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Pyrimidoacridinetriones (PATs) are a new group of highly active antitumor com-
pounds. It seems reasonable to assume that, like for some other acridine derivatives,
intercalation into DNA is a necessary, however not a sufficient condition for
antitumor activity of these compounds. Rational design of new compounds of this
chemotype requires knowledge about the structure of the intercalation complex, as
well as about interactions responsible for its stability. Computer simulation tech-
niques such as molecular dynamics (MD) may provide valuable information about
these problems.

The results of MD simulations performed for three rationally selected PATSs are pre-
sented in this paper. The compounds differ in the number and position of side chains.
Each of the compounds was simulated in two systems: i) in water, and ii) in the interca-
lation complex with the dodecamer duplex d(GCGCGCGCGCGC),. The orientation of
the side chain in relation to the ring system is determined by the position of its attach-
ment. Orientation of the ring system inside the intercalation cavity depends on the
number and position of side chain(s). The conformations of the side chain(s) of all
PATSs studied in the intercalation complex were found to be very similar to those ob-
served in water.
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The notable achievements in the field of de-
velopment of antitumor drugs consisting of
fully synthetic DNA-interacting agents of
anthracenedione and acridine groups, such as
mitoxantrone [1-5] and amsacrine [6, 7], re-
spectively, have raised a great interest in the
synthesis and modifications of these two
classes of compounds. Studies on anthra-
pyrazoles [8, 9], pyrazoloacridines [10-11],
benzothiopyranoindazoles [12], acridine car-
boxamides [13, 14], imidazoacridinones [15,
16], and triazoloacridinones [17] are the most
representative examples of the research in
this area. As part of a research project de-
voted to the investigation of new chemotypes
of antitumor intercalating agents, recently we
have reported [18-20] the synthesis and the
antitumor properties of a series of mono- and
di-alkylaminoalkylamino derivatives of pyri-
mido[5,6,1-de]acridine-1,3,7-triones (Sche-
me 1).

The mechanism of action of this new class of
antitumor agents is not yet known. However,
in analogy to anthracenediones, it seems rea-
sonable to assume that also for PATs the in-
tercalation to DNA is a necessary, but not a
sufficient, condition for antitumor activ-
ity [21, 22]. It has been demonstrated that in-
teractions of these compounds with DNA are
strongly affected by the number and structure
of side chain(s) [23]. Further rational design
of new compounds of this chemotype requires
knowledge about interactions between side
chain(s) and DNA. Traditional approach is
time consuming and demands large series of
derivatives for structure-activity relationship

PA 36: Ry: CH,CH,N(CH3),
Ry: Cl

PA 39: Ry: CH,CH,N(CHz),
R2: NHCHchzN(CH3)2

PASL: Ry:H
R4 Ry: NHCH,CH,N(CH3),

Scheme 1. Chemical structures of pyrimidoacri-
dinetriones (PATSs) studied.

studies [2, 3] and/or extensive biochemical
and biophysical work. Not disregarding this
experimental approach, it seems reasonable
to begin the analysis of this problem with
modern computer simulation techniques such
as molecular dynamics. Since the pioneering
study of the dynamics of DNA in vacuum [24]
molecular dynamics has now progressed to
such an extent that specificity effects of
drug-DNA interactions are solved [25]. Inter-
calation has been studied particularly exten-
sively [26-30].

In this work we have analysed the structure
and dynamics of a dodecamer duplex
d(GCGCGC| GCGCGC)y with the use of three
rationally selected PAT derivatives interca-
lated between central base-pairs 6C-19G/
7G-18C. The selected compounds (Scheme 1)
differ in the number and positions of side
chain(s). In compound PA 36, a single
dimethylaminoethyl chain is attached to nitro-
gen atom in position 2 in pyrimidoacri-
dinetrione ring system while in PA 51 a
dimethylaminoethylamino chain is attached
to carbon atom in position 6 of the ring sys-
tem. Compound PA 39 has chains in both po-
sitions and is characterised by a significantly
higher ability of intercalation to DNA. We
have focused particular attention on the orien-
tation of intercalated molecules in the interca-
lation cavity, as well as on recognition of the
nature of interactions responsible for stability
of the complex. In our recent papers [30, 31]
we have shown that molecular dynamics simu-
lations could solve such problems.

METHODOLOGY

The dynamic simulations reported in this
work were performed with GROMOS96, a set
of molecular dynamics programs from the
University of Groningen, Netherland [32], im-
plemented on INDIGO 2 (SG) workstation.

The PATs were simulated as mono-, PA 36
and PA 51, or dication, PA 39, with
protonated side chain amino group(s). The pe-
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riodic boundary condition was applied, all
bond lengths were constrained to their equiva-
lence values using SHAKE algorithm [33],
and distances related to Watson-Crick hydro-
gen bonds were restrained to 0.21 nm during
all simulations [34]. A dielectric constant of 1
and a cut-off of 0.8 nm were used for
non-bonded interactions, whereas a cut-off of
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Scheme 2. Designations of PA 39 atoms used in
the present work. For other PATs an analogous
system was used.

1.2 nm was used for long term electrostatic in-
teractions. An appropriate number of
counterions, 1 or 2 C1~ for PATs and 22 Na*
for the dodecamer of DNA, and of water mole-
cules, about 1700 for PAT and about 1300 for
the intercalation complexes, were added to
the system. In order to save computation time
the intercalation phenomena were analysed
with the DNA fragment in which the intercala-
tion cavity was pre-formed [30]. The initial
co-ordinates of PATs were obtained from mo-
lecular modelling of the molecules by program
INSIGHT II (MSI.). The dynamic trajectories
were collected during 100 ps simulations. The
detailed protocol of calculations is being pub-
lished in the accompaying paper [31].

RESULTS

PA 36

A visual analysis of the dynamic trajectory of
PA 36 in water (Fig. 1a), indicates that the
ring system exhibits only small deviations
from the mean plane. The N,N-dimethyl-
aminoethyl side chain attached to the nitro-
gen atom N16 (Scheme 2) is of higher flexibil-
ity. However, the protonated, terminal nitro-
gen atom of this chain lies not very far from
the mean plane of the ring system. It is inter-
esting to note that this nitrogen atom does not
participate in any intramolecular hydrogen
bonds.

It is noteworthy that the shape of PA 36
molecule taking part in the intercalation com-
plex, (Fig. 1b), is not significantly different
from that in water environment.

The analysis of geometry of the intercalation
complex revealed characteristic orientation of
the PA 36 ring system in relation to the
neighbor base-pairs (Fig. 2). The mean plane
of the ring system is parallel to the mean
planes of the neighbor base pairs. The long
axis of the acridine ring system is nearly par-
allel to the direction of inter-base hydrogen
bonds between 6C and 19G. Location of rings
C and D is the characteristic feature of this
orientation. The terminal ring C is located in
the major groove, whereas the additional
6-membered ring D is placed in the minor
groove. The side chain lies in the mean plane
of the ring system near one of the sides of the
minor groove. A detailed analysis of interac-
tions between the side chain and the dode-
camer duplex (Fig. 3) has shown that the
protonated, terminal amino group of the
chain participates in strong electrostatic in-
teraction with the nearest phosphate group.
In addition, this amino group interacts by wa-
ter bridges with other phosphate groups,
sugar oxygen atoms, and oxygen, as well as
with nitrogen atoms of the bases located along
the length of the minor groove.
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Figure 1. Orthogonal views of a composite of 40
snapshot geometries of PA 36: a) in water, and b)
in the intercalation complex.

The acridine ring of the drug molecule in each snapshot
has been fitted to its position in the first geometry. The
dodecamer duplex, ions, and water molecules are omit-
ted for clarity.

Some water bridges were also found be-
tween carbonyl oxygen OC17 and polar atoms
of the surface of the minor groove. It is note-
worthy that such bridges were not found for
the second carbonyl oxygen attached to the
pyrimidine ring.

Figure 2. Orientation of PA 36 inside the interca-
lation cavity.

The intercalator molecule in red. Only two neighbor
base-pairs are shown for clarity.
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Figure 3. Water bridges (grey double arrows) be-
tween PA 36 molecule and the dodecamer ob-
served during simulation.

Only interactions which exist by more than 10% of the
simulation time are presented.

PA 51

The atoms forming the acridine part of the
PA 51 ring system lie in one plane and during
dynamic simulation in water, exhibit only
small deviation from this plane, Fig. 4a. The
pyrimidine ring D exhibits a slightly higher
flexibility. The aromatic amino group in posi-
tion 1 lies in the mean plane of the ring sys-
tem. In such a geometry the hydrogen atom
HNCI1 could form an intramolecular hydrogen
bond with carbonyl oxygen OC9. This bond
was, in fact, detected in the dynamic trajec-
tory of PA 51 in water. However, contrary to
PA 36, the main part of the IN,N-dimethyl-
aminoethylamino side chain attached to C1
lies outside the mean plane of the ring system.
This results from the geometrical state of the
bond NC1-C1#.

A very similar geometry of the PA 51 mole-
cule was obtained from the trajectory of its in-
tercalation complex (Fig. 4b).

The analysis of the geometry of the intercala-
tion complex consisting of PA 51 and the
dodecamer duplex revealed that long axis of
the acridine ring system is practically perpen-
dicular to the direction of hydrogen bonds be-
tween 6C and 19G (Fig. 5). The mean plane of
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Figure 4. Orthogonal views of a composite of 40
snapshot geometries of PA 51: a) in water, and b)
in the intercalation complex.

The acridine ring of the drug molecule in each snapshot
has been fitted to its position in the first geometry. The
dodecamer duplex, ions, and water molecules are omit-
ted for clarity.

the ring system is parallel to the mean planes
of the neighbor base-pairs. Moreover, the
whole ring system is covered by neighbor
base-pairs.

The side chain is oriented perpendicularly to
the ring system and fits well into the interior

Figure 5. Orientation of PA 51 inside the interca-
lation cavity.

The intercalator molecule in red. Only two neighbour
base-pairs are shown for clarity.

of the minor groove. As a result, the proto-
nated terminal amino group of the chain is lo-
cated outside the intercalation cavity.

The absence of aminoalkyl chain on nitrogen
N16, as well as the peculiar orientation of the
PA 51 molecule inside the intercalation cav-
ity opens the opportunity for formation of a
large network of direct and indirect interac-
tions between the DNA fragment and the
intercalator (Fig. 6). This network comprises
all polar atoms located in that part of the mol-
ecule, which is directed to the minor groove
(Fig. 5). The hydrogen atom attached to N16
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Figure 6. Hydrogen bonds (empty arrows) and
water bridges (grey double arrows) between
PA 51 molecule and the dodecamer observed dur-
ing the simulation.

Only interactions which exist by more than 10% of the
simulation time are presented.

interacts by water bridges with sugar oxygens
from 6C and 7G. The carbonyl oxygen OC17 is
a centre of a network of water bridges. The in-
teractions with phosphate groups of 6C, 7G,
and 8C form the main part of this network.
However, the bridges between OC17 and base
nitrogens from 5G and 19G are also observed.

The protonated terminal amino group forms
its own network of water bridges which con-
nect the side chain with phosphate groups of
8C and 10C, as well as with base nitrogens
from 7G and 17G.
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The hydrogen HNC1 from aromatic amino
group in position 1 forms a strong and rela-
tively stable intramolecular hydrogen bond
with acridinone oxygen OC9. This bond was
observed during about 50% of the simulation
period and stabilised the coplanar orientation
of the amino group. Moreover, the same hy-
drogen atom forms an intermolecular hydro-
gen bond with N3 atom of 19G during 16% of
the simulation.

PA 39

The PA 39 molecule may be treated as a su-
perposition of the two molecules presented
above. One may expect that the dynamic be-
haviour of this molecule could be also ob-
tained by superposition of dynamics of PA 36
and PA 51. The analysis of the dynamic tra-

]

b)

Figure 7. Orthogonal views of a composite of 40
snapshot geometries of PA 39: a) in water, and b)
in the intercalation complex.

The acridine ring of the drug molecule in each snapshot
has been fitted to its position in the first geometry. The
dodecamer duplex, ions, and water molecules are omit-
ted for clarity.

jectory of PA 39 in water revealed that this
supposition is reasonable (Fig. 7a). The side
chain attached to N16 is located near the
mean plane of the ring system, whereas the
chain attached to C1 is bent out of the plane.
The dynamics observed in water indicates
that, in the PA 39 molecule a change in one
side chain does not change the behaviour of
the other.

The overall shape and dynamic behaviour of
the PA 39 molecule which participates in the
formation of the intercalation complex are
very similar to what we have obtained from
dynamic simulation in water (Fig. 7b). How-
ever, a more detailed comparison reveals
some significant differences. The ring system
of the molecule is not flat. Ring C (Scheme 2)
is inclined with respect to the rest of the sys-
tem by about 20°. In addition, the aromatic
amino group in position 1 does not lie in the
plane of ring A.

The presence of those deformations indi-
cates that the PA 39 molecule undergoes
some particular tensions in the intercalation
cavity. They may result from collision be-
tween requirements of the two side chains.
The structure of the intercalation complex
presented on Fig. 8 supports this supposition.
The angle between the long axis of the
acridine system and the direction of hydrogen
bonds between 6C and 19G is about 45°. More-
over, the degree of intercalation is rather low.

Figure 8. Orientation of PA 39 inside the interca-
lation cavity.

The intercalator molecule in red. Only two neighbor
base-pairs are shown for clarity.
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Only rings B and C are covered by the neigh-
bor base pairs. Rings A and D are located in-
side the minor groove. Non planar geometry
of the base pairs 6C/19G and 7G/18C also in-
dicates that the intercalation of the PA 39
molecule induces relatively large forces which
deform the intercalator molecule, as well as
the intercalation cavity.

As a result of shallow intercalation observed
for PA 39 a relatively large part of the mole-
cule is located in the minor groove. In this ge-
ometry of the intercalation complex both car-
bonyl oxygens of the pyrimidine ring can form
hydrogen bonds with water molecules located
in the minor groove. Some of these molecule
form also hydrogen bonds with phosphate
groups. As a result, a network of water
bridges is formed (Fig. 9). The protonated, ter-
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Figure 9. Hydrogen bonds (empty arrows) and
water bridges (grey double arrows) between
PA 39 molecule and the dodecamer observed dur-
ing the simulation.

Only interactions which exist by more than 10% of the
simulation time are presented.

minal amino groups from the side chains also
participate in formation of this network.
Moreover, the terminal, protonated amino
group from the chain attached in position 1
forms a water bridge with N3 atom of 7G. The
hydrogen HNC1 forms not only an intra-
molecular hydrogen bond with OC9 but also a
direct hydrogen bond with O2 atom of 18C. All
of these interactions stabilise the particular

geometry of the intercalation complex formed
by the PA 39 molecule.

DISCUSSION

It is interesting to note that the three deriva-
tives of pyrimidoacridinetrione studied in this
work exist in water in forms which seem to be
ready for intercalation into DNA. Orienta-
tions as well as conformations of the side
chains do not change significantly when the
molecules form the intercalation complexes.
This is particularly surprising if one keeps in
mind our results of molecular dynamics simu-
lations obtained for imidazoacridinones [31].
However, the conformation of the chain, as
well as its orientation in relation to the ring
system depend on the position of the attach-
ment.

The N,N-dimethylaminoethyl chain attached
to N16 atom (PA 36, Fig.1) adopts a nearly
elongated conformation and is placed near the
mean plane of the ring system. It is character-
istic for this chain that its geometry is not af-
fected by the addition of the second chain in
position 6, PA 39 (Fig. 7). The N,N-dimethyl-
aminoethylamino chain attached in position 6
(PA 51, Fig. 4) adopts a quite different con-
formation and orientation. The aromatic
amino group is practically coplanar with the
rings A and B. In this geometry HNC1 hydro-
gen atom forms an intramolecular hydrogen
bond with OC9. However, geometrical states
of the bonds NC1-C1# and C1#-C2# decide
that the rest of the chain is located perpendic-
ularly to the ring system. The geometrical
states of the same bond determine a bent con-
formation of the chain. As a result, the termi-
nal, protonated amino group is located far
from the mean plane of the ring system. The
presence of an additional chain on N16
(PA 39, Fig. 7) atom does not affect the geom-
etry and dynamics of this chain.

In another work [31] we have studied a se-
ries of imidazoacridinones. In three com-
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pounds from this series the NN,N-diethyl-
aminoethylamino chain is attached in the
same position as the side chain in PA 51. A
comparison of geometry of similar side chains
attached to different ring systems may be
very instructive. The geometry of the side
chain of imidazoacridinones in water depends
on the type of substituents in ring C. When
the ring system was substituted by a hydroxyl
or methyl moiety the side chain adopted, due
to formation of intramolecular hydrogen
bonds, a characteristic “closed conforma-
tion. When a t-butyl group was attached to
ring C of imidazoacridinone the “closed” con-
formation was not formed and the side chain
adopted a similar, but not an identical, geome-
try with that observed for the side chain of
PA 51 in water. It is noteworthy that the ge-
ometries of the two side chains are practically
the same when the molecules studied partici-
pate in formation of the intercalation com-
plex.

The results obtained in this study clearly
show that, in the case of PAT derivatives, the
position of side chain attachment determines:

#) the orientation of the intercalator ring

system inside the intercalation cavity,

i) the type of interaction between the

intercalator and DNA.

When the chain is attached to the N16 atom
(PA 36) the long axis of the acridine ring sys-
tem is parallel to the direction of inter-base hy-
drogen bonds between 6C and 19G (Fig. 2).
This orientation is a result of:

®clectrostatic attractive interaction be-

tween the protonated terminal amino
group of the side chain and the nearest
phosphate group of DNA,

®the network of water bridges formed be-

tween this group and other phosphate
groups, sugar oxygen atoms, and oxygen,
as well as nitrogen atoms of the bases lo-
cated along the length of the minor groove
(Fig. 3). A characteristic feature of these
bridges is their “vertical“ direction.

When the chain is attached in position 1
(PA 51) the long axis of the acridine ring sys-

tem is perpendicular to the direction of
inter-base hydrogen bonds between 6C and
19G (Fig. 5). This orientation is a result of fit-
ting of the side chain into the minor groove
and is stabilised by the network of water
bridges (Fig. 6). Unlike in the complex of PA
36, these bridges have rather horizontal direc-
tions. The direct hydrogen bond between
HNC1 and N3 atom of 19G also stabilises this
orientation.

It is noteworthy that if only one side chain is
attached to the pyrimidoacridine skeleton the
ring system intercalated between base-pairs is
flat and parallel to their mean plane (Fig. 10).
However, the geometry of the intercalation
complex dramatically changes when the pyri-
midoacridinetrione derivative e.g. PA 39, has
two chains. The geometrical preferences of
the chains are totally different and can not be
fulfilled at the same time. The structure of the
complex formed by such an intercalator exhib-
its a significant deformation. One may expect
that such a deformed complex should be un-
stable. However, experimental data exhibit
high stability of the PA 39/DNA intercalation
complex. The experimental constant of the in-
tercalation complex formation is about 10
times higher for PA 39 than for PA 36 [23].
Results of our dynamic simulations also sug-
gest that the PA 39/dodecamer complex is
stable. Changes in geometry of the complex
were observed only during the thermalisation
step when the deformed state of the intercala-
tion cavity was formed. After that state was
established no significant changes in geome-
try of the complex were observed during more
than 100 ps of the simulation (Fig. 10). This
means that the increase of interaction energy
between the duplex and the intercalator more
than compensates for deformation energy.
The PA 39/duplex complex is one of the ex-
amples that our intuitive conviction that any
deformation of optimal geometry results in in-
stability of the system is not always true.

The new, low-energetic type of the intercala-
tion cavity which was observed in the present
work opens interesting perspectives in the
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Figure 10. Composites of 40 snapshot geometries of PAT/dodecamer complexes.

Views from the minor groove side. The sugar C1* atoms of eight central base-pairs in each snapshot have been fit-
ted to their positions in the first snapshot. The ions and water molecules are omitted for clarity.

field of designing new intercalating agents.
More detailed analysis of forces responsible
for the deformation of the intercalation cav-
ity, as well as the mechanism of the deforma-
tion, will be subject of our further investiga-
tions.
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