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Abstract Tricyclic dyes with different mesoatoms such as
xanthenes (fluorescein, eosin) anthracenes and acridines
(proflavine) approved by the Food and Drug Administra-
tion (FDA) for use in foods, pharmaceuticals and cosmetic
preparations interact with DNA, and some of them do so
through intercalation. Hyperchem 7.5, Spartan 04, Yasara
10.5.14 program packages and molecular modeling, molec-
ular mechanics and dynamics techniques with the oligonu-
cleotides d(CCGGCGCCGG)2 and d(CGCGAATTCGCG)
2 were utilized in order to examine the mode of binding to
DNA of a range of tricyclic carboxamides bearing N,N-
dimethylaminoethyl side chain, i.e., 9-amino-DACA, an-
thracene, acridine-1-carboxamide, acridine-4-carboxamide
(DACA), azacridine, phenazine, pyridoquinoxaline, oxo-
pyridoquinoxaline, phenoxazine and xanthenone or N,N-
dimethylaminobutyl moiety, i.e., phenazine and acridine.
The bicyclic quinoline-8-carboxamide was also examined
for comparison reasons. On the basis of our data,
prerequisite for the interaction between protonated N,N-
dimethylaminoethyl moiety and guanine is the formation of
only one internal hydrogen bond between carboxamide and
peri NH + in the case of 9-amino-DACA or peri N in the
cases of DACA, azacridine, phenazine and pyridoquinoxa-
line. The presence of an additional internal hydrogen bond

Kriton Iakovou contributed equally to this work.

A. Varvaresou (D<)

Laboratory of Cosmetology, Department of Aesthetics and
Cosmetology, Technological Educational Institution of Athens,
Ag. Spyridona, Egaleo,

12 210, Athens, Greece

e-mail: varvaresou@pharm.uoa.gr

K. Iakovou

Ministry of Health and Social Solidarity,
Aristotelous 17,

10 433, Athens, Greece

between oxygen carboxamide and protonated N,N-dime-
thylamino group in the cases of tricyclic systems bearing
peri NH (phenoxazine) or O (xanthenone) group, prevents
the interaction between side chain and guanine. Also, the
formation of one internal hydrogen bond between oxygen
carboxamide and protonated N,N-dimethylamino group
inhibits the interaction between side chain and guanine in
the case of acridine-1-carboxamide. Our findings are in
accordance with previously reported results obtained from
the kinetic studies of the binding of acridine and related
tricyclic carboxamides to DNA.

Keywords DNA intercalation - Molecular dynamic
simulations - Molecular mechanics - Tricyclic dyes

Introduction

Tricyclic dyes with different mesoatoms such as xanthenes
(fluorescein, eosin) anthracenes and acridines (proflavine)
approved by the Food and Drug Administration (FDA) for
use in foods, pharmaceuticals and cosmetic preparations
interact with DNA, and some of them do so through
intercalation [1-4].

The intercalation process reflects the ability of a planar
aromatic or heteroaromatic system to become inserted
between adjacent base pairs of a DNA molecule without
disturbing the overall stacking pattern [5].

The acridine-4-carboxamides are a series of DNA
intercalating topoisomerase poisons, developed by Denny
and colleagues, that show remarkable variation in antitumor
activity for minimal changes in molecular structure [6].
Some are potent topoisomerase poisons with widespread
antitumor efficacy, for example, N-[2-(dimethylamino)
ethyl]acridine-4-carboxamide (DACA), which is a DNA-
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intercalating agent capable of inhibiting both topoiso-
merases I and II [7-10] and is in phase II clinical trial.
For the 9-aminoacridine class of these compounds, the
parent of which is 9-amino-DACA, there are tight correla-
tions between ligand structure, cytotoxicity and DNA-
binding kinetics [11-15]. Some of these compounds have
been determined by X-ray crystallography. In the crystal
structures of 9-amino-DACA and its 5-fluoro derivative
bound to the hexanucleotide d(CGTACG), [16, 17], and of
6-Br-9-amino-DACA bound to the brominated hexanucleo-
tide d(CG°®"UACG), [18], the 4-carboxamide group lies in
the plane of the chromophore, and the carbonyl oxygen
atom forms an internal hydrogen bond with the protonated
N10 nitrogen of the acridine ring. The side chain lies in the
DNA major groove with its protonated N,N-dimethylamino
group forming hydrogen-bonding interactions with the O6
and N7 atoms of guanine G2. In each case, a hydrogen-
bonded water molecule bridges the NH of the carboxamide
group to the guanine G2 phosphate at the intercalation site.
These structures have provided a molecular rationale for
understanding the structure-activity relationships for anti-
tumor activity and enabled a mechanistic interpretation of
the dependence of kinetics on ligand structure [16, 17]. In
particular, they have permitted the critical step in the
dissociation kinetics profile that correlates with cytotoxicity
and antitumor activity to be identified with the side chain-
guanine interaction [15—17]. Attempts to crystallize DACA,
its phenazine analogue and related agents with d
(CGTACG), have yielded an unusual quadruplex which
does not add to our understanding of their complexes with
duplex DNA [19-21], and other DNA sequences have
failed to give diffracting crystals.

The most significant features of the structure-activity
relationships are that a nitrogen atom must be peri to the
carboxamide, that the carboxamide must have an unsub-
stituted NH group, and that there must be two methylene
groups between the carboxamide NH and the terminal
protonated N,N-dimethylamino group [11, 16]. To the best
of our knowledge there are only limited examples in the
recent bibliography regarding the exploration of the energy
consequences between intercalative ligands and oligonu-
cleotides. Theoretical investigation of the 7t-7t interactions
between rhodomyrtoxin B and the guanine-cytosine base
pair by molecular mechanics and ab initio molecular-orbital
techniques is referred by Setzer et al. [22], whereas the
intermolecular interaction between alkaloids such stauran-
thine and skimmianine and guanine-cytosine by ab initio
molecular techniques has also been reported by Byler et al.
[23]. Furthermore, semiempirical calculations carried out
by Loza-Mejia et al. regarding the interaction between 9-
anilinoacridines, 9-anilinothiazolo[5,4-b]quinolines and 9-
anilinoimidazo[4,5-b]quinolines and selected hexanucleo-
tides revealed the strong influence of the replacement of the
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benzene moiety for a heterocyclic ring on the simulation of
DNA-intercalator complexes [24]. Also, molecular dynamic
techniques were used in order to examine energetic
inetractions between antitumor mono- or bisnaphthalimides
and d(TG), and d(ATGCAT), [25, 26]. Our aim in this
molecular modeling study was to discover whether the N, N-
dimethylaminoethyl or N,N-dimethylaminobutyl side chain
of a range of intercalated tricyclic carboxamides with
neutral chromophores can form hydrogen-bonding inter-
actions with the O6/N7 atoms of guanine in a manner
similar to that of 9-amino-DACA. We believe that our
findings could be useful for the design of new chromo-
phores with better DNA-binding activity and anti-tumor
action. Furthermore, we think it will be interesting to
explore the interaction of these chromophores with DNA,
since these kind of molecules are used as dyes in many
materials (cosmetics, drugs and food) consumed by people.

Thus, in the inadequacy of direct structural information,
and in light of some studies of kinetics of dissociation of
DNA-ligand complexes and the known similarities in the
DNA binding characteristics of DACA and 9-amino-DACA,
we constructed computer models of the complexes of 9-
amino-DACA and a range of related linear cyclic carbox-
amides (compounds 1-12, Fig. 1) [6, 27, 28] with oligonu-
cleotides d(CCGGCGCCGQG), and d(CGCGAATTCGCG),.
We examined for comparison reasons quinoline-8-
carboxamide, a bicyclic system with N peri to carboxamide
side chain, which is known to bind to DNA in a non-
intercalative fashion and is inactive as an antitumor agent
(Fig. 1) [29].

Since our results suggested that the side chains of
systems which bear a peri nitrogen atom (4—7) make
interactions with DNA in a manner similar to the side chain
of 9-amino-DACA (1), we performed also molecular
dynamics simulations at 298 K for 15 ns for the complexes
of compounds 1 and 4-7 with d(CCGGCGCCGG), and d
(CGCGAATTCGCG),.

Computational methods
Molecular mechanics and molecular dynamic simulations

Insight into the mode of binding of compounds 1-13 to
DNA was gained through molecular modeling, molecular
mechanics and dynamics techniques using the oligomers d
(CCGGCGCCGQ), and d(CGCGAATTCGCG),.

The sequence was selected according to the preference
for intercalation at 5'-CpG-3’ steps exhibited by mono-
intercalating acridine derivatives to DNA and to modeling
experience [15—17, 30-35] with related intercalating agents.

Ring systems 1-13 were model-built in Hyperchem 7.5
[36] and Spartan 04 program packages [37] using standard



J Mol Model (2011) 17:2041-2050

2043

Fig. 1 Structures of compounds NH,
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geometries, which were fully optimized by means of the
program Spartan 04 with Hartree-Fock method and the 6-
31 G* basis set (Fig. 2).

The crystal structures of oligonucleotides d
(CCGGCGCCGQ), (PDB:1cge) and d(CGCGAATTCGCG),
(PDB: 1d30) were downloaded from the Protein Data Bank
(PDB) using Yasara 10.5.14 [38]. The molecules of water and
ligand were deleted.

Thirty six model complexes were constructed for
compounds 1-3 and 8-13 by inserting the chromophores
into the central CG of the d(CCGGCGCCGQG), in the four
possible orientations relative to the base pairs, denoted M1,
M2, ml, and m2, as shown in Fig. 3. Two through the
major groove: one with the ring bearing the side chain
between the central CG and the other with the ring bearing
the side chain between the central GC; and the same
orientations leaving the side chain in the minor groove. It is
noteworthy that the carboxamide group of compounds with
peri nitrogen (4-7), can lie in two orientations in the plane
of the chromophore, viz, with the carbonyl oxygen pointing
toward the peri nitrogen, the cis position, or away, the trans
position. In these conformations the resonance stabilization
between carboxamide and chromophore is maximized, and
in the trans position there is the added possibility that the
carboxamide NH group can form an internal hydrogen
bond with the peri nitrogen. Using the mechanical program
Spartan 04 and the 6-31 G* basis set, we calculated that the
trans conformation of these compounds is more stable than
cis by about12.5 kcalmol ™.

Therefore, 16 model complexes were constructed for
compounds 4-7 with the carboxamide group in trans
orientation and 16 model complexes were constructed by
inserting the chromophores into the d(CCGGCGCCGG),
with the ring bearing the side chain stacked between the
central CG and the carboxamide groups of the optimized
intercalators rotating by 180° (cis orientation).

CONH(CH,),NMe, CONHCH,CH,NMe,
2-12 13

: X,Y,Z=CH, n=2

- X=N, Y,Z=CH, n=2
X,Z=CH, Y=N, n=2

X=CH, Y,Z=N, n=2

X,Y=N, Z=CH, n=2

Y=NH, Z=CH, n=2
=C0, Y=0, Z=CH, n=2

3 3 )

DRAI20ONOORON

M=o

Additional 13 model complexes were constructed for
compounds 1-13 by inserting the chromophores into the d
(CGCGAATTCGCQG), through the major groove, with the
ring bearing the side chain stacked between the terminal
CG (M1) and four model complexes were constructed for
compounds 4-7 with the carboxamide groups of the
optimized intercalators rotating by 180° (cis orientation).

Processing of data and simulations of all models (1-13)
were done using the program Yasara, with the Yamber 3

Fig. 2 Structures of compounds 2, 3, 7 and 8 after geometry
optimization by Hartree-Fock /6-31G* calculations. Dotted lines
indicate hydrogen bonds
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M1 M2

Compounds 1-13

Fig. 3 Schematic view from the major groove of the four complexes
between compounds 1-13 and the central CG of d(CCGGCGCCGG)s.
The white square in the chromophore represents the orientation of the
ring with the side chain, and the sphere represents the protonated
dimethylamino group from the side chain. Left: complexes with the

force field [39]. Van der Waals pairs cutoff distance was 7.86
A and particle mesh Ewald (PME) long range electrostatics
were employed [40]. Simulation structures were energy-
minimized to remove bumps and correct the covalent
geometry. After removal of conformational stress by
steepest descent minimization, the procedure continued by
simulated annealing (time step 2 fs, atom velocities scaled
down by 0.9 every 10™ step) until convergence was
reached, i.e., the energy improved by less than 0.1% during
200 steps.

Periodic boundary simulations were done on orthorhom-
bic cells of extra extension along each axis of the complex
of 5A. Yasara program assigned force field parameters,
filled the cell with water and placed Na + and CI" counter
ions at the most favorable positions to make the cell neutral.
The simulation cell was filled with water to a density of
0.997 g/l, and the minimization procedure was repeated,
first with the water solvent, then with the oligonucleotide,
the ligand, and finally with the whole system. Minimization
was followed by a short equilibration procedure to 298 K.
Resulting minimized and equilibrated models were subse-
quently used for MD simulations. Analysis of data was also
done with Yasara, using the distributed computing facility.
Data is presented as mean + standard deviation.

Trajectories of MD simulations were sampled at inter-
vals of 1 ps, for a total of 15 ns for each model (Fig. 4). We
analyzed the stability of trajectories to ensure that the
models were at equilibrium. The MD trajectories were
inspected, also visually, to assess their structural stability.
The gyration radius of the models is maintained quite
constant throughout all the trajectories (average values of
12.3-12.9+0.1-0.3 A) The quantitative assessment of the
stability of the trajectory has been done by measuring two
parameters: the root mean square (RMS) of the complexes,
and the average potential energy of the system. These two
parameters should not vary considerably during the
simulation when the system is at equilibrium. During the
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linker in the major groove and the ring with the side chain stacked
between CG (M1), or between GC (M2). Right: complexes with the
linker in the minor groove and the ring with the side chain stacked
between CG (ml), or between GC (m2)

first 200 ps there is a change of energy due to the relaxation
of the system after assignment of initial velocities. The
potential energy for all trajectories converges to a constant
average value, demonstrating the reproducibility of the
simulations. We considered that the systems reached
equilibrium after 500 ps equilibration, as they reached
mean energy values that were less than 3% different from
the average asymptotic values. Hence, all average values
presented were evaluated after the first 700 ps of simula-
tion. The root-mean-square deviation of the complexes of
compounds 1 and 4-7 (in trans and cis orientation) with d
(CCGGCGCCGQG), and d(CGCGAATTCGCG), with re-
spect to the initial structures were evaluated. The RMSD
values ranged from 0.67 to 1.2 (for the cis orientation)+0.1-
04 A (available as supporting information, Fig. 5). The
potential energy of the system was defined as the average
force field energy of measured after the first 700 ps
simulation in all trajectories (available as supporting
information, Fig. 6). The potential energy values ranged
from —45130 (1) to -34716 [(5) in the cis conformation]+
86-124 kealmol™.

Results
Energy minimization

Results are summarized in Table 1.
The model compounds studied can be classified with
reference to calculated internal hydrogen bonds, as follows:

A. Compounds 1, 4-8, and 11-13, which have a -NH"
group or —N atom peri to the carboxamide. These may
be divided into two types.

1. Compounds 1, and 4-7, which have one internal
hydrogen bond between the carboxamide and the —
NH" or -N group in the peri position.
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Fig. 4 Graphic representation of DACA-CCGGCGCCGG model in the initial state, and after 5,10 and 15 ns simulation. The figures show that
the structure has remained stable for the duration of the simulation, without incurring large conformational changes

2. Compounds 8, 11-13, which have an additional
internal hydrogen bond between the carboxamide
and the charged amino group.

B. Compounds 2, 3, 9 and 10, which lack a nitrogen peri to
the carboxamide. These may be divided into three types.

1. Compound 2, which lacks internal hydrogen bonds.

2. Compound 3, which has one internal hydrogen
bond between the carboxamide and the dimethy-
lammonium group.

3. Compounds 9, and 10, which have two internal
hydrogen bonds : one between the carboxamide
and the -NH or —O group in the peri position and
the other between the carboxamide and the dime-
thylammonium group.

Fig. 5 Plots of the variation of
the rmsd of compounds 1 and
4-7 throughout the

simulation

0,2

o

In the complexes of compounds 1 and 4-7 with the
oligonucleotide d(CCGGCGCCGQG), in the four possible
orientations, the N,N-dimethylammonium group forms
strong hydrogen bonding interaction with the G6-N7/06
atoms, 06 of G16, O2 of C5 and O2 of C15 for the M1,
M2, ml and m2 orientations, respectively.

In the four (2)-CCGGCGCCGG complexes, the N,N-
dimethylammonium group does not form a hydrogen bond
with the heteroatoms of the base pairs in the Ml
orientation, whereas the carboxamide group hydrogen
bonds strongly to O6 of G16, N2 of G16 and N3 of G6
for the M2, m1 and m2 orientations, respectively.

In the (3)-CCGGCGCCGG complexes the N,N-dime-
thylammonium group does not form a hydrogen bond with
the base pairs in the M1 orientation, whereas the carbox-

ns
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amide group bonds strongly to N3 of C15, the sugar O4
atom of G6 and the sugar O4 atom of G16 for the M2, ml
and m2 orientations, respectively.

In the complexes of compounds 8 and 11-13 with the
decanucleotide d(CCGGCGCCGG), in the four possible
orientations, the carboxamide and the N, N-dimethylammo-
nium groups are not sufficiently close to any electronega-
tive base pair atom to be involved in hydrogen bonding.
Additionally, in the M1 orientation the H atom of the
carboxamide bonds with the peri heteroatom of the chromo-
phore and the O atom of the carboxamide bonds with the N,
N-dimethylammonium group (compounds 11 and 13).

In the four (9)-CCGGCGCCGG complexes, the N,N-
dimethylammonium group makes strong hydrogen bonding
interaction with the N4 of C5, N3 of G6 and G16 for the
M1, ml and m2 orientations, respectively. On the contrary,
there is no hydrogen bonding interaction between N,N-
dimethylammonium group and the base pairs in the M2
orientation. The O atom of the carboxamide bonds with the
N,N-dimethylammonium group and with the H atom of the
NH of the chromophore in the M1 orientation.

In the four (10)-CCGGCGCCGG complexes, the N,N-
dimethylammonium group hydrogen bonds to N3 of G6
and makes a weak interaction with the N3 of G16 for the
ml and m2 orientations, respectively. In the M1 orientation,
there is no hydrogen bonding interaction between N,N-
dimethylammonium group and the base pairs, whereas there
is hydrogen bonding interactions between the H atom of the
carboxamide group and the peri heteroatom of the chromo-
phore and additionally between the O atom of the
carboxamide moiety and the N, N-dimethylammonium group.

Molecular dynamic simulations

In the molecular dynamic simulation of the (1)-
CCGGCGCCGG complex, the hydrogen of the N,N-dime-
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thylammonium is strongly hydrogen bonded to O6 of
guanine-6 and makes a weak interaction with the N7 of
guanine-6. In the molecular dynamic simulation of the (1)-
CGCGAATTCGCG complex, the hydrogen of the N,N-
dimethylammonium makes a strong hydrogen bond solely to
06 of guanine-2. The side-chain torsion angle shows a
gauche conformation relating the two side-chain nitrogen
atoms, just as it occurs in the crystal structures [17].

In the molecular dynamic simulation of the (4)-
CCGGCGCCGG complex, with the carboxamide group in
the cis orientation (the carbonyl oxygen points toward the
peri nitrogen), the hydrogen of the N,N-dimethylammo-
nium moiety makes strong hydrogen bonding interaction
with the O6 of guanine-6 and feebly interacts with the N7
of the same guanine. In the (4)-CCGGCGCCGG complex,
with the carboxamide group in the #rans orientation (the
carbonyl oxygen points away the peri nitrogen), the
hydrogen of the N,N-dimethylammonium moiety makes
strong hydrogen bonding interaction with the O6 of
guanine-6.

In the molecular dynamic simulation of the (4)-
CGCGAATTCGCG complex, with the carboxamide group
in the cis orientation, the hydrogen of the N,N-dimethy-
lammonium moiety makes a strong hydrogen bond solely
with the O6 of guanine-2. In the (4)- CGCGAATTCGCG
complex, with the carboxamide group in the trans
orientation, the hydrogen of the N,N-dimethylammonium
hydrogen strongly bonds to the O6 of guanine-2 and
weakly interacts with the N7 of guanine-2.

In the molecular dynamic simulation of the (5)-
CCGGCGCCGG complex, with the carboxamide group in
the cis orientation, the hydrogen of the N,N-dimethylam-
monium moiety forms a hydrogen bond with the O6 of
guanine-6 and is close to G6-N7, with distance H(N)...O
(G) of 32A+0.3. In the (5)-CCGGCGCCGG complex,
with the carboxamide group in the frans orientation, the
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protonated N,N-dimethylamino group makes a strong
hydrogen bond to O6 of guanine-6 and weakly interacts
with the N7 of guanine-6. In the (5)-CGCGAATTCGCG
complex, with the carboxamide group in the cis orientation,
the protonated N, N-dimethylamino group forms a hydrogen
bond with O6 of guanine-2. In the (5)-CGCGAATTCGCG
complex, with the carboxamide group in the trans
orientation, the N,N-dimethylammonium moiety forms
strong hydrogen bonding interaction with O6 of G2 and is
also in contact of 3.3A + 0.2 with N7 of G2.

In the molecular dynamic simulation of the (6)-
CCGGCGCCGG complex, with the carboxamide group in
the cis orientation, the protonated N,N-dimethylamino
group strongly hydrogen bonds to G6-O6 and is close to
G6-N7, with distance H(N)...N(G) of 3.4A+0.2. In the
same complex, with the carboxamide group in the trans
orientation, the N,N-dimethylammonium group forms two
hydrogen bonds to G6-N7/0O6 atoms, a weak and a strong,
with distances of 3.3+0.2 and 2.1 A+0.2, respectively.

In the molecular dynamic simulation of the (6)-
CGCGAATTCGCG complex, with the carboxamide group
in the cis orientation, the protonated N,N-dimethylamino
group forms a strong hydrogen bond to G2-06. In the same
complex, with the carboxamide group in the trans
orientation, the protonated N, N-dimethylamino group forms
a strong hydrogen bond to G2-O6 and is in close contact
with G2-N7, with distance H(N)...N(G) of 3.6A+0.3.

In the molecular dynamic simulation of the (7)-
CCGGCGCCGG complex, with the carboxamide group in
the cis orientation, the protonated N,N-dimethylamino
group makes strong hydrogen bonding interaction with
G6-06 and is close to G6-N7, with distance H(N)...O(G)
of 3.8A+0.2. In the same complex, with the carboxamide
group in the frans orientation, the protonated N,N-dime-
thylamino group strongly hydrogen bonds to G6-06, with
distance H(N)...O(G) of 1.9A £ 0.2.

In the molecular dynamic simulation of the (7)-
CGCGAATTCGCG complex, with the carboxamide group
in the cis orientation, the N,N-dimethylammonium group
gives a good hydrogen bond to G2-O6, with distance H(N)...
N (G) of 2.1A+0.3. In the same complex, with the
carboxamide group in the #rans orientation, the protonated
N,N-dimethylamino group makes a strong hydrogen bond
solely to O6 of guanine-2, with distance H(N)...O(G) of 1.9
A=+£0.1.

Discussion
We have found by molecular mechanics methods that in
the, phenazine, azacridine, pyridoquinoxaline and acridine-

4-carboxamide series 1, 4-7 the N,N-dimethylaminoethyl
side chain does interact with guanine of two oligonucleo-
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tides in M1 orientations, with the 4-carboxamide group
rotated cis or trans with respect to the ring nitrogen. By
contrast, when the side chain is peri to a CH group, as in
the anthracene and acridine-1-carboxamide compounds, 2
and 3, the side chain fails to make this interaction. An
important difference between two ligand classes is that, like
9-amino-DACA, compound 1, the carboxamide groups of
compounds 4-7 can lie in the plane of the chromophore,
whereas in the case of the anthracene and acridine-1-
ligands, steric interaction with the peri hydrogen atom
prevents the carboxamide from being coplanar. Thus, it is
obvious that coplanarity of the carboxamide and chromo-
phore is a prerequisite for effective side chain-guanine
interactions among the linear tricyclic carboxamides such
as DACA and its analogues.

However, when the distance between the 4-carboxamide
and N, N-dimethylamino group is lengthened (compounds
11 and 12), the interaction with guanine is lost probably due
to the internal hydrogen bond between the carbonyl oxygen
and the protonated N, N-dimethylamino group.

In the cases of the oxopyridoquinoxaline and quinoline
ligands, 8 and 13, the existence of the internal hydrogen
bond between the carbonyl oxygen and the protonated N, N-
dimethylamino group seems to prevent the N, N-dimethyla-
minoethyl side chainfrom interacting with guanine.

In the case of the phenoxazine ligand 9, the carbonyl
oxygen forms an internal hydrogen bond in the cis
configuration with the peri NH atom, but the existence of
a second internal hydrogen bond between the carbonyl
oxygen and the protonated N,N-dimethylamino group
seems to prevent the N,N-dimethylaminoethyl side chain
from interacting with guanine. Clearly, for this ligand the
trans carboxamide orientation is prohibited by steric
collision of the two NH groups, which will force an
angular conformation between chromophore and carbox-
amide. In the case of the xanthenone ligand 10, the NH of
the carboxamide forms an internal hydrogen bond in the
trans configuration with the peri oxygen atom, but the
existence of a second internal hydrogen bond between the
carbonyl oxygen and the protonated N,N-dimethylamino
group also seems to prevent the N,N-dimethylaminoethyl
side chain from interacting with guanine. Owing to this
internal hydrogen bond, the cis xanthenone carboxamide
configuration should be unable to bond successfully with
the guanine O6/N7 atoms.

From an assessment of the above data regarding tricyclic
carboxamides, prerequisite for the interaction between
protonated N, N-dimethylaminoethyl moiety and guanine is
the formation of only one internal hydrogen bond between
carboxamide and peri NH+in the case of 9-amino-DACA
(1) or peri N in the cases of DACA (4), azacridine (5),
phenazine (6) and pyridoquinoxaline (7). The presence of
an additional internal hydrogen bond between oxygen
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carboxamide and protonated N,N-dimethylamino group in
the cases of tricyclic systems bearing peri NH (phenox-
azine, 9) or O (xanthenone, 10) group, prevents the
interaction between side chain and guanine. Also, the
formation of one internal hydrogen bond between oxygen
carboxamide and protonated N,N-dimethylamino group
inhibits the interaction between side chain and guanine in
the case of acridine-1-carboxamide (3). It is remarkable,
that our findings correlate well with reported results
obtained from the kinetic studies of the binding of such
tricyclic carboxamides to DNA. According to Wakelin et al.
the complexes of 1, 4 and 6 dissociate from calf thymus
DNA by a kinetic pathway involving four discernible steps,
indicating that they interact favorably with the guanine O6/
N7 atoms. By contrast, the tricyclic carboxamides 2, 3, 9,
10, 11 and 12 with neutral chromophore dissociate from
DNA by a different mechanism in which it appears their
side chain fail to interact with guanine. There is no data
available in the literature regarding the kinetics of com-
pounds 5, 7, 8 and 13 with DNA and therefore correlation
with our results is not possible.

In all the examined complexes of compounds 1 and 4-7
with the oligonucleotides, the distance between the charged
amino group and O6 guanine base is rather constant, i.c.,
from 1.8 to 2.2A, indicating the presence of a hydrogen
bond that remains stable during the entire molecular
dynamic simulation. The deviations in kinetic, potential
energy and in the angles of hydrogen bonds were small.
Based on the above observations, we can assume that the
complexes do not experience large conformational changes
during the sampling time with respect to the initial
structure.

Finally, based on the literature [6] and our molecular
modeling experiments we can assume that there is a broad
positive correlation between cytotoxicity of the protonated N,
N-dimethylamino carboxamides with neutral chromophores
and their interaction to guanine, with the compounds 4, 5
and 6 with only one internal hydrogen bond between
carboxamide and peri nitrogen being potent cytotoxins.
The compounds 11 and 12 (with two internal hydrogen
bonds: one between carboxamide and peri nitrogen and the
second between carbonyl oxygen and protonated N,N-
dimethylamino group) are also potent cytotoxins. The
compounds 2 (with no internal hydrogen bonds), 3 (with
one internal hydrogen bond between carbonyl oxygen and
protonated N, N-dimethylamino group) and the compounds 9
and 10 (with two internal hydrogen bonds: one between
carboxamide and peri heteroatom and the second between
carbonyl oxygen and protonated N, N-dimethylamino group)
are less cytotoxic. The compound 13 (with two internal
hydrogen bonds: one between carboxamide and peri
heteroatom and the second between oxygen carboxamide
and protonated N,N-dimethylamino group) is inactive. In

conclusion, prerequisite for the interaction between proton-
ated N,N-dimethylaminoethyl moiety and guanine is the
formation of only one internal hydrogen bond between
carboxamide and peri NH+in the case of 9-amino-DACA or
peri N in the cases of DACA, azacridine, phenazine and
pyridoquinoxaline. The presence of an additional internal
hydrogen bond between oxygen carboxamide and protonated
N,N-dimethylamino group in the cases of tricyclic systems
bearing peri NH or O group, prevents the interaction
between side chain and guanine and leads to reduction of
the cytotoxicity. Additionally, the present molecular dynam-
ics simulations show that the compounds 1 and 46 are
capable of forming rather stable DNA complexes with small
deviations in potential energy, RMSD and in the angles of
hydrogen bonds, which is in accordance with good in vitro
activities, further supported by in vivo experiments.
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