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Abstract In this work we investigated the outside binding
mode between a cationic porphyrin and a nucleotide pair of
DNA, adenine-thymine and guanine-cytosine, in a supramo-
lecular assembly. We used two structural models (semi-
extended, extended) that differ in the size of porphyrin,
two kinds of theoretical methods: a three layer ONIOM
(B3LYP/6-31G(d)/PM3/UFF), and DFT B3LYP/6-31G(d,
p), and three cationic porphyrins. ONIOM method was first
tested on the semi-extended model that was calculated in
four environments: gas phase, solution phase using an ex-
plicit solvent model (H,O), in the presence of a sodium
cation (Na") and in both (H,O + Na"). From interaction
energy results, we found that the affinity of the cationic
substituent by the adenine nucleotide is favored upon the
thymine nucleotide. The extended model that considers the
whole porphyrin was applied in the gas phase to the four
nucleotides. All the cationic porphyrins showed affinity by
the nucleotides in the order adenine > guanine > thymine >
cytosine. The interaction energy values for outside binding
showed a strong porphyrin-nucleotide interaction (=-90 kcal
mol™), that slightly varies between the nucleotides suggest-
ing that this kind of cationic porphyrin has a little selectivity
for some of them. We also found that the effect of the nature
of the cationic substituent (chain length) in the porphyrin on
the outside binding is small (=2-13 kcalmol™). Coherence
between the results showed that ONIOM is a useful tool to
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get a reasonable molecular geometry to be used as a starting
point in calculations of density functional theory.
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Introduction

Over the last decades there was a great interest for studying
the porphyrins because they can interact with DNA or
oligonucleotides and act as photosensitizers in photodynam-
ic therapy (PDT) [1-11]. Fiel et al. showed for the first time
the interaction of a cationic porphyrin TMPyP (meso-tetra-
kis (4-N-methylpyridiniumyl) porphyrin) and a double
strand DNA, and proposed three binding modes for this
interaction: intercalation, outside binding with self-
stacking and outside binding without self-stacking
(groove) [12]. Several techniques have been used that give
evidence of the porphyrin and DNA interaction such as UV-
visible absorption spectroscopy, circular dichroism, electron
paramagnetic resonance, nuclear magnetic resonance, fluo-
rescence spectroscopy, viscosity and thermal denaturation
[8-11, 13, 14].

TMPyP is one of the more widely studied cationic por-
phyrin [3, 12, 15-17], and metal derivatives of TMPyP have
also been proved as binders to DNA. Metal derivatives of
TMPyP with no axial ligand having Au(Ill), Ni(II), Pt(II)
and Cu(Il) possess a planar geometry favorable to interca-
late at cytosine-guanine sites [18—20], while those with axial
ligands having Zn(II), Fe(1l), Co(IlI), Mn(II) and V(IV) bind
to the outside of DNA without self-stacking in adenine
thymine rich sequences [21]. Other kinds of cationic por-
phyrins have also been investigated for a binding with DNA
sequences and it has been found that depending on their
structures they prefer certain sequences. TMAP (meso-
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tetrakis(N-trimethylanilinium-4-yl)porphyrin) that has a non
planar substituent binds to calf thymus DNA in an outside
binding with self stacking [16], and porphyrins with long
substituent on the meso aromatic rings such as TOpyP
(meso- tetrakis [4-N-(3-trimethylammoniumpropyl) pyr-
idyl] porphyrin) intercalated into guanine cytosine base
pairs. A similar porphyrin without pyridinium groups such
as TOOPP (meso-tetrakis [4-[3-trimethylaminopropyl)oxy]
phenyl]- porphyrin) self stacked along the DNA backbone
[22, 23]. Studies on understanding the binding interac-
tions of cationic porphyrins with B-form DNA have
shown that the base composition and not the sequence
determine the mode of binding [3]. This has been
proved in TOF4TAP (meso-tetrakis [2,3,5,6-tetrafluoro-
4-(2-trimethylammoniumethylamine) phenyl] porphyrin)
which binds at both adenine-thymine and cytosine-
guanine rich sequences showing that the binding is
strongly affected by the composition of the base pair
[24]. For dicationic pyridium porphyrins (12 molecules)
it has been shown that the affinity for DNA and the
binding mode could be modulated by the position of the
positive charge and the steric hindrance, and the photo-
cleaving ability of DNA to be affected [25].

The quantum chemistry methods can investigate in
detail at a molecular level the composition of the base
pair and the nature of the substituent in the porphyrin
and also provide enough theoretical bases for predicting
the binding mode that a porphyrin will have with DNA.
These results could be useful for chemists doing experi-
ments to complement their studies.

Fig. 1 View of the molecular
structure of cationic porphyrins:
(a) MmPyP": Meso-mono(N-
methylpyridiniumyl)triphenyl-
porphyrin; (b) MmAP+: Meso-
mono(trimethylaniliniumyl)tri-
phenylporphyrin; (¢) MONPP+:
Meso-mono[(3-trimethylamino-
propyl)oxiphenyl]
triphenylporphyrin
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In this work, our purpose is to investigate at a molecular
level the outside binding between a cationic porphyrin
(Fig. 1) and a nucleotide pair (adenine-thymine, cytosine-
guanine) (Fig. 2) forming a supramolecular assembly, this
means that we analyzed the factors (molecular environment,
substituent nature) affecting that interaction, the stability of
this one and the selectivity of the cationic porphyrin toward
the nitrogenous base, and the consequences of such interac-
tion (molecular structure, charge transfer).

Computational details
Structural models

This study was done in a systematic form, so we used two
structural models for the supramolecular assemblies which
present a difference in their sizes, semi-extended and extend-
ed model, and are shown in Fig. 3 for the pair adenine-
thymine. A similar extended model was used for the pair
guanine-cytosine. All the models are calculated in the gas
phase, but in order to investigate a more realistic picture the
semi-extended model is also calculated in the solution phase
using a solvent explicit model (four water molecules), in the
presence of a sodium cation (Na") and taking into account
both environments water and sodium cation (4H,O + Na").

The semi-extended model utilizes a three layer ONIOM
model (Fig. 3a), developed by Morokuma et al. [26-28]
ONIOM is a general hybrid method, which can combine
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Fig. 2 Structural model of a pair of nucleotide: (a) adenine (left)-
thymine (right); (b) guanine (left)-cytosine (right)

quantum mechanics (QM) as well as molecular mechanics
(MM) methods, and it is reported to be an efficient tool for
accurately calculating chemical interactions in large systems
[29-34].

The semi-extended model is composed of mPy" (N-
methyl pyridyl cation) interacting with PO,  (phosphate
group), the latter being bonded to two ribose (R) units,
trying to simulate the environment that this group would

have in a DNA strand. We used two nucleotides with the
adenine (A) and thymine (T) base pair, where only one
phosphate group was considered, which belongs to the
concern region interacting with mPy" (see Fig. 3). This
assembly is calculated in the gas phase (1), and in different
environments, in the solution phase with explicit solvent
(water) (2), in the presence of Na“ (3) and in both H,O +
Na' (4). In an arbitrary form we choose four water mole-
cules distributed along the region where mPy " and PO, are
localized, with the aim to study the effect that they produce
on the outside binding. The idea of using four environments
is, on the first hand, to do a modeling closer to the real
environment that DNA has and, on a second hand, is to
carry out a systematic study that shows the trend of behavior
for the outside binding.

As is illustrated in Fig. 3a, the semi-extended model is
divided in three layers, following the ONIOM nomencla-
ture: (a) high layer; (b) medium layer and (c) low layer. The
high layer takes into account the critical part of the interact-
ing system (mPy"--PO,") and constitutes the model system
that is calculated employing density functional theory (DFT)
with B3LYP/6-31G(d) (red in Fig. 3a) [35-37]. The medium
layer corresponds to the adenine thymine base pair (A---T)
and is calculated also with quantum mechanics but at a
lower level than DFT, in this case we used a semiempirical
method PM3 [38] (green in Fig. 3a). This method was used
to reasonably treat the hydrogen bonding between adenine
and thymine, and has been shown to be enough to describe
this kind of interaction [39, 40].

The ribose units have been treated with MM using the
UFF force field [41] (black in Fig. 3a) because it is expected
that these units do not participate in the interaction with
mPy". Both the water (H,0) and sodium cation (Na") are
calculated as high layer. All the assemblies described above
for the semi-extended model (gas phase, H,O and/or Na")

Fig. 3 Structural models for
the interaction of a cationic
porphyrin with a nucleotide pair
of adenine-thymine: (a) semi-
extended; (b) extended
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are fully optimized without any symmetry restriction at the
levels of theory already mentioned using the ONIOM meth-
odology, it means B3LYP/6-31G(d)/PM3/UFF for high/me-
dium/low layers, respectively.

For more clarity we will use throughout the article an
abbreviated nomenclature; R: ribose ring; A: adenine; T:
thymine. Besides to study the interaction mPy'--PO, by
the side of adenine (mPy PO, R,A:TR), we also inves-
tigated the interaction by the side of thymine denoted by
RA-TR,PO,~mPy", where the same three layers ONIOM
model is applied. The numeration used for the latter assem-
blies are denoted by a prime 17, 2, 3’and 4". The calcula-
tions obtained from both kinds of interactions will help to
understand the selectivity of mPy " toward the base (adenine,
thymine), that is the affinity that the cation mPy" has with
the different nucleotides. This is the reason why we used the
environments localized only in the region where we will
calculate the outside binding.

With the aim of having a more realistic picture of the
interaction porphyrin (P)--nucleotide DNA, the extended
model (Fig. 3b) takes into account the whole mono cationic
porphyrin (PY) (Fig. 1) instead of only the N-methyl pyridyl
cation. Here Y corresponds to the cationic substituent bonded
to the porphyrin. In this case we also applied a three layer
ONIOM model, for the region of interest (Y---PO,) we used
B3LYP/6-31G(d), the semiempirical PM3 method for the base
pair and the porphyrin, and molecular mechanics (UFF) for
the ribose units. Due to the increased size of the extended
model, the inclusion of an explicit solvent, as was done for the
semi-extended one, was not possible and the study was per-
formed in the gas phase. The use of a continuum solvent
model is not available for ONIOM calculations in the compu-
tational package available in this work (Gaussian03) [32].

We studied three monocationic porphyrins using the ex-
tended model that present a difference in the cationic sub-
stituent Y (Fig. 1), these are the assemblies 5-7 for the
interaction by adenine nucleotide and 5°-7" by thymine
nucleotide. These porphyrins with tetra cationic substitution
have been investigated previously at an experimental level
and they preferably bind to adenine-thymine rich sequences
[12, 16, 22, 23]. We investigated how the chain length in X"
affects the interaction with PO4". As was done for the semi-
extended model, the assemblies corresponding to the ex-
tended model are fully optimized without any symmetry
restriction at the levels of calculation mentioned above using
the ONIOM methodology, that is B3LYP/6-31G(d)/PM3/
UFF for high/medium/low layers, respectively.

The same methodology used for AT is also applied to
guanine cytosine (GC) nucleotides and the three porphyrins,
and the interaction is studied for both by guanine side (8-10)
or cytosine side (8°-10").

For each optimized assembly as for the semi-extended
model as for the extended model a calculation of the
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vibrational frequency is done, and it is verified that all
assemblies have positive values for the frequencies confirm-
ing that they correspond to structures of minimum energy.

Interaction energies

The interaction that mPy" (or PY) presents with the rest of
the structural model (semi-extended and extended) was
evaluated by determining the energy associated to that in-
teraction. For the semi-extended and extended models, we
determined two types of interaction, one of them
corresponding to the outside binding of mPy" (or PY) and
the other one associated to the interaction between the base
pair. The outside binding is calculated on the adenine side
and the thymine side for both structural models, and on the
guanine side and the cytosine side only for the extended
model. For each one we calculated the energy due to the
hydrogen bonding between the bases, so in total we deter-
mine four interaction values for each supramolecular assem-
bly in each one of the molecular environments (gas phase,
4H,0 and/or Na").

For the semi-extended model, the interaction of N-methyl
pyridyl ring with the nucleotide pair by the adenine side
calculated in the gas phase is given by:

Ey = E(mPy"* --- PO, RyA---TR)
— [E(mPy™) + E(PO, R.A - - - TR)]. (1)

For the other environments (4H,O, Na“, 4H,0 + Na")
similar equations are used but always taking into account
the interaction of the assembly with the mPy":

Ey = E(mPy" ---4H,0--- PO, RyA - - - TR)
— [E(mPy") + E(4H,0--- PO, Ry A ---TR)|,  (2)

Ey = E(mPy"---Na" ---PO;RyA---TR)
— [E(mPy") + E(Na" --- PO, RoA - - - TR)], (3)

Ey=EmPy"---4H,0---Na" ---PO; RyA--- TR) — [E(mPy") (4)
+E(4H,0---Na" --- PO, RyA - - - TR)].

The corresponding interactions on the side of thymine are
calculated in a similar form to adenine, just taking into
account that the assembly has changed. The calculation in
the gas phase is given by:

Ey =E(RA---TRyPOy ---mPy") — [E(mPy™)
+E(RA---TR,POy )], (5)
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and in the other molecular environments 4H,O, Na" and
(4H,0 + Na") is done in a similar form to E,-E4 (E,-Ey4).

In the case of the extended model (Fig. 1), we calculated
the interaction energy by the adenine side (Es-E;), thymine
side (E5-E7), guanine side (Eg-E;() and cytosine side (Eg,
Eo’). As an example, we show the expression used for the
adenine and thymine sides:

Es = E(PY---PO; RyA- - - TR) — [E(PY)
+ E(PO;RyA--- TR)], (6)

Es = E(RA---TR,PO;, ---PY) — [E(PY)
+ E(RA - - - TR,POY)]. (7)

Natural population analysis (NPA) based on the natural
atomic orbital (NAO) scheme [42, 43] was done by means
of single point calculations over the ONIOM optimized
geometries at the level of theory B3LYP/6-31G(d,p). All
calculations were carried out with the quantum chemistry
package Gaussian03 Rev. E.O1 [44].

Results and discussion
Semi-extended model

We investigated the interaction of the N-methylpyridyl cat-
ion with a phosphate anion (PO,4") linked to a nucleotide pair
of DNA (Fig. 3). Note that PO, is bonded to two ribose
rings for simulating in a more realistic form the molecular
environments that this group has in the double strand DNA.
In order to reduce the complexity of the whole structural
model, this part of the strand is used only in one side of the
nucleotide where mPy " is found.

The semi-extended model is a simple model (Fig. 3),
where we only consider the cationic substituent of the por-
phyrin, in order to reduce the size of the latter. This model is
used to study the effect of the nucleotide (adenine, thymine)
on the outside binding (mPy"-PO,), and also the effect of
the environment given by water and sodium cation on that
interaction. The aqueous environment is chosen because it
corresponds by default to the natural medium of DNA, and
the sodium cation is included in the study because it repre-
sents the ionic force that is present around of DNA.

Figures 4 and 5 show the optimized molecular structures
obtained with ONIOM methodology calculated for the in-
teraction mPy"--PO,” with the adenine nucleotide and the
thymine nucleotide, respectively. As is usual in a three layer
ONIOM model, the ball and stick model in these figures
represents the high layer that is calculated at the density
functional theory and corresponds to the interest region, the
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Fig. 4 Optimized molecular assemblies obtained by ONIOM method-
ology for the semi-extended model where the outside binding of mPy"
is by the adenine nucleotide. All distances shown are in angstroms

interaction mPy"---PO,". The tube model represents the me-
dium layer calculated with the semiempirical PM3 method
and in this case corresponds to the interaction between the
base pairs. The wireframe model represents the low layer
that is expected not to change by the outside binding and is
calculated with molecular mechanics.

Overall, we can see in both figures that several hydrogen
bonds are formed between mPy " and PO,4", and the inclusion
of environments (H,O, Na") has an effect on this bonding
due to the formation of new H-bonds. For the interaction by
the adenine side (Fig. 4), in 1 two strong H-bonds between
the hydrogen atoms of mPy" and the oxygen atoms of PO,
are formed, at 1.89 and 1.98 A. The inclusion of water
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molecules (four), 2, weakens the attraction of both PO, and
mPy " ions shifting the latter to larger distances, resulting in
the formation of H-bonds between the species mPy"---H,O
(three), PO4+-H,O (three) and H,O-H,O (two). When the
sodium cation is incorporated to 1 generating the assembly
3, one H-bond is formed between mPy" and PO, at dis-
tances a little larger (2.05 A) than 1 (1.89 and 1.98 A),
indicating that the inclusion of Na* produces a decrease in
the force of the interaction mPy"--POy4". The latter can be
explained for a competence between both positively charged
species, mPy " and Na". If both H,O and Na" are included to
the assembly 1 generating 4 the amount of H-bonds
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decreases with respect to 2, two for the interaction
mPy"--H,O (2.12 and 2.22 A) and three for the interaction
PO, H,0 (1.75, 1.77 and 1.84 A).

On the other hand, we analyzed the interaction between
the adenine and thymine bases which present two strong H-
bonds (N--H, H---0) (1.7-1.8 A) when mPy" is approached.
The inclusion of the aqueous solvent (four H,O molecules)
(2) does not produce any change in the hydrogen bonding,
but Na" produces a longer distance H--O (2.43 A) in 3 and
4, indicating a weaker interaction between the base pair.

The interaction of mPy"--PO,” by the thymine nucleotide
(1") produces larger values (2.07 and 2.10 A) of the H-bonds
with respect to 1 (1.89 and 1.98 A) indicating that although
the interaction between the species occurs this is weaker.
The inclusion of water molecules leading to 2” generates as
expected a similar behavior as that in 2, two H-bonds for
each interaction, mPy"--H,O, PO, -H,0O and H,0--H,O0,
but in this case one H-bond for the interaction mPy PO,
at a distance of 2.19 A, which is larger than 2.07 A of 1".
The assembly 3” shows one H-bond for mPy" PO, at a
value of 2.30 A, which is longer than 2.05 A in 3. Finally
the optimized assembly with both H,O and Na" (4") has one
H-bond for the interaction mPy "---H,O (2.03 A), two for the
interaction PO,~H,O (1.65 and 1.80 A) and two for the
interaction H,O-H,O (1.70 and 1.84 A). In comparison
with 4, the assembly 4" has fewer H-bonds although they
are shorter and in consequence stronger than the former.

In relation to the hydrogen bonding produced between
the base pair (1'-4"), we found that practically they do not
undergo a modification (1.79 and 1.81 A) by the change
produced in the region of the phosphate anion and the N-
methylpyridyl cation (Fig. 5).

In summary, we found that the interaction mPy PO, in
1 and 3 occurs at smaller distances when it is produced by
the adenine nucleotide suggesting that mPy" is selective to
the nitrogenous base. Besides, we also observed that this
fact is correlated with the results obtained for the hydrogen
bonding between the base pair, the initial values of ry..p=
1.77 A and ro..;5=1.83 A for 1 change by the inclusion of
Na'in 3 (1.80 A and 2.43 A) indicating a decrease in the
interaction between the bases. The results obtained for the
interaction by the thymine nucleotide show a constant value
for the hydrogen bonding between the base pair, which can
be understood because of the smaller effect that provokes
the interaction mPy"---PO,  calculated in their different envi-
ronments on the base pair.

In order to quantify the affinity between mPy" and POy,
the interaction energies were calculated for the gas phase
(E;) and for the other three environments (E,, £3, E,). Using
the ONIOM optimized geometry that was previously dis-
cussed; we calculated these energies at the level of calcula-
tion used in ONIOM (B3LYP/PM3/UFF). As a comparison,
we also calculated the interaction energies at the density
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functional level (B3LYP/6-31G(d,p)) for the whole assem-
bly using the optimized ONIOM geometries, and the results
obtained are shown in Table 1. We also calculated the
interaction between the base pair denoted by A--T.

First, we analyze the outside binding, all the interaction
energies have negative values indicating that the interaction
between mPy" and the nucleotide pair is favored.

For the three layers ONIOM we found that the interaction
energy for the assembly with water increases with respect to
the gas phase in 15 kcalmol™ for adenine side and in 1 kcal
mol™ for thymine side. A similar result is found when Na™ is
included, the interaction energy also increases but in this
case the effect is larger, 79 and 77 kcalmol™ by adenine (3)
and thymine (3") side, respectively. In 2 and 2* the mPy"
interacts with a hydrated phosphate group where the four
water molecules avoid the free approach of the positive
charge leading to a lower affinity mPy™~-PO,4” than in the
gas phase. The effect produced by sodium cation is similar
in the sense that it weakens the interaction mPy PO, but
is larger because of the size and affinity of Na” by PO,
Certainly the presence of both H,O and Na' shows an
increased effect.

The results obtained with B3LYP follow a similar trend
as those obtained with three layers ONIOM. The presence of
Na" produces an unstabilization of 64 kcalmol™ in 3 and
62 kcalmol™ in 3" with respect to the gas phase (1, 17), and
the inclusion of both Na" and H,O leads to an increase of
55 kealmol™ for 4 and 70 kcalmol™ for 4”. However, when
only four water molecules are added, the interaction energy
for the outside binding slightly decreases (1 kcalmol™ in 2;
2 kecalmol™ in 2°). Clearly the interaction mPy" PO, is
weaker in the presence of different environments for the
intermolecular interactions produced but the results show
that cationic species like mPy"™ develop an interaction with
the phosphate anion of the nucleotide.

One aspect to be highlighted corresponds to the fact that
in all the cases (with exception of 4) the ONIOM method
provides lower interaction energies than B3LYP. This is
relevant taking into account that the former takes less com-
putational time than the latter. Overall, we found that the
effect of the presence of water is ~ 1-15 kcalmol™ and the
effect of the presence of sodium cation is = 60—80 kcalmol
!, these differences are very clear and could be understood in
terms of the nature of the interaction that they govern,
hydrogen bonding and electrostatic, respectively.

Another relevant aspect of this work is that from both
methods of calculation, ONIOM, B3LYP, we found that
always the interaction by adenine side generates lower in-
teraction energy than by thymine side, indicating that mPy"
has a larger affinity for the former. For the three layers
ONIOM, the interaction by adenine nucleotide is more
stable in=13-16 kcalmol™ than by the thymine nucleotide,
depending on the environment. In the case of B3LYP the

Table 1 Interaction energies E;, (kcalmol™) for the outside binding of mPy" with the nucleotide pair and for the 4T bases in the assemblies of the semi-extended model

Outside binding

Outside binding

E;, B3LYP?

Eiy three layers ONIOM

Interaction by thymine nucleotide

E,, B3LYP*

Eiy three layers ONIOM

Interaction by adenine nucleotide

-78.1
-80.4
-16.3
-8.0

-91.90
-90.20

mPy+

1°: RA-TR, PO,

-86.1
-87.3
=223
-31.3

-105.26
-90.18

 POSR,A~TR

1: mPy"-

2" RA-TR, PO, 4H,O mPy*

2: mPy"4H,0 PO/RATR

3: mPy"Na"

-14.89
-9.40

AT

mPy

Na*
47 RA-TR, PO, 4H,O Na* mPy"

3 RATR, PO,/

-25.73

P04-R2ATR

-25.30
AT

PO,R,A~TR

4: mPy"4H,0 Na*

E,, B3LYP®

-15.2
-14.1
-15.5
-18.1
-16.1

E;n three layers ONIOM

-4.79
-5.88
-5.37
-5.41
-5.19

Interaction by thymine nucleotide

R.ATR2 P04-

E,, B3LYP®

-13.3
-15.9
-15.8
-14.6
-14.9

E;n three layers ONIOM

-4.28
-5.71
-5.63
-4.77
-4.72

Interaction by adenine nucleotide

PO,R,A~TR

1°: RA-TR, PO, mPy+

1: mPy+ - POsR,ATR

2 RA-TR, POy 4H>O mPy+
3% RATR, PO, Na+ mPy+

2: mPy+--4H,0 PO/R>ATR

3: mPy+--Na+ PO R-A~TR

4: RA-~TR, PO, 4H,O0 Na+ mPy+

4 : mPy+--4H,0 Na+ PO,RA~TR

? basis set: 6-31 G(d,p)
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higher stability of mPy" by the adenine side is =~ 6-23 kcal
mol™'. Based on these results one can say that there exists a
selectivity degree between the nucleotides by the outside
binding.

On the other hand, we also investigate the interaction
between the bases adenine-thymine (A---T) that corresponds
to hydrogen bonding, and the energy associated to this
interaction for each assembly (1-4, 1°-4") is presented in
Table 1. We also included the value of the nucleotide pair
without mPy" to see its effect on the interaction energy.
Note that the nucleotide pair differs in the number of ribose
rings and the presence of phosphate group, hence the energy
values are different (-4.28, -4.79 kcalmol™). For both meth-
ods, with exception of 1" in B3LYP, the results indicate that
the binding energies between the bases are more negative
when mPy " interacts with the nucleotides with respect to the
isolated nucleotide pair (ONIOM: -4.28, -4.79; B3LYP: -
13.3, -15.2 kcalmol™"). Then mPy" stabilizes the interaction
A--T. By the contrary to the obtained results for the outside
binding, the AT interaction energies calculated with
ONIOM are higher than B3LYP, which can be explained
due to that the interaction region between bases has been
described by a semiempirical method PM3, that is an ap-
proximated method that considers only the valence electrons
in the calculation instead of the full electrons (valence and
core). The values predicted by ONIOM (= 5 kcalmol™) are
underestimated considering that two hydrogen bonds are
formed between adenine and thymine, which indicates that
PM3 does not provide reliable values for that interaction.
However, B3LYP predicts AT interaction energies closer
(=13-18 kcalmol™) to the experimental values reported for
the interaction between adenine and thymine through the
bond entalphy (-12.1 kcalmol™) obtained from mass spec-
trometry data [45]. Our results are also coherent with other
theoretical values for A--T obtained at the MP2 and DFT
levels [46—49].

In summary, the results obtained by the semi-extended
model are shown to be coherent when the four environments
were considered and give a trend for the outside binding,
mPy " has a slight major affinity for the adenine nucleotide
than for the thymine one, accounting for a selectivity degree.
In spite of that, it is clear that mPy" has an outside binding
with the nucleotide pair, and the nucleotide pairs are stabi-
lized by the presence of the cationic species mPy".

Extended model

Once we probe the validity of the geometry and interaction
energies for the assemblies of the semi-extended model
studied with ONIOM, we investigate systems of larger size
as cationic porphyrins interacting either with the nucleotide
pair adenine-thymine or with guanine-cytosine. The goal of
this part of the study is on the first hand to analyze the effect
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produced by the inclusion of the whole porphyrin on the
interaction between bases, and on the second hand to ana-
lyze the effect of the size of the cationic substituent that
directly interacts with the nucleotide. The semi-extended
model was carried out with the aim to explore the reliability
of a simple model that could be applied to extended molec-
ular systems.

Figure 6 shows the optimized geometry using three layers
ONIOM for the assemblies with interaction by adenine
nucleotide and Fig. 7 the corresponding ones by thymine
nucleotide. Due to the size of the assemblies, for clarity in
the figures we used a tube model instead of ball and stick,
tube and frame as correspond to a three layer ONIOM.
Basically the interaction with the porphyrin is produced by
the formation of H-bonds, which have been specified in the
figures and the numerical values are shown in Table 2.

The inclusion of the whole porphyrin in the extended
model in comparison with the semi-extended model shows
differences in the formation of H-bonds. In the assembly 5,
where the cationic substituent is the same as that in 1, the
same H-bond is formed in outside binding but is larger
(2.05 A) than in 1 (1.98 A). This indicates that the inclusion
of the whole porphyrin in 5 produces a weaker outside
binding than in 1. A similar result occurs with the hydrogen
bonding between the base pair, the distance between the
hydrogen of the amine in adenine and the oxygen of the
carbonyl in thymine is larger (2.41 A) than in 1 (1.83 A).

For the extended model, we found an effect of the
length of the chain of the cationic substituent. In the
case of outside binding, 5 forms two H-bonds and 6
and 7 form three H-bonds with the methyl group that
belongs to the cationic substituent. A similar result is
obtained with 5°, 6" and 7°. Particularly, we found that
in 5 one hydrogen atom in (3 position of a pyrrolic ring
of porphyrin contributes to the formation of H-bond
(1.77 A) with one oxygen atom of the phosphate group.
This does not happen in the other assemblies because
hydrogen atoms in these structures that participate in the
interaction with phosphate group belong to the methyl
group that is located away of the porphyrin.

Atomic charge calculations obtained with NPA indicate
that Hg, in 5 is slightly more deficient in charge (q=0.307)
than H;s9 (q=0.304) showing that the interaction between
the oxygen atom of the phosphate group with the pyrrolic
hydrogen (Hg,) is slightly stronger (Fig. 6). The change of
the cationic substituent from methyl pyridyl (5) to N-
trimethyl aniline (6) produces an increase more important
in one of the H-bonds of the outside binding from 1.77 to
2.05 A, and with a similar value when the substituent is
three-methyl amine propyl (7) (2.08 A). A similar behavior
occurs for the interaction by the thymine nucleotide, a value
for H-bond of 1.85 A for 5" increases to 2.06 A (67 and
2.01 A (7).
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Fig. 6 Optimized molecular
assemblies obtained by
ONIOM methodology for the
extended model, where the
outside binding of the cationic
porphyrin occurs by the adenine
side

In relation to the hydrogen bonding between the base pair,
we found that the distance N-+-H practically is not modified by
the change of the substituent (1.79-1.82 A) and the calculations
predict a strong hydrogen bonding in agreement with data
reported in the literature for Watson-Crick A--T base pairs
(1.7-1.8 A) [46]. However, the O--H bond undergoes a more
important change from 1.81 (5") to 2.38 A (6”, 7°), suggesting
that an increase of the length of the chain in the cationic
substituent weakens the interaction between the base pair.

In summary, the presence of the whole porphyrin in an
extended model gives account of a slightly weaker interac-
tion for outside binding and for the base pair binding, in
comparison with the semi extended model.

In the case of the interaction of porphyrin with the
guanine-cytosine nucleotide pair, we observe a favorable
interaction with the formation of three strong H-bonds for
outside binding. The latter interaction does not modify the

(7) MONPP" - PORA~TR

(5) MmPyP" - PO R:A~ TR

Hi6o,
Hi63 @1 1‘._

4 H18T o010

(6) MmAP™ - POsR:A-TR

affinity between the bases reflected by the formation of three
H-bonds, on the contrary, it produces slightly shorter dis-
tances for these H-bonds (more details in Fig. 1S).

The interaction energies calculated for outside binding
PX:-PO4 and base pair binding A-T of the assemblies
5-7 and 5°-7" using the ONIOM geometries are shown in
Table 3. In this table the values calculated at the three
layers ONIOM level and at B3LYP/6-31G(d,p) level are
included. As was obtained for the semi-extended model,
we found for both methods of calculation the same trend
in the extended model; the interaction by the adenine
nucleotide produces more negative values than by the
thymine nucleotide and therefore the interaction is more
stable for the adenine side. For ONIOM this larger
stabilization is ~7-9 kcalmol, and for B3LYP is ~3—
7 kcalmol™. It suggests that the cationic porphyrins
studied are selective for interacting with the nucleotides.

@ Springer



820

J Mol Model (2013) 19:811-824

Fig. 7 Optimized molecular
assemblies obtained by
ONIOM methodology for the
extended model, where the
outside binding of the cationic
porphyrin occurs by the
thymine side

Table 2 More relevant distan-
ces® (A) for the assemblies
obtained with the extended
model using the three layers
ONIOM model

“for numeration see Figs. 6 and 7

@ Springer

(7) RA-+1R; POs - MONPP™

Interaction by adenine nucleotide

5: MmPyP" - PO/R-A~TR

Outside binding

Hgs-O19 1.77
H50-0p; 2.05
Hs7-Ou3 2.41
Nas-Heo 1.80

Interaction by thymine nucleotide

5" RA-TR, PO/ MmPyP"
Outside binding

H122'028 1.85
Hi61-O29 2.08
Hs0-O43 1.81
Nis5-Hgg 1.79

6: MmAP" - PO R,ATR

H163'010
H167'010
H160'011

Hs7-O43
Nas-Hes

6" RA-TR, PO,
Hi62-O28
Hi66-O28

Hl71'029

Hs0-O43
Nis5-Hes

2.05
2.04
1.93

243
1.80

T MmAP®
2.06
2.03

1.93

2.38
1.82

7: MONPP" - PO/ RA-TR

H176'010 2.08
ngl-olo 2.01
Hi7-0y 1.92
Hs-O.s 2.43
Nos-Heg 1.80

7' RA~TR, PO~ MONPP"

H17l'028 2.01
Hig1-O2s 2.00
H171-029 1.93
Hs0-O43 2.38
Nis5-Hgg 1.82
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Table 3 Interaction energies (Ey) for PX-+PO, and A-T (kcalmol™)
for the assemblies obtained with the extended model calculated by the
three layers ONIOM and B3LYP/6-31G(d,p) over the ONIOM

optimized geometries. BSSE errors calculated at the B3LYP/6-31G(d,
p) level of theory are included in parenthesis

Interaction by adenine nucleotide Eine PX-PO, Eip AT Interaction by thymine nucleotide Eine PXPO, Ein AT
Three layers ONIOM

PO R4 TR - -4.28 RA-TR,PO, - -4.79

5: MmPyP*--PO/R,A-TR -96.64 -4.88 5" RA-TR>PO-MmPyP" -87.21 -2.42

6: MmAP"--PO/R,A-TR -91.43 -6.51 6" RA-TR,PO - MmAP* -84.08 -3.94

7: MONPP" PO/ R,A-TR -98.08 -4.56 7" RA-~TR,PO - MONPP" -90.69 -4.79
B3LYP/6-31G(d,p)

PO4RATR - -13.58 (4.07) RA-TR,PO,/ - -15.49 (4.48)
5: MmPyP*--PO/R,A-TR -73.53 (7.29) -16.32 (3.90) 5" RA-TR,PO--MmPyP" -66.99 (4.10) -13.16 (4.13)
6: MmAP"--PO/R,A-TR -77.45 (4.15) -12.62 (3.92) 6" RA-TR,PO MmAP" -74.18 (4.25) -15.99 (4.00)
7: MONPP PO/ R>A-+TR -83.33 (4.30) -14.46 (3.91) 7% RA-+TR,PO -+ MONPP" -79.77 (4.16) -12.86 (3.96)

In order to verify how well defined the outside bind-
ing at B3LYP/6-31G(d,p) level is, means if the level of
calculation is enough to describe the electrostatic interac-
tion between mPy" and PO, we did single point calcu-
lations for 5 and 5 over the ONIOM optimized
geometries including two sets of diffuse functions (s,p)
(B3LYP/6-31++G(d,p)). The diffuse functions predict for
both assemblies slightly higher interaction energies (5: -
68 kcalmol™; 5" -64 kcalmol™) with respect to the basis
set 6-31G(d,p) but a larger stabilization by the adenine
side is kept. Hence we choose to continue the study at
the B3LYP/6-31G(d,p) level and thus to avoid more
computational time that the diffuse functions demand.

On the other hand, we found for both nucleotide sides
(Table 3) that the larger chain of the substituent in the
porphyrin lowers interaction energy for outside binding, a
trend that is more evident for B3LYP calculations. These
results show a way to modulate the bonding porphyr-
in'"DNA to account later in photodynamical processes.

Table 4 Interaction energies (Ey,) for PX--PO, and G--C (kcalmol™)
for the assemblies obtained with the extended model calculated by the
three layers ONIOM and B3LYP/6-31G(d,p) over the ONIOM

In relation to the interaction between the bases adenine---
thymine, the semiempirical PM3 level used in the ONIOM
calculations predicts interaction energies of ~-4 to -6 kcal
mol™ for two hydrogen bonding (including or not the por-
phyrin) that is not in agreement with theoretical values
reported for RI-MP2/aug-cc-pVDZ (-13.8 kcalmol™) and
RI-MP2/aug-cc-pVTZ (-14.7 kcalmol™) [50] and bond
enthalpies (-12.1 kcalmol™) [45]. Note that B3LYP calcu-
lations (Table 3) predict values of -13.6 and -15.5 kcalmol™
for that interaction without porphyrin depending on the
model used for outside binding (two ribose rings and one
phosphate group). The inclusion of porphyrin produces a
slight stabilization (5, 7, 6*) and unstabilization (6, 5°, 7°) of
the adenine:--thymine interaction of ~1-2 kcalmol™.

For the interaction between porphyrin and the guanine-
cytosine nucleotide pair, the same theoretical methods as
used in adenine-thymine assemblies are applied and the
results of interaction energies are presented in Table 4. We
found that both outside bindings, by guanine or cytosine

optimized geometries. BSSE errors calculated at the B3LYP/6-31G(d,
p) level of theory are included in parenthesis

Interaction by guanine nucleotide Ein PXPO, Ep GC Interaction by cytosine nucleotide Eine PX-PO, Ein GC
Three layers ONIOM

PO/R,GCR - -9.83 RGCR,PO, - -15.27

8: MmPyP*--PO/R,G--CR -94.75 -11.13 8": RG--CR,PO-MmPyP* -85.83 -12.92

9: MmAP"*--PO/R,G--CR -91.01 -11.25 9": RG-CR,PO-MmAP" -85.60 -14.92

10: MONPP*--PO/R,G-+CR -97.21 -8.25 10°: RG--CR,PO - MONPP" -91.24 -13.66
B3LYP/6-31G(d,p)

PO/R,GCR - -28.78 (4.97) RG-CR,PO,/ - -36.12 (5.18)
8: MmPyP"--PO/R,G--CR -70.15 (6.76) -24.47 (4.78) 8": RG--CR,PO--MmPyP" -61.50 (6.84) -31.95 (4.92)
9: MmAP*--PO/R,G-CR -76.89 (4.61) -29.62 (4.78) 9’: RG-CR,PO - MmAP" -65.85 (3.87) -25.25 (4.92)
10: MONPP*--PO,R,G-+CR -82.33 (4.18) -24.23 (4.75) 10°: RG-CR,PO - MONPP" -73.93 (3.85) -27.23 (4.89)
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nucleotide, are favored (negative interaction energies) and a
similar trend is found for ONIOM and B3LYP, the interac-
tion of porphyrin by guanine nucleotide is preferred by 6—
9 kecalmol™! in ONIOM and by 8-11 kcalmol™ in B3LYP
over the interaction that occurs by cytosine nucleotide. We
again obtained lower interaction energies of outside binding
for the three layers ONIOM compared with B3LYP.

The interaction between the base pair G--C shows more
negative values for B3LYP than ONIOM accounting for the
formation of three H-bonds in agreement with that found by
Sponer et al. [50] at the levels of theory RI-MP2/aug-cc-
pVDZ (-25.6 kcalmol™') and RI-MP2/aug-cc-pVTZ
(-27.0 kcalmol™). In ONIOM we used the semiempirical
PM3 method that is unable to predict the correct values for
that interaction. However, B3LYP predicts values in agree-
ment with theoretical data reported (-26 to -28 kcalmol™
[46]; -23.8 kcalmol™ [48]; -26.1 kcalmol™ [47]; -25 keal
mol™' [49]) and bond enthalpies (-21 kcalmol™) [45].

The interaction between the bases C-*G is favored when
the porphyrin is approached to the cytosine nucleotide com-
pared to the guanine nucleotide, which is coherent with a
lower affinity of outside binding.

In order to investigate the basis set superposition error
(BSSE) associated to the calculation of the interaction ener-
gy (outside binding and hydrogen bonding), we used the
counterpoise method proposed by Boys and Bernardi to
correct these energies and the errors obtained at the
B3LYP level are included in Tables 3 and 4 in parenthesis
[51]. Overall for adenine-thymine and guanine-cytosine as-
semblies the BSSE errors are of 5-10 % for outside binding
and 15-31 % for hydrogen bonding between base pairs
being a little smaller for the latter assemblies. Although
the magnitude of the errors is very similar (=4 kcal mol™)
it represents a more important error for the description of the
hydrogen bonding between base pairs. These results suggest
that B3LYP/6-31G(d,p) is not enough for that description
and a more sophisticated theoretical method is required.

In summary, we found that the interaction of a porphyrin
with a nucleotide by the mode of outside binding is numer-
ically different for the set of bases studied and that interac-
tion is favored in the following order: adenine > guanine >
thymine > cytosine. However, the differences obtained be-
tween them are not more than ~10 kcal mol™ which are not
significant for the size of the molecular assembly, suggest-
ing that the porphyrin could interact with whichever of the
base pairs in the DNA environment.

Conclusions
We performed a systematic study to investigate at a

molecular level the outside binding mode of a cationic
porphyrin and a nucleotide pair of adenine-thymine and
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guanine-cytosine forming a supramolecular assembly. In
order to do that, we used two structural models (semi-
extended, extended) that differ in the size of the porphyr-
ins, which were calculated under two kinds of theoretical
methods: quantum mechanics molecular mechanics given
by a three layer ONIOM (B3LYP/6-31G(d)/PM3/UFF)
and only quantum mechanics given by B3LYP/6-31G(d,
p). We investigated several effects: (a) the environment in
the semi-extended model; gas phase, solution phase using
an explicit solvent model (H,O), in the presence of a
sodium cation (Na") and in both (H,O + Na"), (b) the
type of nucleotide in the extended model; adenine-
thymine and guanine-cytosine nucleotides, and (c) the
chain length of the cationic substituent in the porphyrin.

For the semi-extended and extended models we found a
trend in the outside binding, the interaction energy calculat-
ed by ONIOM and B3LYP/6-31G(d,p) shows a preference
of the cationic substituent for binding to adenine nucleotide
by ~6-23 kcalmol™' over thymine. The binding between the
base pair in the nucleotides is stabilized when the interaction
with the cationic porphyrin is produced, denoting that the
outside binding is a favorable interaction. The extended
model showed that the affinity of these cationic porphyrin
by the nucleotides follows the order: adenine > guanine >
thymine > cytosine, and the differences between these in-
teraction energies are not longer than 10 kcalmol™ suggest-
ing that this kind of cationic porphyrin presents a little
selectivity toward the nucleotides.
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