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The B3LYP method with 6-31G” basis set was used to predict the geometries of five 9-aminoacridines (9-AA 1(a-e)), DNA base
pairs, and respective complexes. Polarizabilities, charge distribution, frontier molecular orbital (FMO), and dipole moments were
used to analyze the nature of interactions that allow reasonable drug diffusion levels. The results showed that charge delocalization,
high polarizabilities, and high dipole moments play an important role in intermolecular interactions with DNA. The interactions

of 9-AA 1(a-e) with GC are the strongest. 9-AA 1(d) displayed the strongest interaction and 9-AA 1(b) the weakest.

1. Introduction

Intermolecular recognition is a key process for the interaction
with biological systems. The strength of intermolecular weak
interactions such as hydrogen bonding, Van der Waals forces,
aromatic stacking, binding, and intercalation is closely related
to biological activity. Acridines are known as antitumor [1-
5], antiviral [6-8], antiprion [9, 10], antimicrobial [11], anti-
inflammatory, and analgesic [12].

9-Aminoacridines (9-AA) have also been considered for
the treatment of protozoal infections [13], and anticancer
activity was first considered in the 1940s [14]. Since then, a
large number of 9-aminoacridine drugs, natural alkaloids, or
synthetic molecules have been tested as antitumoral agents. 9-
AA activity is due to the intercalation of the tricyclic aromatic
ring between adjacent base-pairs [15]. Thereby high affinity
for DNA is the result of stacking between base-pairs and
enhanced by electrostatic and hydrophobic interactions with
other substituents. Strong binding correlates cytotoxicity;
however, extravascular distribution is limited by low levels of
circulating free drug. Thus biological activity is the result of a
compromise between binding and circulating drug levels.

Sebestik et al. [16, 17] reported the synthesis of acridine
conjugates 9-AA 1(a-e) possessing amino acids bonded to

an ethylenediamine linker that showed low affinity to nucleic
acids. Sebestik et al. reduced the DNA-binding constant
of 9-aminoacridines by introduction of DNA binders with
different base-pair affinity. 9-AA as a GC-DNA binder and
peptide residues as AT-DNA binders were connected to the
ethylenediamine linker. The peptide conjugates 9-AA 1(a-e)
showed weak interactions with DNA due to the competitive
role of substituents.

DFT methods are accurate methods for computational
studies [18, 19], and electrostatic interactions are described
by available force fields [20-22]. However, the quest for
DFT methods which accurately describe long-range electron
correlation continues to be a challenge in computational
chemistry. Modeling of DNA interactions with 9-AA offers
an insight about the physical and chemical phenomena that
are not measurable through experimentation. In this work,
the structures and electrostatic interactions of 9-AA 1(a-
e) with AT and GC (Figure 1) are calculated and analyzed.
To our knowledge, this is the first report showing the
predicted electrostatic interactions of these molecules with
DNA base-pairs that might be responsible for the observed
weak interactions. The effect of polarizability, dipole moment,
FMO energies of the base-pair with 9-AA 1(a-e) was also
studied by DFT. Further improvements in the quantum
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FIGURE 1: Substituted 9-aminoacridines 1(a-e).

TABLE 1: Energies of optimized 9-AA 1(a-e)—base-pair complexes
calculated at the B3LYP/6-31G™ basis set.

AT complex GC complex
9-AA

Energy (au) Energy (au)
1(a) 1874,420 1890,414
1(b) 2031,520 2047,671
1(c) 2396,975 2412,918
1(d) 2239,640 2255,649
1(e) 2604,928 2620,917

chemistry calculations of base-pair interactions with 9-AA
1(a-e) including intermolecular electron correlation effects
remain to be done as a continuing effort to estimate base-
pairing energies sufficiently accurate for most applications.

2. Computational Methods

Calculations on the isolated molecules and molecular com-
plexes were performed using Spartan ’08 [18] molecular
mechanic MMFF method. Geometries optimizations were
performed at the B3LYP level using 6-31G™ basis set. All
geometries correspond to potential energy minima as shown
by harmonic normal-mode analysis at the same level of
theory. Molecular descriptors such as dipole moment, polar-
izability, and FMO calculations have been carried out using
the B3LYP/6-31G*" optimized geometries within Gaussian
09W [23].

3. Results and Discussion

Numbering of the DNA base-pairs is shown in Figure 2.
Optimized structures of the molecular complexes between
9-AA 1(a-e) and base-pairs are shown in Figures 3 and 4.
Equilibrium geometries energetics are shown in Table 1. From
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equilibrium geometries shown in Figures 3 and 4, it is seen
that coplanarity is not retained in the complex of 9-AA 1(c)
with AT and complexes with GC.

Atomic charges, polarizability, dipole moment, and FMO
are shown in Tables 2-4. Among the atoms of the heterocyclic
ring in the isolated 9-AA 1(a-e), C13 and C6 have the
maximum positive charges which are caused by the bonding
to a negatively charged electronegative N14. Instead 9-AA 1(c)
exhibits a maximum positive charge in Cl1, which is bonded
to a negatively charged N15. See Table 3. In general, acridine
atomic charges in 9-AA 1(a-e) are delocalized by resonance
effects.

Significant changes in atomic charges are observed in the
carbon atoms adjacent to the acridine N14 in the complexes
of 9-AA 1(a-e) with DNA base-pairs. See Table 3. However
the highest changes are displayed in the complexes with GC.
Note, for instance, N14 in 9-AA 1(d) changes from -0.611
to 0.101 by interacting with GC while with AT it changes to
—0.127. See Table 3.

The study of the charges in the complexes of 9-AA 1(a-e)
with base-pairs showed that the strongest interaction with GC
is 9-AA 1(d) while the weakest is with 9-AA 1(b). Accordingly,
the study of atom charges involved in hydrogen bonding in
GC and respective complexes with 9-AA 1(a-e) denoted the
highest charge changes in N5. Note also N5 in GC changes
from —0.618 to —0.084 in the complex with 9-AA 1(d). See
Table 2.

On the other hand, peptide chains in 9-AA 1(a-e) exhibit
intramolecular hydrogen bonding. Significant atomic charges
and torsion angles changes are also observed in the peptide
chains after complex formation with base-pairs. Torsion angle
changes in 9-AA 1(a) and (b) are observed from C25, causing
a hindrance to intramolecular hydrogen-bonding formation.
Oxygen atoms in the peptide chains of 9-AA 1(d) and (e) are
oriented towards hydrogen in GC causing a hindrance in the
formation of intramolecular hydrogen bonding as well.

9-AA 1(a-e) and DNA base-pairs are electron-deficient
aromatics, and the quadrupole moment is reversed due to
the electronegativity of N14 and N15 in 9-AA and electron-
withdrawing functional groups in base-pairs; see Figure 5.
Face-centered stacking is disfavored in the complexes of
9-AA with base-pairs by repulsive quadrupole/quadrupole
interactions. By offsetting one of the rings, a displaced
configuration reduces the repulsive interactions and stabilizes
complexes configuration enhancing electrostatic interactions
and hydrogen bonding.

In particular 9-AA 1(a, b, and e) exhibit and electrostatic
interaction between positively charged hydrogen and N17 in
their complexes with AT, giving rise to in plane complexes.
In the complex of 9-AA 1(c) and AT, repulsive interaction
is overcome by hydrogen bonding between AT H30 and the
carbonyl of the first Ile residue of the 9-AA. Also a hydrogen
bonding between H32 of 9-AA 1(c) with second Ile carbonyl
oxygen and another hydrogen bonding between oxygen of
first Ile residue with H30 in AT and with H16 in 9-AA 1(c)
allows the stabilization of the calculated configuration.

The complex of 9-AA 1(d) with AT has shows an inverted
position of the base-pair, allowing direct interaction between
hydrogen joined to the most negatively charged N21 of AT
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FIGURE 2: Base-pair numbering AT and GC.
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FIGURE 3: Optimized structures of complexes 9-AA 1(a-e)- - - AT calculated at the B3LYP/6-31G" basis set.
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FIGURE 4: Optimized structures of complexes 9-AA 1(a-e€)- - - GC calculated at the B3LYP/6-31G" basis set.

TaBLE 2: AT, GC atomic charges” and complex with 9-AA 1(a-e).

Atomno. AT AT---1(a) AT---1(b) AT---1(c) AT---1(d) GC GC---1(a) GC---1(b) GC---1(c) GC---1(d)

C20 0,479 0,607 0,714 0,375 0,473 0,554 0,682 0,577 0,491 0,353
N15 -0,395 -0,398 —-0,460 -0,405 -0,433 -0,598 -0,253 —-0,534 -0,532 -0,538
N21 -0,975 -0,996 -1,002 -0,924 -0,926 0,500 0,510 0,518 0,512 0,533
H26 0,428 0,432 0,436 0,422 0,437 0,742 0,461 0,479 -0,877 0,390
H27 0,528 0,528 0,530 0,534 0,530 -0,618 -0,425 —-0,464 -0,062 -0,084
N4 -0,790 -0,829 -0,744 -0,783 -0,776 -0,892 -0,912 -0,870 -0,976 -0,931
06 -0,586 -0,578 -0,563 -0,563 -0,572 -0,604 -0,493 -0,572 -0,515 -0,396
03 -0,523 -0,508 -0,181 -0,519 -0,519 0,567 0,573 0,594 0,566 0,576
H25 0,224 0,235 0,281 0,235 0,223 0,517 0,526 0,519 0,569 0,542
H10 0,528 0,526 0,525 0,529 0,529 0,420 0,421 0,497 0,461 0,511
C2 0,776 0.719 0,282 0,765 0,770 0,411 0,416 0,407 0,414 0,416

*Mulliken charges calculated at the B3LYP/6-31G™ basis set.
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TaBLE 4: HOMO and LUMO energies (ev), polarizabilities (au), and dipole moments (D) of 9-AA 1(a-e), base pairs and isolated bases,

calculated at the B3LYP/6-31G"" basis set.

Molecule Polarizability Dipole moment HOMO LUMO AE (HOMO - LUMO)
1(a) 241,508 3,434 -0,197 —0,069 0,128
1(b) 202,861 1,643 -0,198 —-0,070 0,128
1(¢c) 350.554 5,571 -0,212 —-0,083 0,129
1(d) 274,299 3,615 -0,202 -0,075 0,127
1(e) 298,449 3,109 -0,194 -0,066 0,128
Adenine 109,834 2,366 -0,219 -0,018 0,201
Guanine 120,114 7,258 —-0,201 —-0,003 0,198
Cytosine 90,549 6,838 -0,219 —-0,030 0,189
Thymine 95,917 4,027 -0,240 -0,037 0,203
A-T 221,215 1,301 -0,215 -0,032 0,183
G-C 228,859 5,446 -0,190 —-0,051 0,139

FIGURE 5: Electrostatic potential maps of 9-AA and base-pairs AT
and GC, respectively.

TABLE 5: Interaction energies of optimized 9-AA 1(a-e)—base-pair
complexes calculated at the B3LYP/6-31G™ basis set.

AT complex GC complex
9-AA Interaction energy Interaction energy
(kcal/mol) (kcal/mol)
1(a) 2.1768 225185
1(b) 102.6410 26.2384
1(c) 1.2600 51.8498
1(d) 41.2061 52.4651
1(e) 42.3968 66.2667

and N14 of 9-AA 1(d). Also both Ile carbonyl residues are
directed towards the positively charged 9-AA aromatic rings.

The series of complexes with GC has shown orientation
of 9-AA carbonyl oxygen of residues towards base-pair core
rings as can be seen in Figure 4. Hydrogen bonding between
N14 of 9-AA 1(b) and H14 in GC stabilizes the configuration.
The complex between 9-AA 1(c) and GC shows 3 hydro-
gen bonding: intramolecular hydrogen bonding between a
carbonyl oxygen of the Ile residue and H16 of 9-AA 1(c),

hydrogen bonding between a carbonyl oxygen of the Ile
residue and H28 in GC, and hydrogen bonding between 9-
AA 1(c) amino terminal group and H14 in GC.

Hydrogen bonding between carbonyl oxygen of Gly
residue in 9-AA 1(d) and H14 in GC stabilizes the observed
configuration in Figure 4. 9-AA 1(e) shows orientation of the
three carbonyl oxygen atoms of the 9-A A residues towards the
base-pair ring core as stated before. This complex also has a
hydrogen bonding N14 of 9-AA 1(e) and H2 of GC.

Interactions of 9-A A 1(a-e) with base-pairs are not based
upon inherent attraction between pi cloud electron density,
so pi stacking is not appropriate to describe them.

C-C bonds in 9-AA 1(a-e) rings showed characteristic
sp> bond distances of polycyclic aromatic systems. 9-AA 1(a-
e) are rigid rings so bond distances changes are not significant
by interacting with bases pairs. Base-pair bond lengths were
kept almost invariable after complex interactions with 9-AA
1(a-e).

9-AA 1(a-e) have shown an asymmetric distribution of
atomic charges in electrostatic potential maps; this is sup-
ported by the high dipole moments calculated; see Table 4.
Symmetric distribution of atomic charges of the polycyclic
aromatic rings in 9-A A 1(a-e) was observed due to resonance
effects.

The sequence of the intermolecular interaction energies
is the same on all base-pairs: 9-AA 1(a) < 9-AA 1(b) < 9-AA
1(d) < 9-AA 1(c) < 9-AA 1(e) in Table 5. From the interaction
energies it is seen that 9-AA 1(c) and 9-AA 1(e) exhibit
the strongest interactions with base-pairs. These results are
supported on the number of hydrogen bonding allowed for
the adopted conformation in complexes of 9-AA 1(c) and 9-
AA 1(e).

The lowest energy difference between FMO was shown
by 9-AA 1(d), (0,127 V), in Table 4. 9-AA 1(a-e) showed
negative energy values for LUMO and HOMO, indicating
that they are good electron acceptors. LUMO energies of
isolated bases and base-pairs are more positive than LUMO
energies in 9-AA 1(a-e), so isolated bases and base-pairs
possess electron-donating abilities, which are supported by
the high ionization potential [24, 25]. Among the isolated
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bases Guanine is the best nucleophile having the highest
LUMO energy value. Thus the electron donor-electron accep-
tor contribution could play a role in the interacting systems.

The highest dipole moment in the 9-AA 1(a-e) series
was found in 9-AA 1(c), favoring electrostatic attractions
with base-pairs. As long as polarizability is in isolated bases,
Guanine also exhibits the highest value (120,114 au) and GC is
the most polarizable base-pair (228,859 au); see Table 4. 9-AA
1(a-e) have polarizabilities from 350.554 to 202.861au, 9-AA
being 1(c) the largest.

Finally, high polarizability favors interactions between
the systems and also high dipole moment favors electrostatic
interactions. From Table 4 it can be noted that 9-AA 1(e) has
a large polarizability (298,449 au) but also has a lower dipole
moment when compared to 9-AA 1(d) and 1(c). The strongest
interactions of the complexes are then a result of mainly
polarizability, hydrogen bonding, and dipole moments. The
weakest interaction is found with low dipole moments and
low polarizability. Charge transfer, on the other hand, could
play a less significant role as there is no significant difference
between FMO energies of the systems.

4, Conclusion

9-AA 1(a-e) have been shown to have high polarizabilities,
high dipole moments, and electron acceptors abilities; on
the opposite side, base-pairs are electron donors, resulting in
favorable interactions between the systems under examina-
tion in this paper. From the 9-AA under consideration, the
strongest interaction was exhibited by 9-AA 1(c) and 9-AA
1(e). The weakest interaction was observed with 9-AA 1(b).

Complex interactions are stabilized by electrostatic and
hydrogen-bonding contributions while charge transfer is not
significant for the type of molecules under study. Theoretical
procedures that cover the type of interactions described
before are therefore a first good approximation towards the
study of 9-aminoacridines.
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