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Synthetic analogues of netropsin and distamycin — synthesis of
a new pyridine and carbocyclic analogues of the pyrrolecarbox-

amide antitumour antibiotics*
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A new series of pyridinecontaining analogues ITI-XXII of distamycin A and netrop-
sin was investigated by the molecular mechanics technique and molecular modelling.
A pyridine analogue of netropsin (VII) is described, the first compound based on mo-
lecular studies, and two carbocyclic analogues of distamyein A with an N-terminal
chloro- or bromoacetyl group (Via, Vila) were synthesized, as well as carbocyclic ana-
logues of netropsin (VIIIb, Xb), potential carriers of alkylating elements.

The potential use of VIa, VII, VIla, VIIIb and Xb as carriers to place into the minor
groove of DNA chemiecal groups capable of modifying DNA, is discussed.

The rapidly increasing body of knowledge in
molecular biology and the observation that
most anticancer agents are able to bind DNA
[1] have directed the interest of medicinal
chemists towards investigation of the mecha-
nism of the anticancer action and synthesis of
novel, potentially useful, DNA-binding com-
pounds. These compounds may be immediate-
ly taken advantage of for development of new
pharmaceutical agents [2, 3], artificial restric-
tion enzymes [4], as well as DNA probes [5]. In
recent years nonintercalative groove-binding
drugs have become objects of increasing inter-

est as potential antineoplastic agents [3, 6, 7].
Netropsin and distamycin are among the ear-
liest studied, and have become the paradigms
for this class of compounds. The sequence-
selective DNA-binding netropsin and distamy-
cin were conjugated to various functional
groups so as to deliver the drugs directly to
the DNA target, thereby reducing their non-
specific toxicity [6]. For example, analogues of
distamyein containing four pyrrole rings, in
combination with other cytotoxic agents, were
less toxie than netropsin and distamyein [8].
A distamycin A derivative, tallmustin (FCE
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24517), bearing at the N-terminus a benzoyl
mustard moiety instead of the formyl group,
has been found to display potent eytotoxic ac-
tivity on human and murine tumour cell lines
[9]. It is of particular interest to develop
ligands with GC base sequence selectivity be-
cause most of the known DNA minor-groove
binding compounds are AT-sequence-specific.
This interest stems from the observation that
regions of high GC content are commonly
found in genomes in mammals, including hu-
mans, and that a functional role for GC-rich
sequences is suggested by their frequent oc-
currence in genes associated with prolifera-
tion, among them in a number of oncogenes
[2, 10].

Most minor groove DNA-binding drugs, such
as distamycin, netropsin, Hoechst 33258, and
DAPI (4', 6diamidino-2-phenylindole) bind
with significant preference (10- 102 times) to
AT-rich sequences, and the preferred binding
sites contain a run of at least four AT [6, 7).
From early X-ray studies on the binding of
netropsin to an AT-rich DNA sequence a
model based on specific hydrogen bonding be-
tween the amide protons of netropsin and the
hydrogen-acceptor sites in AT minor groove
was developed, in which the amide protons of

f‘"\f"
ci TALLIMUSTIN

QE%Q,

PYRIDINE-3-CARBOXAMIDE-NETROPSIN

A Z‘“HQ’E Q{Q«

N-BROMOACETYLDISTAMYCIN

SIG

netropsin form bifurcated hydrogen bonds
with the adenine-N3 and thymine-02 of two
adjacent AT base pairs [11]. The hydrogen
bonding pattern in the minor groove allows to
discriminate between AT and GC base pairs.
The GC base pair presents two hydrogen-
acceptor (guanineN3 and cytosine02) and
one hydrogen-donor site (guanine-C2-NHj)
while at AT base pairs only two hydrogen-
acceptor sites (adenine-N3 and thymine-02)
are available [7, 12]. The expected GC recogni-
tion should involve a specific hydrogen bond
between a heteroatom of the ligand and the 2-
aminogroups of guanine bases protruding
into the minor groove. Wade & Dervan [13]
reported that replacement of a terminal N-
methylpyrrolecarboxamide unit of distamycin
with pyridine-2-carboxamide affords a new
DNA groove-binding molecule, pyridine-2-car-
boxamide-netropsin (Fig. 1), that accepts
mixed (GCHAT) base pairs in preference to
pure AT stretches of DNA.

The same approach was successfully used in
the lexitropsin series where pyrrole was sub-
stituted by imidazole and in the Hoechst
33258 series where a benzimidazole was re-
placed by a pyridoimidazole [6, 7, 14]. These
results offer hope for the design of more gen-
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Figure 1. The structures of some

analogues of distamycin A and
netropsin.
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eral sequence-specific DNA recognising mole-
cules. However, a fuller understanding of all
the forces involved in the recognition process
is needed to reach the point at which it would
be possible to rationally and reliably design
sequence-specific DNA binding molecules.

The substitution of heterocyelic rings by car-
bocyclic rings [15] yields lexitropsins which in
comparison with distamycin show reduced af-
finity to A-T pairs, increased affinity to G-C
pairs [16] as well as lower toxicity, and in-
creased antibacterial, antiviral and antitumor
activity [17]. The addition to lexitropsins of
compounds of known antitumor or antiviral
activity allows to modify their selectivity and
toxicity.

Of the alkylating groups widely used in the
synthesis of compounds with antitumor activ-
ity, such as ethyleneimino, haloacetyl or epox-
ide groups, or moieties of nitrogen and sul-
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Figure 2a. The structure of pyridine analogues of
distamyein A.

phur mustards, in syntheses of lexitropsin
mainly bromoacetyl, chloroacetyl and mus-
tard groups are used, for example, tallimustin
(FCE 24517; Fig. 1) is presently undergoing
clinical trials [18].

An analogous compound characterised by a
similar mechanism of action is N-bromoace-
tyldistamycin (Fig. 1) [19]. This compound
has an N-bromoacetyl group instead of the
formyl group, and a 3-dimethylaminopro-
pylamino group instead of the amidine group.
N-Bromoacetyldistamycin retains the A-T
preference of distamycin and can selectively
alkylate adenine-N3 sites in the minor groove.
From the point of view of interactions with
DNA, alkylating lexitropsins act by alkylating
purine bases. Their alkylating properties con-
cern the production, in a weakly acidic envi-
ronment, of carbocations by splitting off
strongly electronegative groups (Br~) or open-
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Figure 2b. The structure of pyridine analogues of
distamyein A.
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ing three-member rings (ethyleneimine, epox-
ide). Carbocations react with N7 of guanine or
N3 of adenine, blocking the processes of repli-
cation and transcription of nucleic acids.

In attempting to elucidate which structural
elements are important in ligand-DNA se-
quence recognition, we have focused on a
group of pyridine-containing distamycin ana-
logues. The behaviour of a series of pyridine-
containing analogues ITI-XXII of distamycin
A (Fig. 2) was examined by force field and
semi-empirical quantum mechanics calcula-
tions in order to predict their behaviour with
respect to isohelicity and closeness of fit
within the minor groove of DNA. We report
here the synthesis of the first compound,
which was synthesized on the basis of this con-
cept.

Netropsin and distamyein, and their ana-
logues are excellent carriers of alkylating ele-
ments. In this work we introduced lexitrop-
sins with an introduced N-terminal chloro- or

bromoacetyl group to a carboeyclic derivative
of distamycin containing two aromatic rings.

The synthesis of carbocyclic analogues of
netropsin in which N-methylpyrrole rings
were replaced by 1,3-disubstituted benzene
rings was accomplished in eight steps starting
from 4-hydroxyazobenzene-3-carboxylic acid.

Chemical formulas of distamycin and
netropsin analogues are shown in Figs. 3, 4
and 5.

MATERIALS AND METHODS

Part I: Molecular modelling

Computational analysis and restrained mo-
lecular modelling were performed on a
486DX2-66 Personal Computer using the pro-
gram HyperChem (version 3.0) [20]. Struc-
tures I-XXII were built within HyperChem
and minimized with MM+ (molecular model-
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REAGENTS AND CONDITIONS: (a) ICHJEO}:O; {b) KMnOQ,, H,O; () HCI; e
(d) CHgOH, HCI; (e) SOCI,, CyHg, DMF; (f) CH,Cly. (g) NaOH, H,0, C,H,0H; Figure 3. Synthesis of pyridine ana-

{h) CH3COOH; (i) (CH4)aN(CH,)gNH,, carbony!diimidazole, DMF

logue of distamyecin A — VII.
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ling) force field, in vacuo conditions, to pro-
vide reasonable standard geometry. The Hy-
perChem force field MM+ uses a 1993 parame-
ter set for MM2 [21]. Molecules were mini-
mized when there was a minimum energy
charge of less than 0.08 kJ/mol per iteration
[20]. The conjugate gradient method was used
for minimization. The lowest-energy conform-
ers thus obtained were submitted to AM1 cal-
culations to optimize their geometry and de-
termine atomic charge distributions. Mole-
cules were deemed to be minimized when the
gradient fell to less than 0.08 kJ/mol. Two
typical nonintercalative groovebinding com-
pounds, distamycin and pyridine-2-carboxa-
midenetropsin, were also investigated and
employed as template for molecular superim-
position.

D = ot
C=Cl
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E: :}*n- N —{CHz)4~ NIICHa)y 'HET ——=
Ha . 3

The model of the B-DNA d(CGCAGC
TTTGCG) duplex was built with HyperChem
3.0 which allows generation of structures by
specifying generalized helical parameters.
The structure generated in this way served as
starting geometry for molecular mechanics
minimization using Amber force field [22].
The electrostatic term was calculated using a
distance-dependent dielectric constant to
mimic solvent effects. After 800 cycles of en-
ergy minimization by the method of conjugate

gradient, the potential energy was decreased

to reasonable values without significant dis-
tortion of the initial structure.

A combined translational/rotational opera-
tion was used to insert the ligand at a symmet-
ric location into the minor groove of the B-
DNA d(CGCAGCTTTGCG) duplex. The natu-
rally curved shape of the ligand facilitated a
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pyridine, DMAP; (e) Ha/Pt; (f) BrCH2COBr; (g) HBr/H20; (h) CICH2COCI
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Figure 4. Synthesis
of carbocyclic ana-
logues of distamy-
cin A — Vla and
VIla.
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comfortable fit of the ligand in the DNA
groove. The terminal dimethylamine nitrogen
of the (dimethylamino)propyl tail of IIT was
modelled as fully protonated. This model was
subsequently optimized so that there were no
incorrect contacts between the DNA and the
ligand. Energy minimization was performed
using the force field MM+. The cut-off dis-
tance for non-bonded interactions was set at
12 A with a switching distance of 2 A. Solvent
effects were simulated the use of a distance-

Ib COOH

O O)om

. ﬂ] b  CONH(CH,);NMe,

HCI-H,N OMe

CONH(CH;)sNWe; HC
Vib \[/

VIIb CO

dependent dielectric of the form £ = R. The en-
ergy of the complex was minimized using con-
jugate gradient. Complex was deemed to be
minimized when the gradient fell to less than
0.1 kJ/mol.

Part II: Synthesis of analogues of distamy-
cin A and netropsin

Compounds VIa, VII, VIIa, VIIIb and Xb,
pyridine and carbocyclic analogues of dista-
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(a) CH3J, K2CO3, cyclohexanone; (b} HaN{CHa)3NMea; () NaOH, MeOH-H20; 4d) HC
{ed Ha/P1, EtOH: (1) SOCl2, CgHg: (g) EtgM, CHaCla; (h) 5, DMAP, pyridine;

Me
CONH{CHg);NMa;

CONH(CH;),NMez HC! Figure 5. Synthesis
of carbocycelic ana-
logues of netropsin
— VIIIb and Xhb.
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mycin A and netropsin were synthesized as
described below. The structures of the pre-
pared compounds were confirmed by analyses
of their IR, 'H- and 3C NMR spectra. Melting
points were determined on Biichi 535 melting-
point apparatus and are uncorrected. The IR
absorption spectra were recorded using a Spe-
cord 75 IR spectrophotometer (C. Zeiss, Jena)
and only the main sharply defined peaks are
reported. 'H NMR (200 MHz) and '3C NMR
(50 MHz) spectra were recorded on a Bruker
AC 200 F spectrometer, using TMS (tetra-
methylsilane) as an internal standard. Chemi-
cal shifts are expressed in 0 value (p.p.m.) and
coupling constants are given in J (Hertz). Mul-
tiplicity of resonance peaks is indicated as
singlet (s), doublet (d), triplet (t), quartet (q),
broad singlet (bs), and multiplet (m).

Thin-layer chromatograms were prepared on
precoated plates (Merck, Silica gel 60F-254).
Solvent systems (all proportions by volume):

Compound VII: (A), pyridine/ethy] acetate/
acetic acid/water, 5:5:1:3; (B), butanol/pyri-
dine/water, 6:4:3; (C), solvent (A)/solvent
(B), 1:1; (D), ethyl acetate/methanol/water,
3:2:2.

Compounds VIa and VIIa: (A), metha-
nol/acetone/xylene/25% ammonia, 7:1:1:1.

Compounds VIIIb and Xb: (A), pyri-
dine/ethyl acetate/acetic acid/water, 5:5:1:3;
(B), butanol/pyridine/water, 6:4:3; (C), sol-
vent (A)/solvent (B), 1:1; (D), ethyl ace-
tate/methanol/water, 3:1:1. All compounds
were visualized with short-wave ultraviolet
light.

Silica gel 60 (230-400 mesh ASTM) was
used for column chromatography.

Chromatographic methods and careful
analysis of NMR spectra ascertained the
structures and purity of all the compounds.
Location of the 'H NMR and 'C NMR signals
and IR absorption bands were compared with
those given in the literature [23, 24].

Synthesis of pyridine analogue of distamy-
c¢in A —VII

Preparation of compound VII (N, N'-bis[6-
(N-3-dimethylaminopropyl)earbamoylpyridin-
2-yl]pyridine-2,5-dicarboxamide) was satisfac-
torily achieved by standard chemical transfor-
mations according to the reaction sequence
shown in Fig. 3.

The 6-aminopyridine-2-carboxylic acid Il was
obtained after the acetylation and oxidation
the former. Treatment of Il with ethanol gave
the ethyl ester ITI.

The second key substrate, diacid dichloride
IV, was prepared by reaction of pyridine-2,5-
dicarboxylic acid with thionyl chloride in re-
fluxing benzene with a drop dimethylforma-
mide.

Condensation of diacid dichloride IV and
ethyl ester III in dry methylene chloride at
0°C afforded N,N “-bis(6-ethoxycarbonyl-2-pyr-
idyl)pyridine-2,5-dicarboxamide V. Transfor-
mation of ester V into the desired diacid VI
was achieved by hydrolysis with 2 M NaOH
with ethanol at 80°C for 1 hour. The aminoly-
sis of the above diacid VI with 3-dimethyl-
aminopropylamine in the present 1,1'-
carbonyldiimidazole gave the amine VII (m.p.
221-223°C (as dihydrochloride); IR (nujol,
em™'): 3300 (NH); 1690 (CO); 1550 (CONH);
1520, 1420, 990, 770 (Py); 1363 (CHg); 1132
(C-0); 'H NMR (DMSO-dg, 0): 1.94 (m, 2H,
CHy); 2.51 (t, 2H, CHzN(CHg)o); 3.07 (t, 2H,
CONHCH3); 3.39 (s, 6H, N(CHg)g); 8.13 (d,
1H, Cg-H); 8.42 (d, 1H, C4-H); 9.25 (s, 1H, Cg-
H); 8.28 (d, 2H, Cy5+-H, C;5--H); 8.05 (d, 2H,
Céal-Hj C_‘[a' ’"H); 7.86 {d, EH, C]_q"H, 014"*1'1—};
I3C NMR (DMS0-dg, 6): 150.70 (C2); 121.90
(C3); 138.07 (C4); 129.31 (Cb); 149.07 (C6);
161.23, 161.06 (C7', C7"'); 151.64, 150.15
(C9’, C9'); 146.00, 146.15 (C11', C11'");
121.00, 121.5 (C12', C12''); 138.99, 139.28
(X13’, €13"); 119.10, 120.70 (C14’, C14'");
163.95, 164.12'(C15', C15""); 36.72, 36.44
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(C17', C17""); 24.86, 24.99 (C18', C18'");
55.24, 55.46 (C19', C19'"); 42.90 (N(CHj)y).

Synthesis of carboeyclic analogues of dista-
mycin A — Vla and VIla

The starting material for the synthesis was
3,6-dinitrobenzoyl chloride (Ia). The transfor-
mation of this compound to desired products
(VIa and VIIa) is outlined in Fig. 4.

Compound Ia was condensed with 3-
dimethylaminopropylamine to obtain amide
IIa. Using reduction with sodium hydrogen
sulfide, one of the two nitro groups was re-
duced to amino, to yield derivative IIla. The
aromatic amine was reacted with 3-
nitrobenzoyl chloride, to give dipeptide IVa.
Compound Va was obtained by catalytic re-
duction of dipeptide IVa with hydrogen. The
reduction product was reacted with chloroace-
tyl chloride or bromoacetyl bromide in aceto-
nitrile, and two new N-chloro- and N-
bromoacetyl derivatives were obtained: Vla
(N-(3-dimethylamino)-propyl-3-chloroaceta-
mido-5-[(3-chloroacetamido)-benzamido]-
benzene-1-carboxamide; {IR, film, em™): 623
(C-Cl), 796 (Ar-H), 928 (Ar-H), 1310 (Ar-N),
1776 (C=0), 2500 (C-H), 3040 (N-H); 'H
NMR, CDg0D:CD3zCOCDg(1:1): 1.22 (m, 2H,
C-CH3-C), 1.43(s, 6H, N(CH3)s), 3.23 (m, 2H,
CHyNMey), 3.71 (m, 2H, CONHCHy), 4.18 (s,
4H, CH5Cl), 7.00-8.00 (m, 7H, Ar-H), 9.45
(bs, 1H, CONH), 10.26 (bs, 2H, CONH); 3¢
NMR, CD30D:CD3COCD; (1:1), 6: 41.69 (C-
CHy-C), 43.11 (CONHCHy), 54.90 (N(CHs)s),
55.14 (CH;NMes), 65.40 (CHoCl), 68.20
(CH5Cl), 126.80, 129.20, 129.80 (C2, C4, Cs,
C2', C4', C5', CB"), 144.20, 144.40 (C3, C3"),
132.10, 132.20, 132.80 (C1, C1', C5), 166.80
(CONH), 167.00 (CONH), 168.69 (CONH));
and VIIa (N«(3-dimethylamino)propyl-3-
bromoacetamido-5-[(3-bromoacetamido)-be-
nzamido]-benzene-1-carboxamide) {IR, film,
em™1: 590 (C-Br), 720 (C-H), 796 (Ar-H), 928
(Ar-H), 1320 (Ar-H), 1670 (C=0), 2820 (C-H),
3400 (N-H); 'H NMR, CD40D: CD5COCD;
(1:1): 1.89 (m, 2H, C-CH2C), 2.77 (s, 6H,

N(CH3)o), 3.13 (m, 2H, CHoNMey), 3.35 (m,
2H, CONHCHs), 4.11 (s, 4H, CHyBr),
7.00-8.50 (m, 7H, Ar-H), 9.63 (bs, 1H,
CONH), 10.60 (bs, 2H, 2xCONH); 1*C NMR,
CD30D:CD3COCDg (1:1): 41.89 (C-CH2C),
42.11 (CONHCHj), 53.21 (N(CHg)p), 54.12
(CHsNMes), 60.13 (CHyBr), 62.81 (CHgBr),
126.00, 128.30, 130.20, (C2, C4, C6, C2', C4',
C5', C6'), 144.40, 146.00 (C3, C3"), 166.60
(CONH), 168.12 (CONH), 169.57 (CONH)}.
Due to their instability and easy oxidation, the
primary aromatic amines (Illa and Va) were
converted to hydrochlorides.

Synthesis of carboeyclic analogues of
netropsin — VIIb and Xb

The required key starting material 4-
hydroxyazobenzene-3carboxylic acid I was
prepared by the method described by
Polaczkowa [25]. The convergent route of syn-
thesis followed by us is outlined in Fig. 5.

Treatment of Ib with methyl iodide in reflux-
ing cyclohexanone gave the methoxy methyl
ester IIb. Aminolysis of ester 1Ib with 3-
dimethylaminopropylamine gave the appro-
priate azoamide IITb in good yield. The nitro-
gen protecting azo group was removed by
catalytic hydrogenation at room temperature
and at atmospheric pressure to yield the de-
sired amine VIb. An examination of several
systems that could be used in catalytic hydro-
genation of azo group revealed the chloroplat-
inic acid/sodium borohydride system to give
the best results.

The second key substrate, acid chloride Vb,
was prepared starting from methyl 4-me-
thoxyazobenzene-3-carboxylate (ITb). The es-
ter ITb was hydrolyzed with 0.5 M NaOH in a
1:1 methanol/water mixture to give acid IVh.
Transformation of acid IVb into the desired
acid chloride Vb was achieved by treatment of
the acid with thionyl chloride in refluxing ben-
Zene.

Condensation of acid chloride Vb and amine
VIb in the presence of triethylamine in meth-
ylene chloride at room temperature gave the
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dipeptide VIIb. Catalytic reduction of the azo
group of VIIb to the amine derivative VIITb
(5-(5-amino-2-methoxybenzamido)-N-[3-(di-
methylamino)propyl]-2-methoxy-benzene-1-
carboxamide dihydrochloride) {m.p. 224-
226°C; TR (nujol, em™): 3360 (NH); 2910
(ArOCHgy); 2593 (CHN); 1653 (CONH); 1298
(NRg); 1260 (ArOCHg); 'H NMR (DMSO, 8):
2.07 (m, 2H, CHs); 2.91 (s, 6H, N(CHg)s); 3.23
(t, 2H, CHaN(CH3)s); 3.53 (t, 2H, CONHCH,);
3.98 (s, 6H, OCHg); 7.22-8.49 (m, 6H, Ary-H
Arg-H); lﬂ 56 (s, 1H, CONH); 10.74 (s, 1H,
CONH); 13c NMR (DMSO, 6): 23.90 (CHy);
36.31 (CONHCHg); 41.78 (N(CHga)s); 54.13
(CHyN(CHg)y); 56.08 (OCH3); 56.33 (OCH3);
112.20 (C3p); 112,32 (C3p); 121.42 (C14 Cyp);
123.62 (Cgp), 125.69 (C4p); 126.79 (Cgp);
127.17 (C4p); 130.24 (Csp); 140.95 (Csp);
156.12 (Coy); 159.95 (Cop); 164.01 (CONH);
170.21 (CONH)} proceeded satisfactorily, un-
der the reaction conditions similar to those
described in connection with the synthesis of
VIb. Condensation of acid chloride Vb and
amine VIIIb in the presence of a catalytic
amount of 4-{dimethylamino)pyridine gave
the tripeptide IXb in good yield. Catalytic hy-
drogenation of IXb gave the desired amine
tripeptide Xb (5-[6{5-amino-2-methoxybenza-
mido)-2-methoxybenzamido]-N-[3{dimethyl-
amino)propyl]-2-methoxybenzene-1-carboxa-
mide dihydrochloride) {m.p. 222-224°C; IR
(nujol, em™): 3387 (NH); 2800 (ArOCHy);
2580 (CHN); 1647 (CONH); 1502 (ArNH):
1347 (NRg); 1293 (ArOCHj3); 'H NMR
(DMSO, 4): 1.94 (m, 2H, CHy); 2.72 (s, 6H,
N(CHg)p); 3.05 (t, 2H, CH3N(CHg)g); 3.35 (1,
2H, CONHCHy); 3.83 (s, 3H, OCH3); 3.87 (s,
BH OCHgy); 3.88 (s, 3H, OCHj3); 7.01-8.43 (m
AjH Arg-H Arc-H); 10.15 (s,

CDN 3C NMR (DMSO0, 8): 24.04 [CI-lz]
36.32 {CDNHQHZ) 41.83 (N(CHg)); 54.22
(CHoN(CHg)o); 56.15 (OCH3); 56.18 (OCHy);
56.49 (OCH3); 112.23 (Cgp); 112.30 (Cap);
113.45 (Cac); 118.21 (Cy 4 C;p); 120.50 (C10);
121.26 (Cga); 122.12 (Cgp); 123.03 (Cyp);
123.32 (C4p); 123.66 (Cge); 124.78 (Cye);
128.32 (Csa); 132.09 (Csp); 186.09 (Ce);

150.48 (Caa); 152.54 (Cop); 153.06 (Cop);
163.96 (CONH); 163.98 (CONH); 165.07
(CONH)). The amine developed a dark colour
on exposure to atmosphere. Due to its inher-
ent instability and difficulty in storing this
compound, the hydrochloride salt of the
amine was prepared.

RESULTS AND DISCUSSION

Part 1

Computer-assisted molecular modelling was
used to determine structural analogies be-
tween pyridine-2-carboxamide-netropsin and
compounds ITI-XXII by way of the molecular
modelling software HyperChem 30, as de-
scribed in Methods. First, the input geome-
tries were generated and initially minimized
with the MM+ force field. The lowestenergy
conformers thus obtained were submitted to
AM1 calculations to optimize their geometry
and determine atomic charge distributions.
Two typical nonintercalative groove-binding
compounds, distamycin (I) and pyridine-2-
carboxamide-netropsin (II), were also investi-
gated and used as templates for molecular su-
perimposition.

Stevens [26] reported that the most potent
agent, a minor groove binder, has a distance
between the hydrogen bond donor sites of 9.2
A, which corresponds to the distance between
the two amide bonds in the low-energy con-
formers of I-VI and XII-XXII. The MM+
energy-minimized conformations of the com-
pounds shew that III-VI and XIII-XXII
molecules adopt a crescent-shaped conforma-
tion (Fig. 6) and it is reasonable to suppose
that they match the convex surface of the mi-
nor groove of DNA.

For the sake of clarity, only four compounds
from the whole data, ITI, XI, XVII and XXI,
are presented on the assumption that the ex-
amination of their conformational space
might provide information valid for other
closely related analogues. As an example,
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compound ITI has most of the conformational
features in common with compounds IV-VIL.
The minimized conformation of IIT had super-
imposed on that of pyridine-2-carboxamide-
netropsin (Fig. 7) fits well the structure of the
latter. The two structures have almost equal
steric dimension, and about 90% of them
could be overlaid. The nitrogen atom of the
terminal pyridine ring of IIl is located in a po-
gition corresponding to that of the pyridine ni-
trogen of pyridine-2-carboxamide-netropsin.
On the contrary, it seems too difficult to fit
properly to the minor groove the analogues
XIN-XXII because of their increased curva-
ture. If the terminal amido NH groups are po-
sitioned for hydrogen bonding, then the cen-
tral amido NH groups would be positioned too
far for hydrogen bonding to the DNA [11, 7].
These studies clearly show also that the length
of three pyridine units is optimal for this class
of compounds, and a further increase in the
number of heterocycles to target for a longer
DNA sequence is not feasible due to the phas-
ing problem [6] which arises because of the

Figure 6. Energy mini-
mized conformations
showing curvature of
XVII and XXI (top), XI
and I (middle} and I
and II (bottom).

lack of dimensional correspondence between
oligopeptides and oligonucleotides.

As a further attempt to demonstrate struc-
tural similarities between III and II, we con-
sidered their atomic charges. In the case of I1,
the amide hydrogen atoms carried charges of
0.254e, 0.235e, and 0.220e. A charge of
-0.140e was found for nitrogen atom of the
pyridine ring. The corresponding values in ITI

Figure 7. Superimposition of compound III
(green) and pyridine-2-carboxamidenetropsin
(red).
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were found to be, respectively, 0.261e, 0.238e,
0.229e, and -0.185e, showing a similar elec-
tron distribution in the two structures.

In order to explore to what extent hydrogen-
bonding plays a role in determining the bind-
ing preferences of III (Fig. 8), we have gener-
ated a molecular model for the 1:1 complex of
II1 with a B-DNA dodecamer d(CGC-
AGCTTTGCG) - d(GCGTCGAAACGC).

The energy-minimized structure of the
ligand-DNA complex is shown in Fig. 9.

The compound lies deep within the narrow
groove, inserted snugly between the sugar
phosphate walls and is slightly displaced from
the centre of the dodecamer. Selected dis-
tances between DNA and atoms of compound
III are listed in Table 1. Amide NH(2) and
NH(6) groups of III form hydrogen bonds to
the O2 atom of T7 and N3 atom of A16 at dis-
tances of 3.31 A and 2.92 A, respectively. Hy-
drogen bond distances between N2 of III and
N3 of Al8 and between N4 of IIl and N3 of
A17 became longer than 3.5 A after refine-
ment. These interactions are weak, although
they have the right geometry for being part of
threecentered H-bond systems. The nitrogen
atom of the terminal pyridine ring of III lies
opposite the amino group of G19, and the cati-
onic N,N-dimethylammonium group is dis-
placed away from the floor of the minor
groove, not interacting with the bases. The
molecular modelling indicates that the pyri-
dine nitrogen (N1) of III participates in a hy-
drogen bond with one amino proton of G19.
The compound III covers pairs C6-G19,
T7-A18, TE-Al17, and T9-A16. The proto-
nated terminal dimethylamine nitrogen of the
(dimethylamino)propyl tail is adjacent to a
negatively charged phosphodiester linkage.

The three pyridine rings of III are slightly
twisted so that each ring can be parallel to the
enclosing walls of the DNA minor groove. It is
possible that the pyridine rings were turned
by the calculated van der Waals contacts with
the walls of the groove, in the absence of pla-
narity restraints around the amide-pyridine
bond, reflecting resonance delocalization.
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Table 1. Hydrogen bond distances in the com-
plex d(CGCAGCTTTGCG) - d{GCGTCGAAA-
CGC) -1

- Compnunﬂ. Im

g DNA atom Distance (A)
N1 C2-NH2 (G19) 2.55, 3.70
N2 N3 (A18) 3.72
N2 02 (T7) 3.31
N4 N3 (A17) 4.16
N6 N3 (A16) 291

From the viewpoint of either valence bond or
molecular orbital theory, one would have ex-
pected these three aromatic rings to form a
single delocalized electronic system, with co-
planar rings. In long molecules this tendency
toward coplanarity could be opposed by the ef-
fect exerted by the walls of the minor groove,
which themselves are twisted as the groove
snakes up and around the helix cylinder. The
actual geometry of any given bond between
rings would represent a balance or trade off
between delocalization flattening and groove-
wall twisting. The binding of III within the mi-
nor groove has a relatively minor influence on
the DNA structure, in view of the fact that in
B-DNA the minor groove is intrinsically wider
in GC regions than AT [12]. The minor groove
opens up in the vicinity of the drug by
0.05-0.10 nm. Local helix parameters such as
twist, roll, rise and propeller twists are nearly
unchanged. Undoubtedly more data is needed
to further clarify the relative importance of

" ::{E."’"h':"*m:f;:.
P WL
5"0’%‘

1 2 3 45678 10 11 12
5'-CGCAGC GCG-3'
3'—GCGTCGAMCGQ—5'

24 232221201018 17 1615 141

Figure 8. Structures and numbering schemes for

compound ITl and the dodecadeoxyribonucleo-
tide.
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these factors. An accurate definition of the op-
timal binding site for III by molecular model-
ling alone has been hampered by the fact that
DNA fragment used in the model contains a
limited number of binding sites. Various dode-
camer sequences even though they exhibit a
similar general trend, show much dissimilar-
ity in the detail [12]. It is obvious that the in-
teraction model presented here must be vali-
dated by accurate physical measurements.
In addition to hydrogen-bonding interac-
tions, another predominant force in stabilis-
ing the drug-DNA complex is provided by the
van der Waals contacts between compound
IIT backbone atoms and the O4' atoms of the
sugars and other atoms of the sugar-
phosphate backbone forming the walls of the
narrow minor groove [6, 7, 27]. More recent
experimental work and theoretical calcula-
tions have suggested that the electrostatic at-
traction of the DNA for a cationic drug ana-
logue may overcome the purely steric effects,
and prevent a compound from exhibiting its
intrinsic GC preference [7, 12, 27]. Greater se-

quence selectivity was observed when one of
the two cationic ends of a netropsin analogue
was made uncharged (6, 28]. However, chang-
ing the amidine tail of distamyein to a (di-
methylamino)propyl group and the forma-
mide to hydrogen cause a decrease in binding
to DNA [29]. Compound ITI is monocationic at
the physiological pH values, therefore its se-
lectivity for 5 -AAAG-3 " sequence may derive
rather from the particular geometry of such
sequences than from electrostatic considera-
tions. The DNA flexibility will also be an im-
portant feature to consider. Because of the in-
herently lower flexibility of GC-rich regions,
the design of GC recognition elements will re-
quire extremely accurate matching of groove
and ligand surfaces, whereas a much cruder
match may suffice for AT recognition [12]. All
of these findings reveal a complex interaction
behaviour that is still far from being com-
pletely understood even though X-ray and
NMR techniques have provided a wealth of
structural data on some of complexes of DNA
and minor groove-binding drugs [11, 12, 28,
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Figure 9. Diagram of the molecular model of the complex of compound ITI with d{(CGCAGCTTTGCG)
*d(GCGTCGAAACGC) obtained by energy minimization.
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30]. Computational chemistry tools, on the
other hand, have also been used in an attempt
to assess the relative importance of the con-
siderable number of forces and conforma-
tional variables involved in the binding of this
family of compounds to DNA [6, 31-33]. It
seems that the groove-binding drug design is
more complex that anticipated, and that all
three effects — groove width, steric repulsion,
and electrostatic forces — must be taken into
account in order to create a family of true
sequence-reading drug molecules.

We feel that the approach described in this
paper may provide molecular frameworks
that may act as a source of inspiration for fur-
ther drug design. It seems that future studies
should be directed towards synthesis and bio-
logical testing of compounds ITII-VI. Work in
this area is in progress in our laboratory.

Part I

1. On the basis of molecular modelling, it
seems that the structure of the tripyridine
peptide might be a useful starting framework
for synthesis of selective DNA minor groove
binding molecules. Although some data point
to a positive correlation between DNA binding
and antitumour activity of compound, it is
usually accepted that DNA binding is a neces-
sary, but not sufficient condition for antitu-
mour activity. Our design is based on the as-
sumption that an ideal antitumour agent
should consist of two essential parts of com-
pound: (i) a recognition unit which serves as a
carrier and (ii) a functional moiety capable of
modifying DNA. Our rationale for considering
VII primarily as a vector for the delivery of
DNA interactive agents stems from the avail-
able literature data. Recent work on the tar-
geting of nitrogen mustard alkylating agents
to DNA by the use of DNA minor groove-
binding ligands has shown that this strategy
can greatly enhance both cytotoxicity in vitro
and antitumour activity in vivo of the mustard
moiety, when compared with untargeted mus-
tards of similar reactivity [9, 18, 34]. Such tar-
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geting can also significantly alter the pattern
of DNA alkylation by the mustard. For exam-
ple, tallimustine (FCE 24517) fails to produce
some of the typical lesions commonly associ-
ated with classical alkylating agents such as
alkylation of guanine N7 in the major groove
of DNA. Preliminary evidence suggests a simi-
lar mode of action to that seen for CC-1065 (an
extremely cytotoxic antitumour agent, a Strep-
tomyces zelensis fermentation product [B])
with alkylation of adenine N3 in the minor
groove of DNA [9, 35]. If it is assumed that the
antitumour activity of tallimustine derives
from the relatively low number of highly
sequence-specific sites of adenine alkylation
in the DNA of cancer cells, it may be postu-
lated that the damage occurs in those genes
that are particularly relevant for neoplastic
growth. A variety of DNA-cleaving compounds
have been covalently attached to distamycin
in an effort to increase the affinity of these
compounds for DNA, to give enhanced DNA
cleavage. Such complexes include the in-
tensely studied distamycin and penta-N-
methylpyrrolecarboxamide Fe''/EDTA com-
plexes [7, 36]. More recently, other DNA-
cleaving compounds, including enediynes and
other radical-forming moieties, have been suc-
cessfully linked to these peptides, altering
their ability to damage DNA [37, 38]. In view
of the above results, it becomes clear that the
activity of VIla can be modulated/improved
by side chain modifications, such as replace-
ment of one dimethylaminopropyl group by a
DNA-cleaving moiety.

Initial design of these linkers involved trial
and error and chemical intuition, but for a sys-
tematic, computer-based design of linker
groups one must know the precise positioning
of monomers on the DNA duplex. Work along
these lines is currently condueted in our labo-
ratories.

2. Products Vla and VIIa, in contrast to ha-
loacetyldistamycins, are compounds contain-
ing, like biologically active difunctional nitro-
gen mustards, bis-epoxides (Epodyl) or
aziridines (Thiotepa), two alkylating groups.
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Electrophilic, haloacetyl groups are separated
from each other by 14 atom chains, which in-
creases the possibility of simultaneous alkyla-
tion of both strands of B-DNA. Assuming that
compounds Vla and VIIa bind in the DNA mi-
nor groove in an identical manner like bro-
moacetyldistamycin or chloroacetyldistamy-
cin, the N-terminal group Br-CHy-CO{(CI-CHo-
CO-} should bind covalently to N3 of adenine.
The haloacetyl side group, situated outside
the minor groove, may alkylate other adjacent
purine bases, both in the same or the other
strand of the double helix. The above reaction
mode of these compounds with DNA is possi-
ble after they have assumed conformation
“A”, in which the haloacetyl side group is situ-
ated outside the minor groove of B-DNA,
whilst the three -CO-NH- groups of the main
strand of a described compound bind with hy-
drogen bonds to N3 of adenine or 02 of
thymine. However, an alternative reaction
mode of compounds VIa and VIIa with DNA
is possible, in which both haloacetyl groups
are situated inside the minor groove (confor-

Floor of DNA Minor Grooye

mation “B”). The two conformations are illus-
trated in Fig. 10.

In the second instance, both haloacetyl
groups can react with the adjacent purine
bases, whilst the dimethylamine group may
also make contact with the phosphate back-
bone. In both conformations it is possible for
the three -CO-NH- groups to participate in the
formation of hydrogen bonds. In conforma-
tion “B", compounds VIa and VIIa have
forms such as derivatives of m-phenyl-
enediamine with a structure similar to that of
lexitropsin, so-called “BIGBEN" compounds
[39], also displaying the ability to bind to
DNA.

3. The compounds VIIIb and Xb possess a
dimethylamino group in place of the amidi-
nium moiety normally present in netropsin.
The synthesis of C-terminus-modified ana-
logues, in which a dimethylamino moiety is
substituted for the parent amidine group, pro-
vides a number of advantages. First, the com-
pounds containing a modified terminus are
chemically stable, and thus the synthetic

Figure 10. Alternative conformations (A,
B) of compound VIla.

The arrows indicate the NH-groups able to par-
ticipate in the formation of hydrogen bonds
with DNA.
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methodology is readily adaptable to prepara-
tion of further analogues. Second, they are
not hygroscopic and are easy to handle. Third,
the dimethylamino group is uncharged, and
thus column chromatography or recrystalliza-
tion can readily purify products and interme-
diates, Finally, with a pK, about 9.3, this moi-
ety would be protonated at physiological pH of
7.4 to provide favourable electrostatic attrac-
tion to the negative electrostatic charge of the
DNA. The synthesis and purification of the
benzene analogues of distamycin have been
reported by Rao et al. [40].

The compounds VIIIb and Xb have the re-
quisite charged end groups and a number of
potential hydrogen-bonding loci equal to that
of distamycin. The backbone structures of
pyridine and benzene analogues of distamycin
suggest the possibility of interactions of these
compounds with DNA. The decrease in curva-
tures of X in comparison with distamyein is a
major difference between these ligands. The
hydrophobic convex edge of bound X faces
away from the hydrogen-binding region and
thus the replacement of N-methyl pyrrole by
benzene should not appreciably disturb the to-
tal binding interaction. It has been estab-
lished that the replacement of the N-methyl
substituent of distamycin by N-propyl or even
N-isoamyl does not prevent binding to B-DNA
[41]. Thus, three methoxy groups on the con-
vex face of VIIIb and Xb also might not pre-
vent binding to DNA.

DNA minor groove binding ligands such as
distamycin and netropsin can act as suitable
carriers for the alkylating functional groups,
and the resulting compounds can act as very
effective antitumour agents. We believe that
the carbocyclic analogues of netropsin, VIIIb
and Xb containing a terminal free amine
group can be used as vectors for delivery of
the DNA interacting agents, thereby produc-
ing new compounds that might be more effec-
tive in the treatment of cancer. Work in this
area is in progress in our laboratory.
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Determination of the biological properties of
compounds VIa, VII, VIIa, VIITb and Xb will
be the subject of a separate publication.
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