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Abstract The interaction between one polychlorobiphenyl
(3,3′,4,4′,-tetrachlorobiphenyl, coded PCB77) and the four
DNA nucleic acid–base is studied by means of quantum
mechanics calculations in stacked conformations. It is
shown that even if the intermolecular dispersion energy is
the largest component of the total interaction energy, some
other contributions play a non negligible role. In particular
the electrostatic dipole-dipole interaction and the charge
transfer from the nucleobase to the PCB are responsible
for the relative orientation of the monomers in the com-
plexes. In addition, the charge transfer tends to flatten the
PCB, which could therefore intercalate more easily between
DNA base pairs. From these seminal results, we predict that
PCB could intercalate completely between two base pairs,
preferably between Guanine:Cytosine pairs.

Keywords Charge transfer . Density functional theory .

Dispersion interaction . DNA nucleobases . Electrostatic
interaction . π stacking interaction . PolyChloroBiphenyl

Introduction

Anthropogenic polychlorinated biphenyls (PCBs), that were
widely used as industrial chemicals, accumulate in the envi-
ronment as ubiquitous, persistent and highly lipophilic xeno-
biotics [1, 2]. These compounds tend to bioaccumulate and
biomagnify, with a half-life of several months up to several
years, because of their lipophilicity [3]. PCBs are known to be
involved in immunosupression, neurotoxicity and endocrinal
dysfunction [4]. They have been classified as probable human
carcinogens by the International Agency for Research on
Cancer (IARC) and have been implicated in several cancers
such as hepatocellular carcinomas, trabecular carcinomas,
adenocarcinomas and in diseases like cholangiomas, adeno-
mas, and hepatomas [5]. Several mechanisms of action of
PCBs have been proposed. PCBs without ortho substitution,
for which a coplanar conformation is easily accessible, are
shown to cause carcinogenicity through stimulation of cell
proliferation [6]. They are metabolized by cytochrome P540
into arene oxide intermediates [7]. Upon metabolic activation,
they are shown to bind to macromolecules such as DNA,
RNA and protein [8]. A broad spectrum of biologic and toxic
responses, of these classes of xenobiotics in animals, is medi-
ated through the binding to a common cytosolic protein called
the aryl hydrocarbon receptor (AhR) [9, 10]. The oxidative
DNA damages induced by PCB and their implication in breast
cancer has also been addressed [11].

3,3′,4,4′,5-pentachlorobiphenyl (PCB126) is the most
toxic congener of all PCBs [12], and 3,3′,4,4′,5,5′-hexa-
chlorobiphenyl (PCB169) is currently considered as toxic
as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) [13, 14]. In
addition 3,3′,4,4′,-tetrachlorobiphenyl (PCB77), PCB126
[15] and PCB169 [16] have been shown to alter male
reproductive development as TCDD does. PCB77 has been
found in fish tissue [17], and can be transferred to human via
the food. Sargent et al. [18] proposed that the clastogenic
effects of PCB77 observed in human lymphocytes, may be
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due to direct intercalation to DNA [19] and to a subsequent
cascade of reactions [20]. The results of these previous
experimental and theoretical studies lead to the conclusion
that the interaction between polyhalogenated aromatics and
biomolecules is mainly due to stacking [21].

In order to shed light on the main contributions
(dispersion, electrostatic, charge transfer, …) of the in-
teraction energy between PCBs and nucleic acid-bases,
and prior to study the effects of PCBs on a double
stranded DNA model, we decide to focus our attention
on the interaction of PCB77 with the four DNA nucleic
acid-bases (guanine (G), cytosine (C), adenine (A) and
thymine (T)) by means of theoretical tools, studying
complexes formed with one PCB77 molecule and one
nucleic acid–base. These simple models will help to
decompose the total interaction energy into insightful
components and to determine the favored conformation
PCBs could have while intercalated in DNA.

The next section contains the methodology and the
computational details. The results are then discussed in
the following section. The discussion is based on the
analysis of the interaction energy at the equilibrium
geometry and further detailed for some slightly distorted
conformations in order to flesh out our knowledge of
the potential energy hypersurface around the minimum.

Theory and computational details

In this present work, PCB77//DNA stacked complexes
are optimized using three levels of theory, i.e., pure
density functional theory (DFT) method within the local
density approximation (LDA)—since it is computation-
ally cheap and has been shown to produce acceptable
results [22] certainly due to error compensation—, DFT-
D techniques where empirical London dispersion energy
terms are added to the usual functionals, and second-
order Møller-Plesset theory (MP2), which correctly
describes π stacking interactions. For LDA calculations,
the Slater exchange functional was used in conjunction
with the Vosko-Wilk-Nusair correlation functional
(SVWN) [23] with the augmented polarized triple zeta
quality 6-311++G** basis set. The Becke-Lee-Yang-Parr
three parameters (B3LYP) exchange-correlation function-
al using the same basis set 6-311++G** was used for
DFT-D computations using the empirical parameters de-
veloped by Grimme [24, 25]. The calculations have
been performed using a local modified version of the
quantum chemistry package Gaussian03 [26] that
includes a generalized Grimme’s dispersion correction.
A general functional is modified with an empirical
correction for long-range dispersion effects, described
by a sum of damped interatomic potentials of the form
C6R

−6 added to the usual DFT energy [25]. The total

energy is given by:

EDFT�D ¼ EKS�DFT þ Edisp; ð1Þ

where EKS-DFT is the usual self-consistent Khon-Sham
energy and Edisp is an empirical dispersion correction given
by:

Edisp ¼ �S6
XNat�1

i¼1

XNat

j¼iþ1

Cij
6

R6
ij

fdamp Rij

� �
: ð2Þ

Here, Nat is the number of atoms in the system, Cij
6

denotes the dipole-dipole dispersion coefficient for atom
pair ij, S6 is a global scaling factor that only depends on
the functional used, and Rij is the interatomic distance. In
order to avoid near–singularities for small R, a damping
function fdamp must be used,

fdamp Rij

� � ¼ 1

1þ exp �a Rij

R0�1

� �� �� � ; ð3Þ

where R0 is the sum of atomic van der Waals radii and α
is the parameter determining the steepness of the damping
function. The value of the atomic C6 coefficients, R0, α and
S6 parameters as well as the combination rule for the com-

posite Cij
6 coefficients were taken from the work of Grimme

[24, 25].
Due to the inherent more important computational cost

for MP2 calculations, the medium quality 6-31G* basis set
was used, as it was shown to give a good compromise
between accuracy and computational cost [27–29].

Geometries of the complexes of PCB77 with DNA nucle-
obases were fully optimized at the three levels of theory. The
nature of the critical points was confirmed by inspection of
the Hessian matrix. The absence of negative eigenvalues
confirming that the obtained geometries are real minima
on the potential energy hypersurface.

The interaction energyΔEA//B of a stacked complex A//B
(// denotes stacking) is defined as the electronic energy
difference between the energy of the complex (EA//B) and
the energies of the isolated molecules (EA, EB)

Eint ¼ ΔEA==B ¼ EA==B � EA þ EB
� �

: ð4Þ

Results and discussion

Interaction energies at equilibrium geometry

The interaction energies, obtained at the SVWN/6-311++G**,
MP2/6-31G* and B3LYP-D/6-311++G** levels of theory, of
the optimized complexes are reported in Table 1. The
corresponding geometries are drawn in Fig. 1.
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Several features can be observed from the values reported
in Table 1. One can note that, although the values are
different, the three methods predict the PCB77//G complex
to be the most stable, and the PCB77//C complex to be the
second more stable. The two DFT based methods show
larger interaction energy for the PCB77//T complex com-
pare to PCB77//A, whereas MP2 gives the reverse order of
stability. Anyway, the energy differences being about 1 kcal
mol−1, one cannot draw definitive conclusions with these
levels of theory. It is remarkable to note that the three levels
of theory are in a very good mutual agreement with differ-
ences in the interaction energy of about 2 kcalmol−1 at
maximum. DFT-D and MP2 methods give very similar
results, when LDA gives stronger interactions by 2 kcal
mol−1.

The optimized geometries, obtained with the three meth-
ods are very similar and the cartesian coordinates are given
in the supplementary material. The geometry of the constit-
uent molecules (i.e., PCB77 or the nucleobase) in the com-
plexes is very similar to the geometry of the isolated
molecules. This could have been anticipated for weakly
interacting molecules. One can note that PCB77 is not
planar in the complexes (neither in the isolated molecule),
which means that the interaction energy with the nucleic
base is not large enough to overcome the rotation barrier
around the central C–C bond of the biphenyl moiety, due to
the steric hindrance of the atoms in ortho positions. As a

consequence the nucleobase interacts mainly with one phe-
nyl ring of PCB77.

Our results confirm [27, 30] that LDA calculations can
give quite satisfying stacking energy and geometries, at least
for the equilibrium geometry. In order to better understand
the possible interactions with DNA, we decided to analyze
other regions of the potential energy hypersurface for some
selected degrees of freedom that can be relevant for interca-
lation. The results are gathered in the next subsection.

Vertical separation

The distance between the molecules is called the vertical
separation (VS). It is defined as the distance between the
centers of mass of both molecules. Starting from the equi-
librium geometry, the intermolecular distance (VS) was
stretched by 0.4 Å, and all other geometrical parameters
optimized. The energy variations from the equilibrium ge-
ometry to the stretched one are collected in Table 2.

One can note that, more or less, LDA gives values about
twice as large as those obtained with DFT-D, which are almost
double than those obtained with MP2. This discrepancy
between DFT and perturbation theory can arise because of
the medium quality basis set used in MP2 calculations. Since
diffuse and polarization functions are missing, the intermolec-
ular interaction is less well described at long distance. Although

Table 1 Interaction energies between PCB77 and DNA nucleobases
(ΔE, kcalmol−1) at the three levels of theory

ΔEPCB77//G ΔEPCB77//A ΔEPCB77//C ΔEPCB77//T

SVWN/
6-311++G**

−20.63 −16.19 −18.35 −17.16

MP2/6-31G* −18.02 −14.93 −15.17 −13.92

B3LYP-D/6-
311++G**

−18.48 −14.45 −15.67 −15.16

Fig. 1 Optimized geometries,
obtained at the B3LYP-D/6-311
++G** level of theory. (a)
PCB77//G, (b) PCB77//C, (c)
PCB77//A, (d) PCB77//T

Table 2 Variation of the interaction energy (in kcalmol−1) for a
vertical separation of 0.4 Å longer than the equilibrium value, at the
three levels of theory SVWN/6-311++G**, B3LYP-D/6-311++G**
and MP2/6-31G*

PCB77//G PCB77//A PCB77//C PCB77//T

SVWN/6-311++G** 0.34 0.81 0.60 1.09

MP2/6-31G* 0.07 0.61 0.19 0.41

B3LYP-D/
6-311++G**

0.19 0.31 0.28 0.89
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the absolute values are different, the trends are similar for the
two DFT levels of theory. One can define the following order:
G>C>A>T, the complex containing G nucleic acid–base be-
ing the easiest one to stretch along the vertical separation. This
point has to be compared with the results found in the previous
subsection. Albeit the complexes formed with PCB77 and
either Thymine or Adenine are less energetically favorable
(see Table 1), they are more firmly bound (in the sense that
the wells along the VS coordinate are steeper for these two
complexes). This means that for these two complexes the short
range attractive components of the interaction energy varies
more steeply than those of the complexes composed of PCB77
and Cytosine or Guanine, suggesting that more than one inter-
action factor can indeed be present. This point will be discussed
in more detail in the following subsection.

When PCB77 intercalates between DNA base pairs, the
intermolecular distance (during the intercalation process) can
be shorter than the equilibrium distance presented in the pre-
vious subsection. Hence, the squeezing of the vertical separa-
tion can provide some insights on the ease of PCB77 to
intercalate in DNA. The VS was shortened by 0.2 Å compared

to the equilibrium value, since for a squeezing of 0.4 Å one
encounters the repulsion wall that is almost universal. Only
SVWN results are presented and are gathered in Table 3.

One can note that for Guanine, the repulsion is the small-
est compared to the other nucleic acid bases. This shows that
at this very short range an attractive interaction takes place
for this complex, that partially compensates the repulsion.
These results suggest a possible selectivity of PCB77 upon
interaction with DNA, Guanine sites being the most plausi-
ble candidates for intercalation.

Relative orientation

In this subsection, the relative orientation of PCB77 and the
nucleic acid bases is considered. Relaxed scans were per-
formed along the dihedral angle Φ defining the relative orien-
tation of the two molecules using steps of 30° and starting
from the equilibrium geometry. The dipole-dipole interaction
between the two molecules forming the complex is examined.

In Fig. 2, the interaction energy together with the total
dipole moment of the complex are plotted with respect to the
dihedral angle Φ.

As can be seen, the calculated total interaction energy
(Eint) strongly depends on the relative orientation of the
molecules in the complex. One can note that the lower
energy conformation is in a region where the total dipole
moment is low, showing that the dipoles of the PCB and of
the nucleic acid–base adopt an anti-parallel orientation. This
proves that the dipole-dipole interaction component of the

Table 3 Variation of the interaction energy (in kcalmol−1) for a
vertical separation of 0.2 Å less than the equilibrium value, at the
SVWN/6-311++G** level of theory

PCB77//G PCB77//A PCB77//C PCB77//T

SVWN/6-311++G** 0.25 1.29 1.11 0.87

Fig. 2 Interaction energy in
kcalmol−1 (solid black line) and
dipole moment in Debye
(dotted blue line) with respect
to the dihedral angle between
PCB77 and DNA nucleobases,
at the SVWN/6-311++G**
level of theory. (a) PCB77/G
complex, (b) PCB77//T
complex, (c) PCB77//C
complex, (d) PCB77//A
complex
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total interaction energy is responsible for the relative orien-
tation of the two molecules in the complex. However, if the
value of Φ corresponding to the minimum of the interaction
energy is close to the one for the smallest dipole moment,
the two values are not exactly coincident. This fact shows
that some other orientation dependent contributions, like
charge transfer, cannot be neglected.

Up to now, we have discussed the total interaction energy
for different geometries in order to understand the relative
orientation of the molecules in the complexes and total
binding interaction. We now turn to a decomposition of
the total interaction energy into insightful main components.

Dispersion energy

From DFT-D calculations, it is straightforward to extract the
intermolecular dispersion energy for the equilibrium structure
(see Eq. 1). Results are given in Table 4. One can see that,
compared to the values given in Table 1 for the DFT-D level of
theory, the intermolecular dispersion energy is of the same
magnitude as the total interaction energy. It is even higher for
Guanine and Adenine nucleobases. Although, this term is
certainly the leading one, it is not the only one. In particular,
as shown above, dipole-dipole interactions are certainly re-
sponsible for the relative orientation of the molecules in the
complex, and charge transfer can also play a non trivial role.
These two components are further discussed below.

Dipole-dipole interaction

To clarify the slight offset between the optimized geometry
and the geometry corresponding to the lowest total dipole
moment, we decided to have a deeper look into the dipole-
dipole interaction. The geometrical distortion of PCB77 and

the nucleobases upon complexation is considered. The total
dipole moment of the complex is compared to the one
obtained by the simple vector addition of the individual
dipole moments of PCB77 and the nucleobases at the com-
plex geometry. All results are gathered in Table 5.

It is noteworthy that, for each fragment, the dipole moment
is higher in the geometry of the complex than for the geometry
of the monomer. This shows that the slight geometry distor-
tion produces higher dipole moments to induce a higher
dipole-dipole attractive interaction. This is in perfect agree-
ment with the fact that the total dipole moment is lower than
the one computed with the additive model, due to inductive
interactions. This conclusion was previously reported for π−π
interactions between other biomolecules [31, 32].

Charge transfer

The charge transfers were determined using the Mulliken
population analysis [33] (Table 6) at the SVWN/6-311++G**
level of theory. Although Mulliken’s partitioning is a crude
model it can be useful to represent trends and give qualitative
insights for a comparative study. The charge transfer between
the molecules within the complex is essentially one directional
(occurring from DNA nucleobases to PCB77) and predomi-
nantly of π-π* type. If the charge transfer is practically negli-
gible for A and T nucleobases, it is several order of magnitude
larger for C and G. The peculiar role of G is once more
evidenced. The amount of charge transfer (Q) increases going
from Thymine, to Adenine, to Cytosine, and finally to Gua-
nine. This order is similar to the one found for the total
interaction energy, and could explain the low energy raise
when the PCB77//G complex is squeezed (the shorter the
intermolecular distance, the higher the charge transfer).

Table 5 Dipole moment (in debye, D) of the molecules PCB77 and
the four DNA nucleobases, in their optimized geometries (μm) and in
the geometry of the complex (μc). Total dipole moment of the complex

as computed with G03 (μT) and by the vector addition of the dipole
moment of the constituting molecules (μadd), at the SVWN/6-311+
+G** level of theory

PCB77 A T G C

μm 2.23 2.48 4.42 6.91 6.70

μc 2.47 2.67 4.55 6.96 6.76

PCB77//A PCB77//T PCB77//G PCB77//C

μT 1.32 3.89 3.94 3.75

μadd 1.35 4.12 4.44 4.41

Table 4 Intermolecular dispersion energy (in kcalmol−1) computed at
the B3LYP-D/6-311++G** level of theory for the four complexes

PCB77//G PCB77//A PCB77//C PCB77//T

ΔEdisp −19.15 −16.96 −15.40 −15.17

Table 6 The transferred charge from nucleobases to PCB77 for each
complex

PCB77//G PCB77//C PCB77//A PCB77//T

Q (e) 0.227 0.125 0.016 0.004
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A molecule with a planar geometry is more inclined to
intercalate in DNA than a globular molecule, and can thus be
more toxic. The toxicity of PCB77 can be related to the charge
transfer, since the latter induces a more planar geometry of
PCB77—the dihedral angle between the two phenyl rings is
close to 31–32° for all complexes, compared to the value close
to 33° for the isolated molecule. This is consistent with the
optimized geometry of PCB77 anion, at the same level of theory,
where the dihedral angle between the two phenyl rings is zero.

The charge transfer and the increased planarity can be
interpreted by means of the frontier molecular orbitals (HO-
MO and LUMO). One has to note that the LUMO of the
isolated PCB77 presents a bonding interaction between the
two carbon atoms bridging the phenyl groups (see Fig. 3).
Hence, upon partial electron capture, PCB77 tends to flat-
ten. Figure 3 presents the interaction diagram between the
HOMO of adenine (given as an example) and the LUMO of
PCB77, to produce the frontier orbitals of the complex. The
latter are indistinguishable to the former. One can see that
the charge transfer occurs from the DNA nucleobase (acting
as a nucleophile) to PCB77 (acting as an electrophile).

Prediction of intercalation in DNA

Although the intercalation process is much more complicat-
ed, involving for instance DNA deformation, possible hy-
drogen bond rupture or weakening between nucleobases,
loss of π stacking between adjacent nucleobases, desolvata-
tion, … than the simple bimolecular interaction considered
here, from the results presented in this work, we can try to
foresee the preferred intercalation sites. A PCB77 molecule
can be intercalated in DNA in two main ways: either by a

partial intercalation where one aromatic ring fits between
two nucleobases belonging to adjacent base pairs (the cen-
tral C−C bond of PCB77 is more or less perpendicular to the
H-bond network linking two nucleobases), or by a complete
intercalation where the two aromatic rings slide between
two base pairs (the central C−C bond of PCB77 is approx-
imately parallel to the H-bond network linking two nucleo-
bases). By inspection of the optimized geometries, we can
see that PCB77 adopts an orientation favorable for the
intercalation of the two aromatic rings for Guanine, Cyto-
sine and Thymine. For Adenine, both intercalations are
possible. Anyway, due to the fact that the energy variation
upon rotation is weak—close to 5 kcalmol−1 (see Fig. 2),
and smaller than the interaction energy (Table 1), we can
conclude that the complete intercalation is certainly the most
favorable one. In addition, from the interaction energies
given in Table 1, we can predict that PCB77 will intercalate
preferentially between two G:C base pairs (either G:C/G:C
or G:C/C:G). The second preferred type of site is G:C/T:A
(or G:C/A:T). The less favorable site is composed of two T:
A base pairs. These predictions are in good agreement with
our preliminary results where PCB77 interacts with a double
stranded DNA, studied by means of hybrid quantum me-
chanics/molecular mechanics (QM/MM) calculations.

Conclusions

The interaction between one polychlorobiphenyl (PCB77) and
the four DNA nucleic acid bases has been studied by means of
quantum chemistry methods. Due to error compensation, LDA
level gives accurate qualitative predictions in good agreement

Fig. 3 Calculated LUMO-
HOMO energy levels of the
complex, compared to the re-
spective levels of isolated
PCB77 (left) and Adenine
(right) molecules
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with DFT-D and MP2 levels of theory. Even if the dispersion
energy is the largest component of the total interaction energy,
other contributions cannot be neglected. In particular, the
complexes adopt a conformation where the dipole moments
of the constituting molecules are anti-parallel. These orienta-
tions are also responsible for the correct overlap between the
frontier orbitals, giving an intermolecular charge transfer. In
consequence, PCB77 adopts a more planar geometry which
will ease the intercalation process. From geometrical and en-
ergetic considerations, we predict that PCB77 will intercalate
completely between two G:C base pairs preferentially.

In a forthcoming work the intercalation of PCB77 in a
double stranded DNA will be studied by means of hybrid
QM/MM calculations.
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