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A molecular modeling study of B-DNA-intercalation complexes with
amsacrine and related 9-anilino-acridines

G. FiscHER and U. PINDUR

Computer molecular modeling studies of some complexes of amsacrine-derivatives with B-DNA-hexanucleotides were
performed to shed new light on the DNA-binding mode of these drugs. The studies are based on routine methods, as are
the semiempirical calculations, conformational analyses of the ligands, interaction field analyses, force field and molecular
dynamics simulations of ligand/base paired DNA-complexes. The predictions suggest that the tested 9-anilino-acridines
1, 3 and 4 bind by intercalation to the base-paired oligonucleotides. Depending on the substitution pattern of the tested
9-anilino-acridine-series compounds, some distinct binding modes and base sequence selectivities were observed.

1. Introduction

From the series of 9-anilino-acridines the drug amsacrine
(1) was introduced as a drug for the therapy of acute mye-
loic and acute lymphatic leukemia (Fig. 1) [1, 2]. A newer
analogue, the compound asulacrine (2), has been launched
in phase I clinical trials for the treatment of lung and
breast cancer [3, 24].

Amsacrine (1) and structurally related derivatives interca-
late between the base pairs of the DNA and thus induce
apoptosis of the tumor cells via topoisomerase Il-inhibi-
tion [4-7]. A great variety of 9-anilino-acridines have
been synthesized since 1976 and detailed structure-activity
relationship studies have been performed including QSAR
studies for a more rational molecule design [8—15, 24]. To
complete these investigations some computer molecular
modeling studies of complexes of amsacrine (1) with base
paired DNA di- and tetra-nucleotides have been performed
and some preliminary predictions of intercalation of the
drug from the minor groove side of DNA are reported
[16-19].

However, in order to get more information at the atomic
level about the DNA-binding-mode of 9-anilino-acridines
an extensive theoretical study including molecular dy-
namics aspects is justified. Extended molecular modeling
studies involving appropriated program tools should be
useful to rationalize the hitherto reported experimental re-
sults of structure-activity relationships. Moreover, to our
knowledge, no crystallographic or NMR data concerning
9-anilino-acridine intercalation complexes exists and there-
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Fig. 1: The 9-anilino-acridines 1-4 with antitumor activity. The arrows in-
dicate rotated bonds during the conformation analyses (chapter 2.2)
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fore for this series of compounds a rational drug design of
new antitumor active compounds must be supported exclu-
sively by computer molecular modeling investigations.

In continuation of our molecular modeling studies of inter-
calation complexes [20—22] we present some new interac-
tion models of three 9-anilino-acridines 1, 3 and 4 with
particular B-DNA hexanucleotides. These models were
based on crystal structures, on conformational analyses of
the ligands, and on calculations of the interaction fields of
B-DNA and some 9-anilino-acridines. They provided in-
formation about orientation modes of the ligand at the
target. On the basis of these results molecular mechanics
and some preliminary molecular dynamics simulations of
the base-paired B-DNA-hexanucleotide/9-anilino-acridine
complexes were performed. The given results should per-
mit an extended design of new chemotherapeutic 9-anili-
no-acridine series congeners.

2. Investigations, results and discussion
2.1. Minimization of the ligands, validation

The crystal structures of the N10-(un-)protonated 9-anili-
no-acridines 1, 3 and 4 were minimized by semiempirical
quantum mechanical methods [57]. The quantum mechani-
cally computed acridine moieties show RMS deviations of
0.06-0.16 A from related crystal structures [53, 57] (and
after force field minimization [53]). This RMS deviation
is comparable with the RMS deviation between the crystal
structures of the compounds, revealing 0.04—0.18 A [45].
Therefore the calculated conformations are in good agree-
ment with the crystal structure geometries.

2.2. Conformational analysis of the ligands

The miminized conformations of the 9-anilino-acridines 1,
3 and 4 are starting points of the MOPAC/AMI1 conforma-
tional analyses.

Amsacrine (1) and AMSA (3) revealed similar maxima
and minima concerning the rotation of the bond C9—NI11
(Fig. 1). In the N10-protonated form the free electron pair
at N11 is in conjugation with the acridine ring. Thus, an
energetically favored C9—N11" imino structure with a
planar acridine ring gave rise to minimum conformations
with a torsion angle o at about 0° or 180°. At about +/—
90° the conjugation is sterically prevented, so that N11
turns out to become pyramidal.
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Fig. 2: MOPAC/AMI1 quantum mechanical conformation analysis of the
N10-protonated amsacrine (1). AHf vs. torsion angle o
[C8a—C9—N11—C3']. Planar conformations: rhomb, +/— pyrami-
dal conformations: circles. X, Y: torsion angles of the crystal struc-
tures of N10-protonated 9-anilino-acridine derivatives, which are
planar at N11 in full conformity with the corresponding calculated
conformations [26, 76]

The minimum conformations of the acridines 1 and 3
show the ortho-methoxy group at the phenyl ring turned
away from the acridine plane (s-cis-orientation of HI11/
OCHj3;), fully compatible with the crystal structure geome-
tries [12, 25, 27].

In contrast the methoxy group of the amsacrine derivative
0-AMSA (4) adopts in the conformational minimum an
s-trans orientation of H11/OCHj;, which is also formed in
the crystal state [23].

In summary, the conformational simulations with MOPAC/
AMI1 at the C9/N11 axis predict the expected transition
from the energetically favored planar, conjugated to the
pyramidal conformation at the N11-amino group. The con-
formations of 1 correspond to the geometries of the X-ray
crystal structures.

The geometry of the sulfonamide group is of special inter-
est considering interactions in the DNA grooves. There-
fore the conformation of this functionality was analysed
separately by MOPAC/AM1 [57]. The calculated energeti-
cally mostly favored conformations are those which pro-
duce an hydrogen bond between an oxygen of the sulfon-
amide group and a nearby hydrogen atom of the phenyl
ring. This result is in part an artefact of the calculations in
vacuo, although hydrogen bonding with aromatic hydro-
gens is observed in some crystal structures [43, 44].
Furthermore a CSD search for validation of the partial
structure C—C—N-—SO,—CHj; was performed [55]. These
studies revealed three conformational families relating to
the torsional angle C1’'—N18—-S19—C22 (Fig. 3).
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Fig. 3: Newman projections of the conformational families of the
C—C—N-S0,—CHj; partial structure, CSD search (Car = carbon
of the aromatic ring) [55]
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According to the results of the CSD-search [55, 79] the
families II and III were each represented by 4 and the
family I by 20 crystal structures. The position of the sub-
stituents in the family I is apparently energetically favored
in the solid state.

The molecular mechanics calculations of the protonated
acridines 1, 3 and 4 favor the conformation types I and II.
Family III is energetically disfavored in the force field cal-
culations for steric reasons. The MOPAC/AM1 conforma-
tional analysis for the family I in the 9-anilino-acridines is
energetically favored.

The molecular dynamics simulations (vide infra) of the
intercalation complexes revealed that the side chain of the
9-anilino-acridines adopts mainly conformations I or II
With this result in mind, crystal structures with hydrogen
bonds to the sulfonamide group (N—H...N-type) were
conformatively analysed [55]. All of the 22 found CSD
conformations exhibiting intra- or intermolecular hydrogen
bonds did exist in the conformational type I.

In summary, the quantum mechanical and the force field
conformational studies concerning the sulfonamid-group
either free or in complexes with a hydrogen bond predict
conformations as found in the crystal state.

2.3. B-DNA-hexanucleotide construction
and minimization

A DNA-hexanucleotide with a central intercalation cavity
was chosen in order to simulate the in vivo situation as
found in a longer DNA-fragment, because the side chain
of the 9-anilino-acridines is able to interact with the neigh-
bouring two base pairs in a groove after intercalation of
the acridine moiety between the DNA base pairs.

To construct B-DNA-hexanucleotides with a central en-
larged intercalation cavity the crystal structure of daunomy-
cin/dCGCGCG/formaldehyde [28] was used. (For abbrevia-
tions see [80]). According to the schematic presentation in
Fig. 4, two molecules of the base paired dCGCGCG were
superposed, all base pairs except BP3’ and BP4’ or BP3”
and BP4” were eliminated. As an appropriate CG-unit the
r(CG), base pairs of the ethidium/rCG crystal complex
was introduced [29]. After deletion of the double atoms
(doubled due to the formal fit of one molecule onto an-
other molecule) and the 2/-hydroxy groups of the D-ribose
unit, the molecules were combined covalently to give rise
to the new B-DNA hexanucleotide with an enlarged inter-
calation cavity in the centre of the molecule (Fig. 4).

2 x dCGCGCG rCG

hexamer

new nomen-
clature :

BP1

BP2
5 3

BP1" BP3

—_—

BP2" BP4
3 5

BPS

BP4” BP§

Fig. 4: Construction of the DNA-hexanucleotide by a superposition/dele-
tion strategy, starting from two dCGCGCG crystal structure frag-
ments [21, 28, 29]. Bows indicate the phosphate backbone frag-
ments used for the new molecule

Pharmazie 54 (1999) 2



ORIGINAL ARTICLES

For the variation of the sequence of this hexanucleotide
the bases BP3, BP4 and BP5 were exchanged against pla-
nar A/T or C/G base pairs. The appropriated AT base pair
was taken from the crystal structure of dCGATCG [30].
The minimization process for the constructed hexanucleo-
tides is described in chapter 3.3.

major groove

2.4. Interaction field analysis with the program GRID

For prediction and analysis of the preferred molecular/
atomic interaction positions special programs are used,
which are already successfully applied in CoMFA or 3D- minor groove
QSAR studies [31]. In our hands the program GRID, ver-
sion 9.02 [32], was applied to the simulation of non-cova-
lent interactions between a ligand and the biopolymer tar-

major groove

get DNA. In GRID simulations the force field energies D
between a target molecule and the so-called probe were A A /‘
calculated in a defined three-dimensional segment. For the & \ H
discussion of relevant interactions the shapes of the iso- 60 - H- N
energy contour fields are compared. They depend on defi- 3(/'\7'5 O NAR
nitive steric and electrostatic effects. sN—* 3,/'8 21N
Several GRID-probes were chosen to get detailed informa- desoxyribose NN - 0% gesoxyribose
tion about the DNA-sequence specificity, the preferred or- / H

ientations of the acridine moiety in the intercalation cavity A f A
and the side chain in the grooves. The applied probes are D

adapted to the structural features of 1 (see Fig. 5). Fig. 6 ~_ 7
shows details of the DNA. minor groove

Fig. 6: B-DNA bases and the sugar phosphate backbone with acceptor
(= A) and donor (= D) functions [63, 73]. Upper part: A*T with a
partial structure of the backbone, lower part: G*C

2.4.1. GRID analyses of the B-DNA cavity

These GRID calculations should shed light on the possible
preferred binding orientations of an intercalator within the
intercalation cavity.

The aromatic probe Cl1=

The aromatic probe Cl= is capable to detect favorable
interaction sites for an aromatic moiety in the DNA cavity.
In the case of dCGCGCG the energetically favored, broad
intercalation field is positioned symmetrically between the
stacked base pairs (Fig. 7), fully compatible with the re-
Fig. 5: With the exception of the water probe the GRID probes were orien- sults of CryStal structures [62]. .. .
tated at the amsacrine drug (1). Parametrisation and a short charac- A clear difference between the C/G and A/T cavities is
terisation of the probes introduced in this paper are given in Ta- given. The calculations with the Cl= probe concerning
ble 1, chapter 3.4 [33] the sequence dCGATCG revealed a smaller band with

Table 1: Parametrisation and short characterisation of the GRID probes used [33]

Probe Ni=* N1° 0=" Ccl1="" OH2*"

VDWR® 1.65 1.65 1.60 1.90 1.70

EFFN¢ 7.0 7.0 6.0 6.0 7.0

ALPH® 1.80 1.40 2.14 2.07 1.20

CHARGE! 0.660 —0.080 —0.400 0.000 0.000

JD/JA® 1/0 1/0 02 0/0 2/2

EMINll1 —2.00 —2.00 —4.00 0 —4.00

RMIN' 1.60 1.60 1.40 0 1.40

TYP and sp>-amine: planar NH; sulfonamide- aromat. sp>-C water;

comment NH cation; sulfonamide- or sec. oxygen with H; turned to get the maximum
protonated Aminogroup acridine in the cavity of possible H-bonds
acridine-N10 of amsacrine

Selection orientated at amsacrine (1), Fig. 5

% Used in the intercalation cavity. ® Used in the B-DNA-grooves.

© Van der Waals radius of the probe [A]. d Number of effective electrons surrounding the probe.

¢ Polarizability of the probe [A - kcal’]. ! Electrostatic charge on the probe [eV].

& Maximum number of hydrogen bonds which the probe group can donate (JD) and accept (JA).
f‘ Energy value at the energy minimum of the hydrogen bond function [kcal mol~']. Bonding angle: parametrized with the type of probe (independent from EMIN).
! Hydrogen-bonding radius of the probe [A].
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Fig. 7:

Intercalation cavity of dCGCGCG, probe
Cl=, top view. The optimal position of
an aromatic intercalator parallel to the
base pairs (edge on alignment) is ob-
vious. Isoenergy contour field coding:
bold lines —4.2, grey lines —3.0 kcal
-mol ™!

Fig. 8:
Intercalation cavity of dCGATCG, probe
Cl=, top view. The interaction field is

much smaller than that of dCGCGCG,
see Fig.7 and text. Isoenergy contour
field coding: bold lines —4.2, grey lines
—3.0 keal mol ™"

bays and more extended decentral maxima of the interac-
tion fields positioned close to the backbone (Fig. 8). If a
DNA-substructure as thymine together with its part of the
backbone is studied on its own, the calculations with the
aromatic probe lead in this case to the compact decentral
interaction fields in the cavity (Fig. 8).

Moreover several other DNA hexanucleotides with vari-
able base pairs BP3 and BP4 were calculated. For exam-
ple dCGAACG, dCGTTCG and dCGCTCG revealed
strong asymmetric fields located “beyond” the Py-bases.
In this case an intercalation parallel to the base pairs
(edge on alignment position of the chromophore) should
be energetically less favored.

The probe N1= as hydrogen bond donor

The probe N1= as a hydrogen bond donor was used
(Figs. 5, 6) to get information about the best position of the
protonated N10 of the 9-anilino-acridine system. When
AMBER charges are applied, the isocontour plots indicate
strong field contributions in the center of the intercalation
cavity of dCGCGCG and “beyond” the guanine bases in
the cavity — as presented on the top view in Fig. 9.

In spite of the decentral maxima in combination with the
backbone influence (Figs.7, 8) there exists a significant
energy gain for an NH™ intercalator positioned in the cen-
tral dCG cavity. When looking into the cavity from the
front (base pairs perpendicular to the plane of view), rela-
tively high intercalation bands can be seen, which offer
incompletely planar intercalators a relatively high freedom
for the energetically favored intercalation.

In the case of dCGATCG some small interaction fields
with a maximal gain of energy are nearly centrally lo-
cated. Therefore a 9-anilino-acridinium drug is assumed to
intercalate preferably in the center of the cavity.

86

In summary the GRID interaction fields suggest that with
the exception of dACGPuPuCG and dCGPyPyCG an inter-
calation of an acridine moiety in the cavity parallel to the
base pair planes and in an edge on alignment orientation
seems energetically favored, locating the protonated N10
in the central region.

2.4.2. GRID analyses of the B-DNA grooves

There exists a variety of natural products and antitumor ac-
tive drugs which act mostly in a sequence selective manner
with one of the DNA-grooves or possess multibinding
modes of action [21, 37, 50, 59]. The factors of molecular
recognition of DNA grooves are represented by selective
hydrogen bonds, van der Waals forces and hydrophobic and
electrostatic contacts with the functionality on the “ground-
floor” and at the “edges” of the DNA helix [22, 73].

Therefore studies of the three-dimensional, electrostatic
characteristics of the DNA-grooves with GRID should
give rise to information about base sequence selectivity,
which is essential for the molecular recognition [21, 50, 60,
63]. The simulations should also give information about the
optimal orientation of the side chain of the 9-anilino-acri-
dines, reflecting interactions at the atomic level in the
grooves [32]. The characteristic DNA donor/acceptor func-
tions relevant for drug interactions are presented in Fig. 6.

2.4.2.1. GRID analyses of the major groove

Gene regulating enzymes prefer gliding along the broader
and more functionalized major groove [64—66]. It presents
more information to a groove-reading enzyme because of
its acceptor/donor sequences (major groove “AAD” or
“DAA” for C*G or G*C and “ADA” for A/T vs. minor

Pharmazie 54 (1999) 2
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Fig. 9:

Intercalation cavity of dCGCGCG, probe
Nl=, top view. The optimal position for
an N10-protonated acridine-N is slightly
beside the middle of the cavity beyond
the 6-membered rings of the guanine
bases. Isoenergy contour field coding:
bold lines —22, grey lines —10 kcal
-mol !

groove “AAA” for A/T and “ADA” for C/G, Fig.6).
Therefore analysing the interaction fields in the grooves is
worthwhile, though it was noted, that amsacrine also inter-
calates from the major groove to enter the ternary com-
plex with topoisomerase Ilo. [64, 68].

The probe O= as hydrogen bond acceptor

The probe O= simulates a sulfonamide-oxygen as in the
amsacrine derivatives (Fig. 5). The formation of hydrogen
bonds between drug and major groove to the bases Ade-
HN6 and Cyt-HN4 as donors is possible (Fig. 6). The
5'-BP,BP, -3’ base sequences dAG, dCG, dTG, dGG
and dGT show at —4.5kcalmol ' interaction fields
(Fig. 10), which are linked coherently and thus overlap
several base pairs (at least 2). A sequence selective bind-
ing of a drug is therefore possible because of the directive
effect towards these fields.

Especially with G*C as BP, widely extended and energe-
tically favored fields are produced as compared with other
base pairs. The optimum is reached for BP,,; with a cyto-
sine in the B-strand (as G*C), because in this sequence a
broad, overlapping 5'-BP,BP, -3’ GRID interaction field
for dAG, dCG, dTG or dGG is formed.

The probe N1 as hydrogen bond donor

The GRID probe N1 (a planar NH amino group, simulat-
ing N11-H11 of the amsacrine derivatives, Fig. 5) should
be able to form a hydrogen bond with the lone pairs of
Thy-O4, Gua-06, Gua-N7 and Ade-N7 (Fig. 6).

Around Gua-N7/-O6 a great coherent field develops and
about Thy-O4 and Ade-N7 an oval field is formed. GRID
shows that a maximum of energy gain is given in the dis-
tance of 2.8—3.1 A revealing a hydrogen bond to the O atoms.

2.4.2.2. GRID analyses of the minor groove

In general the group of DNA ligands like the molecular
small drugs prefer to bind to the minor groove of the
B-DNA, because more intensive interactions are possible
[48, 50, 60, 63]. Moreover the spine of hydration in the
minor groove, especially in the AT rich sequences, favors
drug binding in the context of an entropy driven interac-
tion [48, 50, 73]. In the minor groove the base pairs A/T
possess only acceptor functions (“AAA”, Fig. 6), in con-
trast to the C/G base pair (“ADA”, Fig. 6). Moreover for
AT sequences a high charge density in the minor groove
is characteristic [37, 67].

The probe O= as hydrogen bond acceptor

Hydrogen bonds are possible with the Gua-HN2 and
should be marked by the probe O= (Fig. 5, 6). The calcu-
lations revealed a gain of energy of —5.2 kcal mol™' for
an isolated guanine (in the base plane to Gua-HN2) and
up to —7.3 kcal mol ™! for the overlap area between dCG-
dimers; see Fig. 11. Thus an optimal interaction is given
for the dimer 5'-dCG-3'.

The probe N1 as hydrogen bond donor

In the minor groove many hydrogen bond acceptors exist
together in a narrow room (Fig. 6). Using the probe N1 as
a hydrogen bond donor (neutral amino NH-group, Fig. 5)
the magnitude of the interaction fields of the bases de-
creases as expected: Thy-02 (two free electron pairs) >
Cyt-02 (one free electron pair) > Ade-N3 = Gua-N3
(Fig. 12). The GRID fields of the bases are expanded
partly into the fields of the backbone.

In summary, the N1 probe of GRID calculations revealed
that A/T sequences are more favored than C/G sequences;

Fig. 10:

Major groove of dCGATCG, probe O=, front
view, BP4-6 are pictured. It’s an example of broad
base-pair overlapping fields in the major groove.
The field reaches from Cyt-HN4 of C5 (in the
middle) to Cyt-HN4 of C7 (lower right). The max-
imum (bold lines) is the optimal position for an
acceptor to build a hydrogen bond to Cyt-NH4 of
C5. The interaction field to Ade-HN6 (upper right)
is isolated at the chosen energy value of
—4.5 kcal mol™". Isoenergy contour field coding:
bold lines —6, grey lines —4.5 kcal mol !

Pharmazie 54 (1999) 2
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Fig. 11:

Minor groove of dCGCGCG, probe O=, front view of
BP4-6. The central area between the base pairs C5*G8
(central) and G6*C7 (lower) is favored, because both
fields of the G6- and G8-HN2 overlap. Moreover, if the
probe is set in this position, it can bind additionally at
both donor atoms, as for example with the sulfonamide-
oxygens. Isoenergy contour field coding: bold lines —6,
grey lines —4.5 kcal mol ™"

A/T-sequences produce, by the three point acceptor se-
quence “AAA”, coherent interaction fields inside a base
pair (Fig. 12). Thus drugs with groups of selectively loca-
lised hydrogen-bond donors will preferably ‘“read” the
floor of AT rich minor grooves for a maximum gain of
interaction energy.

The water probe OH2

The application of the probe OH2 simulates the preferred
spine of hydration in AT-rich sequences in comparison
with the discontinuing interaction fields of GC-sequences.
This is fully compatible with results from a variety of
crystal structures [48, 73].

2.4.3. Summary and conclusions of the GRID calculations
for the prediction of selective DNA interaction

e The acridines are anellated aromatic systems. GRID in-
dicates, that an “edge on alignment” intercalation of the
acridine moiety parallel to the planes of the base pairs
into the enlarged DNA cavity seems possible. The N10 of
the acridine ring can adopt an energetically favored central
position in the cavity in both the protonated and the de-
protonated forms.

5'-PuPu-3’ or 5'-PyPy-3' sequences lead to asymmetrical
fields mainly beyond the Py-bases, favoring a perpendicu-
lar intercalation — which is sterically prohibited for the
amsacrine derivatives due to the 9-anilino — side chain.

e Water molecules exhibit donor and acceptor properties.
GRID predicts well the experimentally proven hydration
of AT sequences in the minor groove [48, 50, 73].

e With the program GRID valuable predictions of the or-
ientation of the side chains of the 9-anilino-acridines in
the grooves are possible. The calculated interaction fields
reflect mainly the expected electronic and steric demands
of the acceptor and donor functions. Moreover the results
reflect the dimensions relating to space, overlap and addi-
tive interaction of these fields.

The major groove: The methoxy- or the sulfonamide O-
atoms as acceptor functions can build up hydrogen bonds
with Ade-HN6 or with Cyt-HN4. First of all dXG-di-
nucleotides like dCG produce optimal interaction fields.
The amino functions as donor functions of the ligands
show no sequence selectiviy towards Pu-N7 or Thy-O4.
Therefore only a trifling preference of dXG, dGX. dTX
and dXT is observed.

The minor groove: On one hand C/G sequences are disfa-
vored due to the steric effect of the Gua-NH2 group. This
sequence destabilizes the intercalation of the acridine ring
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by dragging it out of the cavity as well as revealing in-
coherent interaction fields (“ADA” functions, Fig. 6).

On the other hand hydrogen bonds between the sulfon-
amide group and Gua-NH2 or between the amino groups
of the 9-anilino-acridines and especially Cyt-O2 can be
formed in the minor groove (ligands with acceptor func-
tion). The GRID calculations predict the affinity of li-
gands with an acceptor function to G/C sequences, which
is verified by experimental methods, for example NMR
spectroscopy [46, 48, 58-60] and in special cases by alky-
lation reaction of some ligands at Gua-N7 [61]. Other
calculations gave similar results [22, 37, 46].

A/T sequences lead to coherent interaction fields in the
whole minor groove. Replacement of water molecules
from the minor groove is related to an entropy driven li-
gand binding. The NH partial structure of HN11 and of
the sulfonamide can be involved in hydrogen bonds to the
acceptor atoms of the AT bases.

Ligands with donor functions favor AT enriched minor
grooves: dXT, dXA, dAX (X = each base pair possible),
which is also verified in the literature [48, 50, 60, 73].
Base pair selectivity in the minor groove by ligands with
acceptor functions is observed while studying the inter-
action fields of dCG, dXG or dCX versus dGC or A/T
dimers: the first duplex types lead to broad, energetically
favored interaction fields versus the small or not coherent
fields of the dGC or A/T sequences. Moreover the GRID
simulations favor the interaction with dCG more than with
dCC, which is also experimentally supported [46, 59-61].

Fig. 12: Minor groove of dCGCGAG, probe N1, front view of BP4-6. The
preference for AT (middle) can be seen in this isoenergy contour
field. The optimum of hydrogen bond interaction points to the
two free electron pairs of Thy-O2, and a great overlapping field
around BP4/BP5 can be observed. Isoenergy contour field coding:
bold lines —5.5, grey lines —4 kcal mol ™

Pharmazie 54 (1999) 2
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2.5. Simulations of 9-anilino-acridine/DNA-complexes
by molecular dynamics simulations, molecular
mechanics and semiempirical MO calculations

2.5.1. Molecular dynamics simulations (MD)

A preliminary molecular modeling study of complete
DNA-drug complexes was performed in order to supple-
ment the interaction field analysis (chapter 2.4). The mole-
cular dynamics simulations were used to detect multiple
local minima [31, 56]. Thus the configuration space of the
intercalation complexes was scanned starting from a geo-
metry with the intercalator set in 13 A distance from the
“edge” base pair-atoms of the hexanucleotide cavity
(Fig. 13). This procedure was developed successfully in
the literature [38]. The MD calculations were run with
SYBYL [53], see chapter 3.5.1.

This arrangement of DNA and intercalator is heated peri-
odically to 500 K and cooled to 50 K (MD IA, Table 2,

Fig. 13: Two superposed starting conformations of N10-protonated amsa-
crine (1) in front of the base paired dCGATCG (start — MD IA,
see text)

Table 2: Molecular dynamics simulation cycles [38, 56]

chapter 3.5.ff.). The DNA is kept fixed. Similar MD simu-
lations with successful results are reported by Fantucci
et al. [56]. By heating to 500 K the intercalator gets enough
kinetic energy to be able to migrate towards the DNA on
the basis of electrostatic attraction. During the 50 K ses-
sions molecular recognition between DNA and intercalator
takes place. Thus this method should provide great advan-
tages over former simple molecular mechanics methods
for generation of intercalation complexes [16—19].

After partial or full intercalation or after the arrival on the
surface of the DNA (outside complexes), another heating-
cooling cycle is started, the so-called refinement MD IB
(Table 2) [56]. In the case of partially intercalated drugs this
following MD gives rise to fully intercalated complexes in
most cases. Further on the conformational freedom of the
complexes is checked and energetically favored conforma-
tional families can be found. This phase can be called the
step of molecular recognition at the atomic level.

After optimization of outside and intercalated complexes
(method II, chapter 3.5.2) minima were obtained for com-
parison, see Fig. 14.

The energetically favored intercalation complexes with the
side chain lying in the minor groove are characterized by
a nearly full intercalation of the acridine (top view,
Fig. 14) in a small angle relative to the long axis of the
base pairs of the cavity.

Intercalating into a dAT-cavity from the minor groove side
often shows the hydrogen bond ligand-HN11 ... Thy-O2
as predicted by the interaction fields calculated by GRID
(probe N1, Figs. 6, 12, 14). Intercalation into a dGC-cavity
from the minor groove side leads often to the hydrogen
bonds ligand-HN11...Gua-N3 or ligand-HN11...Cyt-
02.

On the basis of the calculated potential energies some
energetical relationships can be discussed (Fig. 15). The
contact of the 9-anilino-group with the narrow minor
groove is energetically favored throughout because of bet-
ter van der Waals-contacts compared to the major groove
(A 4.9-15.1 kcal mol ™! respectively) [17, 19, 73, 74]. By
intercalation from the minor groove side the dAT-cavity

no. Length Step interval Snap-shot

(fs) (fs) (fs)

Temp. Temp.-coupling

Non-bonded
contacts update

(fs) &) (fs)

Tolerance

Method TA: start MD with 13 A distance between DNA and ligand (length 16.9 ps)

1/3 3000 1 500 500 10 0.0001 1
2/4/6/8/10 2000 1 500 50 10 0.0001 1
5719 300 1 300 500 10 0.0001 1
Method IB: refinement MD of full or partial intercalated complexes (11.8 ps)

1 600 1 600 500 10 0.0001 1
2/4/6/8/10 2000 1 500 50 10 0.0001 1
3/5/7/9 300 1 300 500 10 0.0001 1
Fig. 14:

Energetically lowest complex of the
N10-protonated amsacrine (1) interca-
lated into dCGATCG, left side: top view
of the dAT-cavity (base pairs and acri-
dine parallel to the plane of view), right:
front view of BP3-5 (base pairs perpen-
dicular to the plane of view). The side
chain is lying in the minor groove,
showing the hydrogen bond from li-
gand-HN11 to Thy-O2 as predicted by
the GRID interaction fields (Figs. 1, 12).
See text. Hydrogen bonds: broken lines,
intercalator: bold lines
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Fig. 15: Survey of the potential force field energy and the partial terms A [kcal mol™'] of the intercalation complexes of the N10-protonated amsacrine 1, 3
and 4. The DNA hexanucleotide dCGATCG (= AT) and dCGGCCG (= GC) are fixed during the calculations, the side chain is lying in the minor
(min) or major (maj) groove. Stabilizing energy contributions yield negative values (upwards columns). Destabilizing contributions to the total
energy yield positive values (downwards columns). Energies are calculated according to the TRIPOS force field [53], see equation (3), chapter 3.5.2

of dCGATCG is slightly (amsacrine, 1) up to clearly
(0-AMSA, 4) favored.

In the major groove the interaction of the 9-anilino-group
at the dGC-cavity of dCGGCCG is favored by 1 and 3
(Fig. 15). 0o-AMSA (4) again favors intercalation into the
dAT-cavity from the major groove side of dCGATCG.
Amsacrine (1) even shows no base pair selectivity in ex-
perimental binding studies with DNA [51, 64, 69].

The ligands are forced out of their minimum conformations
to fit into the intercalation cavity. This energy difference
due to the induced fit yields A 4.9—7.3 kcal mol '. This en-
ergy range is fully compatible with citations in the literature
[31], and according to that the geometries of the intercalated
conformations are said to be thermodynamical stable.

Correlation with experimental data

No experimental thermodynamic data of amsacrine-DNA
complexes are so far available in order to correlate the
calculated values of AEpe gain With them. However, the
AE ¢t gain Of the minimum complexes by intercalation
from the minor groove side into the cavity of dCGATCG
as well as of dCGGCCG is correlated to the experimen-
tally determined hydrophobic term of the N10-protonated
acridines, expressed in R, values [10, 69, 81].

Thus the N10-protonated amsacrine (1) is the most lipo-
philic drug in this series and produces the highest energy
gain. In this group AMSA (3) is the less lipophilic congener
and shows the smallest energy gain in the intercalated state.

2.5.2. Calculation of the heat of formation
of the complexes

The quantum mechanical heat of formation of the mini-
mized intercalation complexes was calculated at the dinu-
cleotide level plus the intercalator as described in chapter
3.5.4. These calculations are a great advance when com-
pared with former studies which only compare the calcu-
lated values of the isolated bases or ligands; also while
calculating charge-transfer interactions [22, 70].

Again the ranking order amsacrine > 0-AMSA > AMSA
for the heat of formation of the intercalation complexes
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from the minor groove side into dCGATCG or
dCGGCCG is found. So the correlation with the R, va-
lues of the acridines is retained for the heat of formation
calculations as was found with the force field calculations.

2.5.3. Calculation of charge-transfer interactions

Charge-transfer interactions represent another contribution
to the stability of intercalation complexes [4, 22, 71]. In
this study the molecule orbitals are calculated for the first
time quantum mechanically combined for the complete
intercalation cavity dinucleotide plus the intercalator (see
chapter 3.5.5.) [22, 70, 72].

The HOMO is located in the purine base (adenine, gua-
nine); in the dAT-complexes always only one adenine is
involved. The pyrimidine bases (Thy, Cyt) do not partici-
pate in the charge-transfer stabilization effects. The LUMO
is nearly completely located in the acridine/N11 partial
structure of the 9-anilino-acridines (Fig. 16) [72, 75].

The results in short: the FMO calculations revealed, that
because of a) the localization of HOMO and LUMO in
different subsystems, b) of the energy difference of
5.3-5.8 eV between the FMOs, and c) because of the ade-
quate values of the p,-coefficients, charge — transfer inter-
actions have a high probability of existing in the N10 pro-
tonated 9-anilino-acridine/DNA complexes by intercalation
from the minor groove side [22, 72, 75]. In detail all
charge-transfer data show a small preference for dGC-
cavities, due to slightly higher p,-coefficients and with
5.3-54eV a smaller energy difference between the
FMOs [22].

2.6. Conclusions

The DNA-binding mode of the antitumor drug amsacrine
and its derivatives at the atomic level has not been solved
experimentally in detail until now. No X-ray structure of
an amsacrine derivative complexed with a DNA oligonu-
cleotide exists, and only some preliminary predictions of
their intercalation complexes have been reported [16—19].
Thus a detailed molecular modeling study is justified.

Pharmazie 54 (1999) 2
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Fig. 16: Frontier molecular orbitals (FMO) of the intercalation complex of
the N10 — protonated amsacrine 1 in dCGATCG (as shown in
Fig. 14). FMO’s were calculated for the dAT cavity plus ligand.
Upper part: The LUMO is nearly totally located in the 9-amino-
acridine. Lower part: The same complex as in the upper part is
shown. The HOMO is totally located in one adenine base

The interaction field analysis (GRID) favors an edge on
alignment intercalation of the acridine moiety of the 9-ani-
lino-acridines, orientated parallel to the planes of the base
pairs into the enlarged DNA cavity. Our preliminary
molecular dynamics simulations closing with a molecular
mechanics “fine tuning” revealed that the contact of the
side chain of the three drugs is throughout energetically
favored in the minor groove. While intercalating from the
minor groove side of the DNA-hexanucleotides the dAT-
cavity is slightly favored by amsacrine (1) up to clearly
favored by 0-AMSA (4). The interaction of the 9-anilino-
sulfonamide with the major groove is energetically favored
within the dGC-cavity by amsacrine (1) and AMSA (3),
whereas 0-AMSA (4) favors generally the dAT-cavity of
DNA.

A comparison of the experimental R,,, values as a lipophi-
licity parameter revealed a reasonable correlation with the
calculated AE, ¢ gain values of the minimum intercalation
complexes generated from the minor groove side into the
cavity of dCGATCG and of dCGGCCG. The N10-proto-
nated amsacrine (1) is the most lipophilic drug in this ser-
ies and produces the highest energy gain.

Moreover, the FMO calculations of the base paired dinu-
cleotide intercalation complexes predict a small preference
for the dGC-cavity. The GC-selectivity was also demon-
strated by our former results with other cationic intercala-
tors [22].

The advance of the study was

A) the detailed interaction field analysis of the DNA cav-
ity and grooves. The information can be used to design
new congeners with optimal binding properties or to
choose optimal DNA-sequences for example for molecular
modeling;

Pharmazie 54 (1999) 2

B) the new molecule dynamics procedure, which leads to
intercalation complexes primarily due to electrostatic prop-
erties,

C) the correlation of energy terms of the force field —
minimized intercalation complexes with experimental data,
and

D) the quantum mechanical analysis of the whole ligand/
dinucleotide complexes to get information about the stabi-
lizing charge transfer-interactions.

After further investigations with related 9-anilino-acridines
with the aim of consolidating and generalising the results,
the introduced methods and the given results can be used
to test the binding properties and DNA-affinity of newly
designed derivatives.

3. Experimental
3.1. Minimization of the ligands (chapter 2.1.)

For the conformational analyses of compounds 1, 3 and 4 the starting
geometries from X-ray analysis were used [12, 25-27]. The bioactive,
intercalating N10-protonated compounds are discussed [37, 51]. The semi-
empirical quantum chemical program MOPAC 6.0 [57] was employed for
minimization. Key words: AM1 VECT (or XYZ) MMOK CHARGE = 1
(last refinement: PRECISE).

3.2. Conformational analyses of the ligands (chapter 2.2.)

In the case of compounds 1 and 3 the bond C9—N11 was rotated in steps
of 10° (Fig. 1). During the MOPAC minimization (see chapter 3.1) this
C8a—C9—N11—C3' torsion angle a was fixed and the remaining molecule
was kept flexible [45]. For the compound 4 the studies were performed in
the range a 4+/—20° of the minimized crystal structure.

The conformation of the sulfonamide group was investigated using the
program MOPAC 6.0/AM1 [57]. As starting geometry a low energy con-
formation of amsacrine (1) was used. The torsion angle o
[C2'—C1'—N18—S19] was set to 0°, 45°, 90°, 135°, 180°, 225°, 270° and
315° (Fig. 1) and the torsion angle y [HN18—N18—S19—C22] was set to
0°,45°,90°, 135° and 180°. All 40 conformations obtained were then com-
pletely minimized (chapter 3.1).

3.3. B-DNA-hexanucleotide construction and minimization (chapter 2.3.)

The interactive DNA construction procedure is described in chapter 2.3,
see Fig.4. Energy minimization of the B-DNA hexanucleotide: AM-
BER-force field [40], implemented in the SYBYL 5.5 program package
[52]. The bases of the intercalation cavity including sugar-C1" were fixed.
The following parameters were used: nucleic acid specific AMBER charges
[41], AMBER united-atom model [40, 52], 800 iterations, non-bonded reset
= 2, dielectric constant = 4.0 [37, 42], distance dependent function. Hy-
drogens were added afterwards [53].

3.4. Interaction field analysis using the program GRID (chapter 2.4.)

GRID, version 9.02 [32, 33] was used to calculate the molecular or atomic
interaction positions. Partial structures of the DNA grooves or the interca-
lation cavities were chosen: key word CAGE. For each groove and probe
1-4 examples of the DNA hexanucleotides with slightly different confor-
mations were calculated.

The probes are adapted to 1 (Fig. 5, Table 1). GRID-point distance 1 A
(default). DNA phosphate groups are negatively charged. Their potassium
counter cations and the hydrogens are added by default (subprogram
GRIN). GRID — charges or charges from the nucleic acid — validated
program AMBER [33, 41] were used.

3.5. Simulations of 9-anilino-acridine/DNA-complexes by molecular
dynamics simulations, molecular mechanics and semiempirical MO
calculations

For the molecular mechanics and molecular dynamics calculations the re-
spective tools in the program package SYBYL 6.02 were used [53]. DNA
hexanucleotides: Gasteiger-Hiickel charges [53], no counter-ions; each
phosphate group has a charge of —1. N10-protonated ligands: MOPAC
6.0-AM1/ESP-charges [35, 57]. The application of “mixed” charge models
is validated by other DNA-ligand simulations in the literature [77, 78].

3.5.1. Molecular dynamics simulations (MD)

The base-paired DNA-hexanucleotides dCGATCG and dCGGCAG with
the enlarged cavity of 6.8 A between the base pairs BP3 and BP4 (Fig. 4)
were used.

As starting geometry the intercalator was set into position of about 13 A
distance related to the edge base pair — atoms of the hexanucleotide cavity
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(Fig. 13, for example: distance between acridine-H4 and -H5, Fig. 1, and
the major groove atoms Gua-O6 and Cyt-HN4, Fig. 6), see [38].

Starting from seven or eight with SYBYL interactively constructed starting
conformations for each groove of the hexanucleotide the MD calculations
were run. The following parameters were used: dielelectric constant = 4.0
[37, 39, 42], distance dependent function; non-bonded cutoff 20.0 A; NTV-
ensemble (N = constant number of n atoms in the ensemble, T, V = con-
stant; the kinetic energy of the systems was scaled after each time interval
at the given temperature).

Details of the cyclic process of the MD calculations, using SYBYL 6.02
[53]: Table 2.

3.5.2. Minimization of the complexes (molecular mechanics calculations)

Method II: SYBYL 6.02 [53], Powell conjugate gradient minimizer [36];
RMS-GRADIENT break-off criteria A 0.01 kcal mol™' A™', max. 1000
iterations. Non-bonded contacts: 8.0 A (default), dielectric constant € = 4.0
[37, 39, 42], distance dependent function.

B-DNA: fixed as aggregate [38]. This procedure has been approved in
related molecular modeling studies of DNA complexes [21, 22, 37]. On
the basis of the Tripos force field TAFF the gain of energy of the com-
plexes is calculated according to equations (1)—(3):

Force field [52-54]

Eio((SYBYL-TAFF) [kcal mol™'] = Epona stretching T Eangle bending T Etorsional
+ Evaw + Egi + Ei_avaw + E1_4g1 + Eout of plane bending (1)
which is combined to get [21, 22, 37]

AE et gain = Erot comptex — Brot DNA — Brot Ligana [keal mol 1. (2)

In the histograms given (Fig. 15) this AE;¢ gain is splitted into the relevant
terms for the aim of comparison:

AE et gain = AEgar + AE,qw + AEg, + AEg [keal mol '] 3)
AEgar = EBAT complex — EBaT DNA — EBAT ligand s
EBAT = Ecunformational energies — Ebond stretching + Eangle bending + Elosional strain >
AEqw = AEq4p der Waals interactions = Evaw complex — Evaw DNA — Evaw ligand 3
AEg; = AEcjectrostatic interactions = EEI complex — Egipna — Er ligand >
AEg = Eg complex Erpna — Er ligand >

Er = Eout of plane-bending T E1-4 van der Waals interactions T E1-4 electrostatic interactions -

3.5.3. Comment to chapters 3.5.1 and 3.5.2

The value for non-bonded cutoff was enlarged from 8.0 A (default value)
to 20.0 A, to enable an electrostatic attraction between ligand and DNA
[38]. The value of the dielelectric constant was set to 4.0 [37, 42] in order
to consider the influence of water molecules in vivo.

The MD method IA (Table 2) starting with conformations as pictured in
Fig. 13 also leads to “outside” complexes. Some of these complexes were
minimized by method II in order to compare them energetically with the
intercalated complexes. Some of the total or of the former “in part” inter-
calation complexes were minimized according to method II and used as
starting geometries for a subsequent refinement MD simulation according
to method IB. This often gave rise to a complete intercalation of the “in
part” intercalated complexes and gave information about relevant confor-
mation families and low energy complexes.

3.5.4. Calculations of the heat of formation of the complexes
(chapter 2.5.2)

The heat of formation AHf of intercalated ligand plus the surrounding di-
nucleotide together was calculated with MOPAC 6.0/AM1 [57]. Hydrogens
were added to the 5'- and 3’-oxygens of the cut off dinucleotide producing
hydroxy groups.

MOPAC key words: XYZ AM1 1SCF MMOK CHARGE = —1.

3.5.5. Calculation of charge-transfer interactions (chapter 2.5.3)

The molecular orbital (MO) calculations for analysing charge-transfer inter-
actions of intercalated ligand plus the surrounding dinucleotide together
were performed with MOPAC 6.0/AM1 [57]. The negative partial charge
of the phosphate groups was neutralized by adding hydrogens to the
5'- and 3'-oxygens of the cut off dinucleotide producing hydroxy groups.
MOPAC key words: VECT AM1 1SCF MMOK CHARGE = —1.

3.6. Hardware

The programs SYBYL 6.02 and GRID were installed on VAX 4000/90
and 4000/60 machines, Sybyl 6.31 on a SGI-High Impact, the MOPAC
calculations were performed on ALPHA machines DEC 3000 M300, DEC
2100 A500 MP or DEC 8400 5/300, Zentrum fiir Datenverarbeitung, Uni-
versitit Mainz. A TRANSDEC TT401 (DEC VT220) and an IBM RISC
RS 6000 computer as X-terminal were used.
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Synthese von substituierten Benzoylacrylsauren als potentielle Hemmer
der Phospholipase A,

P.

NUHN, A. HERRMANN und M. RADMAN

Langkettige Alkylbenzole wurden mit Maleinsdureanhydrid und substituierten Maleinsdureanhydriden zu Benzoylacrylsiu-
ren acyliert, die auf eine Hemmung der Phospholipase A, untersucht wurden. Das Isomerengemisch (Z/FE) wurde NMR-
spektroskopisch ermittelt. Einige Benzoylacrylsduren cyclisierten zu Hydroxybutenoliden.

Synthesis of substituted benzoyl acrylic acids as potential inhibitors of phospholipase A,

Long chain alkylbenzenes were acylated with maleic anhydride and substituted maleic anhydrides. The resulting benzoyl
acrylic acids were tested on phospholipase A,. The isomeric ratio (Z/E) of the benzoyl acrylic acids was estimated by
NMR spectroscopy. A few acrylic acids cyclized to hydroxybutenolids.
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