
of the collective from the noncollective cases are all negative,
denoting higher binding energies for the latter cases. A second
observation based on the energy analysis above indeed links
to a collectivity effect [40], which is though expected to play a
moderate role in the recognition process. In the AT complexes,
the binding energy differences between the collective cases are
small. In the GC complexes, these differences are higher, but
still the relative differences are between 7 and 15% and seem
to decrease as more bps are added. As discussed above, the
backbone slightly contributes to the binding energies of the bp
complexes. For this reason, the fact that the complexes include
backbones of different sizes was not considered as it should
only slightly alter the results.
For noncanonical pairing, that is for mismatches, the
binding energy increases with the number of mismatches, as
expected. For both duplets and triplets this variation in energy
is linear, though the slopes of the lines change for different
mismatches as evident from Figs. 3 and 5. This increase in the
binding energy denotes less favorable binding than the WC
pairing, pointing to a lower probability in having mismatches.
Based on experimental data, it was proposed that the addition
of a mismatched base pair into a WC bp complex does not
significantly influence the free energy of the WC bps [63].
The results of our study can confirm this finding. Based
on the values of the binding energies in Figs. 3 and 5 we
summarize the binding energies of duplets and triplets with
one mismatch and show these in the bar chart of Fig. 6. All
AA-TT or GG-CC duplets with one mismatch are compared
to the respective singlets, A-T or G-C (black lines in the
figure). Similarly the AAA-TTT and GGG-CCC triplets with
one mismatch are compared to the duplet cases, AA-TT and
GG-CC (again the black lines), respectively. The comparison
reveals that the relative difference in the binding energies of
the duplets with respect to the WC singlets with one mismatch
are in the range 1–45%. The fact, that the energy differences
are larger than expected and some of our results seem to
deviate from previous experimental observations about the
influence of a single mismatch on a collective destabilization
[31] are most probably related to temperature and solvent
effects, neglected here. However, the results of Fig. 6 are
not necessarily inconsistent with the experimental data when
considering the duplet case, which was proposed to be the case
for the first 9 bps tested in RecA [32].
The binding energies of the triplets with one mismatch are
even closer to the respective energies of the WC duplets. The
relative differences decrease to 0–17% for the triplets and are
the smallest for the GGG-CCC cases.
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FIG. 6. Bar chart of the binding energies of duplets and triplets
with one mismatch. The energies are compared to the energies for the
singlets and duplets, respectively, denoted through the black dashed
line (see text). The colored labels denote the bp complexes including
the mismatch.

Accordingly, projection of our results to longer bp complexes implies that the influence of the mismatch added in a
canonical pairing becomes even smaller. Specifically, consider
a DNA strand with N (with N > 3) WC bps and a binding
N
. Addition of one mismatched pair would
energy of Ebind
increase the DNA bps to N + 1 having a binding energy of
N+1
Ebind
. According to the above results, for these cases it is
N+1
N
expected that Ebind
≈ Ebind
for the addition of one mismatch
in the WC bonded strands. These results indeed suggest that
the main contribution to the binding (or free) energy of a bp
complex originates from the WC pairing [39] and reproduces
linear trends as a function of the number of WC pairs and
mismatches [63].
V. CONCLUSIONS

Quantum mechanical simulations of canonical WC and
mismatched DNA base pairs show that the binding energy
of these bp complexes within dsDNA is a linear function
of the number of mismatched bps. We have chosen to use
DFT simulations to calculate the energetics of nucleobase
complexes at a more accurate level compared to common
atomistic simulations and in a computationally more efficient
way than higher-order ab initio schemes. For this, we have
neglected the RecA-DNA interactions and the surrounding
fluid environment considering systems that are simplified
with respect to the real structures but can produce reliable
results on the qualitative energy differences of bp complexes.
Accordingly, the trends we have observed are expected to
be representative of the real systems and have the potential
to serve as a basis for a further evaluation of collectivity
effects through atomistic dynamical simulations [64]. In
such investigations, the temperature and solvent effects could
be quantitatively evaluated. It is expected that canonical
conditions would impose fluctuations to the nucleobases, thus
providing additional insight into their energetics.

The presence of a solvent, which can screen the charge
of the DNA or interact with it by also entering into its
major grooves, would also allow the investigation of a phase
space supplementary to what was done here. For example, the
indication that the energy differences decrease (Fig. 6) with
the number of bps moving these closer to the experimental
data is also related to the larger flexibility of the biomolecule
in our calculations compared to the case where a solvent
is present. With the inclusion of additional factors, such as
temperature and solvent, the qualitative differences of the
ground-state energetics of complexes of DNA bps compared
to these systems in real conditions can be evaluated and serve
a more complete physical understanding of the recognition
process. Note, though, that the use of an implicit solvent to
account for the effects of an aqueous environment would not
be that efficient for two main reasons: (a) the background
dielectric constant imposed by the implicit solvents will only
add enthalpic effects to the enthalpic energies calculated here
at 0K. The effects of a solvent are entropic and these are
captured only by an explicit solvent, which could possibly also
unveil additional stable conformations to those given by the
enthalpic effects [65]. (b) An implicit solvent model neglects
important effects, such as the charge hydration asymmetry,
and would for this also fail to introduce the correct solvent
influence [66]. Accordingly, the next step would be to include
the solvent environment in an explicit way to fully account for
the entropic effects and more closely resemble the setup of the
experiments.
Using arguments based on the energetics of singlets, duplets, and triplets of canonical WC and mismatched nucleobase
pairings, we have concluded that the presence of mismatched
bps has a very small contribution to the binding energy of
canonical pairing. This is in close agreement with recent results
on other scales [39] and relevant experimental data [63]. Depending on the simple systems modeled here, this agreement
highlights the very large importance of the base-pairing in
the energy profiles in DNA rather than the influence of the
environment. We have found that the binding energies increase
linearly with the amount of mismatching. Accordingly, the
bp complexes become less stable as additional mismatched
bps are included in the complex. The comparison of the
binding energies of duplets and triplets (collective case) to
the binding energies of the number of singlets composing
them (noncollective case) reveals that collectivity should
play a moderate role in defining the binding energies of
bp complexes. An interpretation of this statement is that a
collective test of base pairs would not considerably improve the
HR process. This is related to the fact that the presence of even
one mismatched bp must rapidly unbind the complex, meaning
that a collectivity search would delay this unbinding in the
presence of mismatches. Overall, this work has attempted
to analyze the energetics of base-pair complexes. The aim
was to give another perspective of the way DNA is being
recognized by resorting to the binding energies of single base
pairs The basis of this study was to evaluate the influence of
mismatched pairing and the trends of their binding energies
in comparison to canonical WC pairing. It further needs to
be checked whether our finding that mismatches in longer
DNA strands become even less important is still valid. Force
field approximations or hybrid approaches also involving the
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RecA-DNA interactions can project the results of this work to
a larger scale and also account for environmental effects.
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