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d(CGCAAATTTGCG): in the 2:1 Solution Complexes as Determined by
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In the course of a study aimed at the synthesis of pyrrole amidine carboxamide DNA-binding
agents as novel pharmacological agents, a series of carbamoyl analogues of distamyecin,
containing an increasing number of pyrrole units, have been obtained by total synthesis. The
interaction of the tetrapyrrole carbamoyl 4 with the dodecamer d(CGCAAATTTGCG); in
comparison with that of the corresponding formylamino analogue 3 has been examined by high-
resolution 'H-NMR and molecular modeling. Either ligand binds to DNA in one-drug and
symmetric two-drug modes at low drug:DNA ratios, while at high ratios only the two-drug
complex was observed. In this article, the structure of 2:1 drugs DNA complexes has been
studied by NMR and molecular modeling, which indicate that the two analogues bind the DNA
in a similar fashion, in the minor groove of the 5-AATTT region. In both complexes the two
drugs are symmetrically placed along the complementary strands of DNA with the pyrrole
ring of one molecule in close contact with those of the other one. Although another region of
five consecutive A-T base pairs is available, no evidence of sliding of drug molecules between
different binding sites, as in the case of the 2:1 complex of distamycin with the same dodecamer,
is observed, thus indicating that increasing the number of N-methylpyrrolecarboxamide units

from three to four cases a lengthening of the recognition sequence.

Introduction

The increasing interest in the discovery of new DNA
selective binding molecules is due to their potential
activity as antiviral and antitumor drugs. The sequence
selectivity for DNA A-T rich regions is an important
feature of the naturally occurring oligo(N-methylpyr-
rolecarboxamide) antibiotics netropsin and distamycin.
The initial investigations on the structure—activity
relationships of distamycin derivatives and analogues
showed the favorable effect of increasing the number
of the pyrrole residues for the exhibition of antiviral
activity.l In the same direction points the comparison
of affinity for calf thymus DNA of distamycins with a
different number of residues of l-methylpyrrole-2-
carboxylic acid.?? Direct methods such as X-ray crystal
structure or NMR analyses of the appropriate complexes
may provide a molecular basis for the interaction of
these homologous oligopeptides with various DNA se-
quences, thus allowing to design analogues with in-
creased specificity. We have therefore undertaken a
study based on two-dimensional NMR spectroscopy of
complexes formed by selected DNA sequences with
distamycin analogues (2, 4), obtained by total synthesis,
containing three or four pyrrole units and a carboxamide
group in the place of the formylamino moiety (Chart 1).
This work has been carried out because of our high
interest in derivatives of pyrrole amidine carboxamide
antibiotics as antiviral, anticancer, and antiprotozoarian
agents. A preliminary evaluation of the antiviral and
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cytotoxic properties of compounds 2 and 4, exhibiting a
higher stability in aqueous solutions as compared to the
corresponding formylamino derivatives, reveals a sub-
stantial reduction in cytotoxicity and an increased anti-
herpes activity in relation to the number of N-meth-
ylpyrrolecarboxamide units, when compared with 1.4
Furthermore, a comparative NMR study of each of these
compounds with the corresponding homologues of dis-
tamyecin carrying the “natural” formylamino group could
give an insight into the effects of differently positioned
hydrogen bond-donating groups on DNA sequence se-
lectivity and/or biological activity. In a previous com-
munication® we reported the IH-NMR studies of the
interaction of compound 2 with the dodecamer d(CGC-
GAATTCGCG); which showed that this analogue, al-
though binding the Dickerson dodecamer less strongly
than distamycin, spans the central AATT segment in
the minor groove in a similar fashion. On pursuing this
investigation we have now observed that the above
dodecamer embodies compound 4 less efficiently than
the homologue 2 as a consequence of the increased
number of pyrrole rings which evidently imposes at AT
rich recognition site longer than four AT base pairs. As
a matter of fact, both compounds tightly bind the
dodecamer d(CGCAAATTTGCG): (AsT3 duplex) thus
forming kinetically stable complexes on the NMR time
scale. We wish to describe here the synthesis of the
carbamoyl tri- and tetrapyrrolecarboxamido analogues
of 1 and 8 (2, 4) and a modified synthesis of the
tetrapyrrole homologue of distamyecin (8), together with
the structure of the 2:1 complexes formed by the AsT;
duplex with 8 and 4 as determined by comparative 1H-
NMR.

© 1995 American Chemical Society
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Synthesis

The required 4-carbamoyl-1-methylpyrrole-2-carboxy-
lic acid (7) was obtained starting from 2-(methoxycar-
bonyl)-1-methylpyrrole-4-carboxylic acid (5)¢ whose chlo-
ride was treated with ammonium hydroxide under
Schotten—Baumann conditions to give the expected
2-(methoxycarbonyl)-1-methylpyrrole-4-carboxamide (6).
Alkaline hydrolysis of 6 provided 7 in an overall yield
of 70% from 5. Amino amidine derivatives 8a,b were
synthesized starting from 1-methyl-4-nitropyrrole-2-
carboxylic acid according to known procedures.” The
condensation of 7 and 8a,b to give the final products 2
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and 4 was carried out either by activation of 7 as
imidazolide, succinimidoyl, or benzotriazole ester or by
using condensing agents such as 1,3-dicyclohexylcarbo-
diimide (DCC), 1-[3-(dimethylamino)propyl]-3-ethylcar-
bodiimide hydrochloride (EDC), and [(benzotriazol-1-
yloxyltripyrrolidinophosphonium hexafluorophosphate
(PyBOP). The last method, using PyBOP in the pres-
ence of N,N-diisopropylethylamine (DIPEA), was found
to give the best yield (60%), in a much shorter reaction
time. Compound 3 was conveniently obtained by direct
condensation of desformyldistamycin 8b with 4-(formyl-
amino)-1-methylpyrrole-2-carboxylic acid (10) in the
presence of PyBOP and DIPEA, Acid 10 was in turn
synthesized by reaction of the corresponding sodium
4-amino-1-methylpyrrole-2-carboxylate (7) with formyl-
imidazole in a two-phase system (CgHg/H20) (Scheme
1). These conditions allowed the use of the easy-to-
handle formylimidazole, thus avoiding protective groups
for the carboxylic function. Purification of the final
products was performed by flash chromatography, fol-
lowed by a desalting procedure, using RP-18 silica gel.

Experimental Section

Melting points were determined by the capillary method and
are uncorrected. Infrared spectra were determined with a
Perkin Elmer 881 IR spectrophotometer and 'H-NMR spectra
with a Varian-Gemini 300 MHz BB spectrometer. The elec-
trospray mass spectra were recorded on a VG-Platform mass
spectrometer. Silica gel 60 (230—400 mesh) from Carlo Erba
Reagenti was used for flash chromatography and LiChroprep
RP-18 silica gel from E. Merck for desalting procedures.
Precoated silica gel 60 Fos4 sheets from E. Merck were used
for TLC which were developed with Ehrlich reagent or by
irradiation at 254 nm. Reagent grade solvents and other
chemicals were used as received. Final coupling reactions
were performed under an atmosphere of Ny using anhydrous
DMF (from Aldrich).

2-(Methoxycarbonyl)-1-methylpyrrole-4-carboxam-
ide (8). A solution of 2-(methoxycarbonyl)-1-methylpyrrole-
4-carbonyl chloride in benzene, prepared from 2-(methoxycar-
bonyl)-1-methylpyrrole-4-carboxylic acid (5) (1.83 g, 10 mmol)
with thionyl chloride (5 mL) in refluxing benzene, was added
dropwise to a cooled solution (0—5 °C) of aqueous ammonia
(100 mL). The resulting two-phase mixture was stirred for 1
h and then evaporated in vacuo, Water (150 mL) was added,
and a white solid precipitated which was collected, washed
with water, and dried to give amide 6, 1.4 g (77% yield): mp
147-149 °C; 'H-NMR (DMSO-ds) 6 3.75 (s, 3 H, COOCHs),
3.95 (s, 3 H, N-CHj;), 6.85—7.45 (br d, 2 H, NHy), 7.35(d, 1 H,
Ar H), 7.55(d, 1 H, Ar H); MS m/z (M*) 182. Anal. Calcd for
CsH;0N203: C, 52.75; H, 5.45; N, 15.39. Found: C, 52.53; H,
5.76; N, 15.01.

4-Carbamoyl-1-methylpyrrole-2-carboxylic Acid (7).
To a stirred suspension of 6 (1 g, 5.5 mmol) in 20 mL of water
was added 5.5 mL of 1 N NaOH. Progress of the hydrolysis
was followed by TLC. After completion of the reaction (1—1.5
h), the mixture was diluted with water and extracted with
ether. The aqueous layer was cooled and acidified with 6 N
HCl. The precipitated solid was collected, washed with water,
and dried to give acid 7, 750 mg (81% yield): mp 237—239 °C;
'H-NMR (DMSO-dg) 6 3.85 (s, 3 H, N-CHj;), 6.5 (br 5, 1 H,
-COOH), 6.83—-7.43 (brd, 2 H, NH,), 7.3(d, 1 H, Ar H), 7.5 (d,
1 H, Ar H); MS m/z (M%) 168. Anal. Caled for CsH(N20O3s: C,
50.00; H, 4.76; N, 16.66. Found: C, 49.84; H, 4.87; N, 16.51.

3-[1-Methyl-4-[1-methyl-4-(1-methyl-4-carbamoylpyr-
role-2-carboxamido)pyrrole-2-carboxamidolpyrrole-2-
carboxamido]propionamidine Hydrochloride (2). To a
cooled (0—5 °C) mixture of acid 7 (290 mg, 1.75 mmol) and
3-[1-methyl-4-(1-methyl-4-aminopyrrole-2-carboxamido)pyrrole-
2-carboxamido]propionamidine hydrochloride (8a) (605 mg, 1.5
mmol) in dry DMF (20 mL) were added PyBOP (927 mg, 1.75
mmol) and diisopropylethylamine (5 mmol). The reaction
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mixture was stirred for 1 h at 0—5 °C and then allowed to
attain room temperature. After 3 h of additional stirring, the
solvent was removed under reduced pressure. The crude
product was purified on silica gel (flash chromatography,
CHCly/MeOH/HCI, 1 N, 75:25:0.25, v/v/v) followed by desalting
on RP-18 silica gel, eluting first with HoO (200 mL) and then
with CH3;0H to give 2, 490 mg (63% yield): mp 221 °C dec; IR
(KBr) ¥max 3320, 1620, 1535, 1410 cm™!; tH-NMR (DMSO-dg)
6 2.62 (t, 2 H, CHy), 3.51 (q, 2 H, CHy), 3.83 (s, 3 H, N-CH3),
3.86 (s, 3 H, N-CH3), 3.89 (s, 3 H, N-CHj3), 6.95(d, 1 H, Ar H),
7.05(d, 1 H, Ar H), 7.21 (d, 1 H, Ar H), 7.27 (d, 1 H, Ar H),
7.29 (d, 1 H, Ar H), 7.55 (d, 1 H, Ar H), 6.98—7.42 (br d, 2 H,
NH,), 8.65—8.96 (br d, 4 H, amidine), 8.25 (t, 1 H, NH), 9.98
(br s, 1 H, NH), 10.12 (br s, 1 H, 1 NH); ESMS m/z M* —
HCl) 481. Anal. Calcd for C22HsCINgOy4: C, 51.01; H, 5.41;
N, 24.35. Found: C, 51.21; H, 5.51; N, 24.09.
3-[1-Methyl-4-[1-methyl-4-[1-methyl-4-(1-methyl-4-car-
bamoylpyrrole-2-carboxamido)pyrrole-2-carboxamido]-
pyrrole-2-carboxamidolpyrrole-2-carboxamido]propi-
onamidine Hydrochloride (4). This compound was obtained
as described above, starting from amine 8b (525 mg, 1 mmol)

and 4-carbamoyl-1-methylpyrrole-2-carboxylic acid (7) (415 mg,
1.2 mmol) to give 4, 385 mg (59% yield): mp 225 °C dec; IR
(KBr) vmax 3325, 1615, 1540, 1425 cm™!; 'H-NMR (DMSO-ds)
6 2.62 (t, 2 H, CHy), 3.51 (q, 2 H, CHy), 3.82 (s, 3 H, N-CH3),
3.85(s, 3 H, N-CH3), 3.86 (s, 3 H, N-CHj3), 3.89 (s, 3 H, N-CHjy),
6.96 (d, 1 H, Ar H), 7.05 (d, 1 H, Ar H), 7.06 (d, 1 H, Ar H),
7.18(d, 1 H, Ar H), 7.24 (m, 2 H, Ar H), 7.28 (d, 1 H, Ar H),
7.5(d, 1 H, Ar H), 6.85—7.4 (br d, 2 H, NH»), 8.56—8.94 (br d,
4 H, amidine), 8.21 (t, 1 H, NH), 9.89 (br s, 1 H, NH), 9.94 (br
s, 1 H, NH), 10.05 (br s, 1 H, NH); ESMS m/z (M* — HCl) 603.
Anal. Caled for CosH3sCIN105: C, 52.54; H, 5.31; N, 24.08.
Found: C, 52.20; H, 5.42; N, 23.80.
4-(Formylamino)-1-methylpyrrole-2-carboxylic Acid
(10). A solution of freshly prepared N-formylimidazole, ob-
tained by addition of HCOOH (30 mmol) to CDI (30 mmol) in
benzene (50 mL), was added dropwise, under vigorous stirring,
to a solution of 9 (1 g, 6 mmol) in 1 M NaxCO; (20 mL) obtained
according to known procedures.” After this addition, the
resulting two-phase system was stirred for 15 min, and then
the phases were separated. The yellow aqueous phase was
cooled in an ice bath and cautiously acidified with formic acid
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to pH 3.5 under vigorous stirring. The precipitated acid was
collected, washed with small portions of ice—water, and dried
to give 10, 810 mg (80% yield): mp 208—210 °C; tH-NMR
(DMSO-dg) 6 3.85 (s, 3 H, N-CHz), 6.75 (d, 1 H, Ar 1 H), 7.35
(d, 1 H, Ar 1 H), 8.15 (s, 1 H, -CHO), 10.12 (br s, 1 H, NH);
MS m/z M*) 168. Anal. Caled for CsHo(N2Os: C, 50.00; H,
4.76; N, 16.66. Found: C, 49.87; H, 4.83; N, 16.54.

3-[1-Methyl-4-[1-methyl-4-[1-methyl-4-[1-methyl-4-(for-
mylamino)pyrrole-2carboxamido]pyrrole-2-carboxami-
dolpyrrole-2-carboxamido]pyrrole-2-carboxamidolpro-
pionamidine Hydrochloride (3). This compound was
obtained as described above, starting from amine 8b (525 mg,
1 mmol) and 4-(formylamino)-1-methylpyrrole-2-carboxylic
acid (10) (415 mg, 1.2 mmol) to give 3, 415 mg (65% yield):
mp 218 °C dec; IR (KBr) vmax 3280, 1640, 1580, 1440 cm™};
'H-NMR (DMSO-de) 6 2.62 (t, 2 H, CHp), 3.51 (t, 2 H, CHy),
3.81 (s, 3 H, N-CHj3), 3.83 (br s, 9 H, 3 N-CHj;), 3.85 (s, 3 H,
N-CHj;), 6.91 (d, 1 H, Ar H), 6.95 (d, 1 H, Ar H), 7.06 (m, 2 H,
ArH),7.16(d,1H,Ar H),7.18 (d, 1 H, Ar H), 7.23 (m, 2 H, Ar
H), 8.12 (s, 1 H, -CHO), 8.21 (t, 1 H, NH), 8.61-8.92 (br d, 4
H, amidine), 8.89 (br s, 1 H, NH), 9.91 (br s, 1 H, NH), 9.94
(br s, 1 H, NH), 10.07 (br s, 1 H, NH); ESMS m/z (M* — HC])
603. Anal. Caled for CosH34CIN,;05: C, 52.54; H, 5.31; N,
24.08; Found: C, 52.10; H, 5.48; N, 23.65.

Materials and Methods. Synthesis of the Oligonucle-
otide. The self-complementary dodecamer d(CGCAAATTT-
GCG); was synthesized on a Beckmann 200A automatic
synthesizer using phosphoramidite chemistry and purified by
ion exchange HPLC on a Partisil 10 SAX column using a linear
gradient of KH,PO,-20% CH3CN, pH 7, from 10 mM to 0.35
M and desalted by gel filtration on a Biogel P2 column.

Sample Preparation. After lyophilization, the duplex was
dissolved in 0.5 mL of 10 mM sodium phosphate, 100 mM KCl,
0.2 mM EDTA in DO, pD 7.0, containing 0.1 mM 4,4-
dimethylsilapentane-1-sulfonate for chemical shift referencing.
The concentration was 2.5 mM in strands. Both drug and
DNA concentrations were determined spectrophotometrically
using the appropriate extinction coefficients.

NMR Spectroscopy. 'H-NMR experiments were recorded
at 298 K using a Bruker AMX500 spectrometer. For one-
dimensional spectra in D;0, 16 384 data points were sampled
over a spectral width of 5000 Hz using a 90° excitation pulse
and an acquisition delay of 1.5 s. Residual HOD signals were
suppressed by low-power decoupling. Spectra in HoO were
acquired by using the 1-3-3-1 observation pulse,’ sampling
16 384 points over a spectral width of 11 111 Hz. NOESY
spectra were recorded on the free DNA and the two complexes
of DNA—drug (1:2) at mixing times of 100, 150, 200, and 300
ms in the phase sensitive mode by using the time-proportional
phase increment scheme? with 2048 or 1024 points in the F2
dimension and 512 in F1. Data matrices were zero-filled to
4096 x 1024 complex points before Fourier transformation,
and the free induction decays were apodized by using a 90°—
shifted sine-squared bell in both. The phase sensitive double-
quantum-filtered COSY spectra were recorded with 2048
points in F2 and 512 in F1 and zero-filled in the same way,
and both scalar correlated data sets were apodized by using
60°-shifted sine-squared bells in both dimensions.

Molecular Mechanics Calculations. Compounds 3 and
4 were separately refined in the AMBER force field (using
Discover 2.8) to an rms energy gradient of 0.1 keal/mol/A. Point
charges for compounds 8 and 4 were determined from MN-
DO.!! The starting structures of the complexes were generated
using the molecular modeling software Insight II (Biosym Inc.,
San Diego, CA). The two drug molecules for each compound
were manually docked into a standard B conformation of the
12-mer duplex host, so that all the experimental intermolecu-
lar drug—drug and drug—DNA NOEs were satisfied. The
initial complexes were subjected to restrained energy mini-
mization in the AMBER force field (using Discover 2.8) to an
rms gradient of 0.1 kcal/mol/A, using a force constant in the
distance constraint penalty function of 32 kcal/mol/A.1® The
categorization of the NOE cross-peaks was based on the
measurements in the 50, 100, 150, 200, and 300 ms NOESY
spectra. The peak volumes were converted into strong,
medium, and weak distance constraint categories. All lower
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bounds were set at 1.8 A; upper bounds were 3.0 A for strong,
4.0 A for medium, and 5.5 A for weak constraints. A 12 A
nonbonded cutoff was employed, and a distance dependent
dielectric was used to simulate the effects of solvation.

Results and Discussion

The changes observed for the nonlabile proton reso-
nances in the 1H-NMR spectrum in D20 upon titration
of the free duplex d(CGCAAATTTGCG): to 2 equiv of
the ligand 8 are shown in Figure 1. At a ratio of drug—
DNA less than 1:1, the spectra are quite complex
because of the appearance of many new resonances. In
fact, as a consequence of slow exchange on the NMR
time scale of 8 to the duplex, all the signals belonging
to both the free dodecamer and the 1:1 complex are
observed. Furthermore, the asymmetry induced by
tight binding of the ligand to the oligomer causes a loss
of degeneracy and a consequent doubling of resonances
for selected signals, particularly those belonging to the
central A/T region. A set of new resonances, charac-
teristic of the drug H3 pyrrole protons, is also present
between 6.9 and 6.2 ppm. Upon further drug additions,
but still below the stoichiometric ratio, new signals
attributable to a 2:1 complex appear and the intensities
rise by increasing the amount of 3 up to 2.0 equiv. The
growth of the resonances corresponding to the 2:1
complex is accompanied by the concomitant falling off
of the signals due to the 1:1 complex which completely
disappear at a ratio of 2:1 drug—DNA. At this point,
DNA signals corresponding to only one strand of the
duplex are observed, thus indicating the 2-fold sym-
metry of the 2:1 complex. A complete reassignment of
all the resonances of nonexchangeable protons except
H5/H5” has been accomplished using the well-estab-
lished methodology based on a combination of NOESY
and DQF-COSY experiments!2-16 (Table 1). Particu-
larly, NOESY spectra acquired in DO showed all the
intranucleotide and internucleotide connectivities ex-
pected for a right-handed B-DNA, thus indicating that
the dodecamer retains this conformation upon binding
of 8. However, the evaluation of possible perturbation
at the binding site, such as small changes of the
glycosidic bond angles, would require a comprehensive
analysis of NOE buildup rates and a quantitative
analysis of internucleotide base to sugar NOE intensi-
ties,!5 which have not been carried out at the present.
The above experiment was also valuable to identify the
AH2 resonances by sequential A4H2—A5H2—-A6H2
NOEs and their weak cross-strand H2(1))-H1'G + 1)
NOEs. The assignments of H1” and H2"/H2” based on
sequential NOE connectivities were confirmed by DQF-
COSY. Table 1 shows that most of the significant
changes in chemical shift for DNA resonances induced
by binding of 3 are confined to the central segment.
Furthermore, the largest perturbations for the minor
groove protons, namely H1” and AH2, indicate that 3
binds via the DNA minor groove.

The next step was the assignment of the protons on
the concave side of the curved molecule of compound 3
in the complex by NOESY experiment in Ho0/D20, 9:1
(Figure 2). Once identified, the signals due to the formyl
proton in the spectrum (6 7.91), the H3, and NH, and
the C26CH; resonances (Table 2) were sequentially
assigned through the NOE network involving the drug
protons (Figure 3). The NOESY spectra in D20 and
H50 of the 2:1 complex contain many intermolecular
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Figure 1. 'H-NMR spectra acquired at several points in a titration of d(CGCAAATTTGCG); with compound 3, carried out in
D20 at 298 K; the numbers to the right of the spectra refer to drug:DNA ratios.

Table 1. NMR Assignments for Nonexchangeable Protons of d(CGCAAATTTGCG); in the Absence and Presence of 8 and 4 at 298 K

base He6/H8 H2/H5/CH; H1 H2’ H2”

C1 7.61/7.64/7.61 5.90/5.91/5.90 5.75/5.79/5.77 1.96/1.99/1.98 2.39/2.46/2.44
G2 7.92/8.01/8.02 5.86/5.90/5.94 2.67/2.72/2.72 2.69/2.81/2.83
C3 7.29/7.36/7.36 5.41/5.51/5.52 5.33/5.87/5.89 1.83/1.96/1.99 2.20/2.45/2.48
A4 8.19/8.54/8.50 7.10/7.58/7.60 5.78/5.48/5.42 2.64/2.83/2.72 2.87/2.98/2.95
A5 8.09/8.38/8.33 6.98/7.73/7.80 5.90/5.56/5.42 2.65/2.80/2.79 2.90/3.01/3.00
Ab 8.09/8.26/8.23 7.50/8.12/8.18 6.13/5.35/5.52 2.53/2.28/2.29 2.75/2.50/2.70
T7 7.10/7.12/7.08 1.22/1.44/1.44 5.94/5.53/5.53 2.03/2.41/1.63 2.59/2.72/2.41
T8 7.41/7.35/7.44 1.51/1.67/1.76 6.14/5.60/5.63 2.18/2.47/2.53 2.62/2.76/2.81
T9 7.27/7.27/7.19 1.65/1.80/1.78 5.57/5.31/5.29 2.07/2.00/1.93 2.46/2.10/2.00
G10 7.90/7.77/1.77 5.79/5.83/5.81 2.66/2.55/2.55 2.67/2.67/2.63
C11 7.34/7.34/7.35 5.41/5.40/5.41 5.77/5.73/5.76 1.89/1.98/1.97 2.34/2.36/2.35
G12 7.83/7.96/7.95 6.14/6.18/6.16 2.61/2.46/2.65 2.36/2.39/2.38

Table 2. TH-NMR Assignments for Drug Protons in the 2:1
3—d(GCGAAATTTGCG);: and 4—d(GCGAAATTTGCG).,
Complexes

proton 3 4
FH 7.91
H3-1 5.66 5.84
H3-2 6.22 6.20
H3-3 6.37 6.44
H3-4 6.16 6.16
C26CH, 1.32 1.49
2.30 2.29
NH-1 9.52
NH-2 9.70 10.08
NH-3 9.35 9.70
NH-4 9.73 9.45

drug—DNA and drug—drug contacts which can be used
to identify contact points between these molecules
(Figures 2, 4, and 5). The observed NOEs are collected
in Table 3a which also includes a very qualitative
indication of their relative strength. These data are
consistent with a model of the two drug molecules
binding simultaneously in the minor groove of the
central part of the dodecamer, with an antiparallel

orientation and in close contact to the 5-AATTT-3
sequence. NMR data also indicate a very high sequence
and orientational specificity in the 2:1 drug—DNA
complex. Because of the two possible antiparallel
complexes, only one is observed. In fact, each molecule
of drug binds with the formyl end close to the second
adenine base of one strand, in such a way that pyrrole
rings 1 and 2 are adjacent to pyrrole rings 4 and 3 of
the other molecule, respectively. We do not see any
evidence of sliding of the drug molecules between
different binding sites as in the case of distamycin
(Figure 6a) with the same dodecamer,!® since the model
depicted in Figure 6b alone accounts for each of the
observed intermolecular contacts.

Titration of the duplex with 4 produces, as in the case
of 8, a complication of the spectra caused by the
presence in solution of different species (free duplex, 1:1
and 2:1 complexes) in slow exchange on the chemical
shift time scale and by the doubling of many resonances
in the 1:1 complex due to the loss of symmetry induced
by drug binding. Gradual changes in relative intensities
of the signal corresponding to the ligand-free and
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Figure 2. Expansion of a NOESY spectrum in HsO of the 2:1 3-d(CGCAAATTTGCG); complex. The phase sensitive NOESY
was recorded at 298 K with a mixing time of 300 ms, as described under Materials and Methods. Intra- and intermolecular NOE
contacts of the drug amide protons are shown. The NOE network involving H3, NH, and formyl drug protons was used to sequential
assignment of drug resonances, once the formyl signal was identified.
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Figure 3. Intramolecular NOEs involving H3, NH, and formyl protons of compound 3, used for sequential assignment of drug

resonances in the complex.

complexed dodecamer are observed as the concentration
of the drug is increased. When the amount of drug is
twice as much as that of DNA, the only species present
in solution is the 2:1 complex. The degeneracy of the
signals belonging to both the complementary strands
of DNA and the ligand clearly shows that the duplex
has recovered the initial dyad symmetry upon binding
of the second drug molecule.

DNA proton resonances were assigned by NOESY and
2Q-COSY experiments,12-14 and the changes of chemical
shifts induced by the formation of the complex are
reported in Table 1. The pattern of shifts for DNA
resonances is very similar to that induced by 3, i.e,,
significant shifts are observed mainly for the central
segment, indicating a comparable binding site in the A/T
minor groove of the DNA host, This was confirmed by
the large number of DNA-ligand and ligand—ligand
NOEs (Table 3b) observed in the NOESY experiments
run in D20 and H20/D20, 9:1 (Figure 7).

It is to be noted that, owing to the lack of the formyl
proton in 4, the drug resonances could not be unam-
biguously assigned a priori by examination of the
NOESY spectrum in H3O as in the case of 8. However,
the whole of data provided by the NOESY experiments
allowed a confident assignment of the drug resonances
(Table 2) and a consequent identification of the inter-
molecular contacts as reported in Table 3, which led us
to logically conclude that there is no qualitative differ-
ence between the 2:1 complexes formed by the dodeca-
mer with 8 and 4. Models of 2:1 8-d(CGCAAATTTGCG);
(Figure 8, top) and 2:1 4-d(CGCAAATTTGCG); (Figure
8, bottom) were generated as described under Material
and Methods, by using semiquantitative intermolecular
drug—drug and drug—DNA constraints from NOESY
spectra. Analysis of the two energy-minimized struc-
tures shows no significant differences between the two
complexes, and in both models stacking interactions
appear to be important in stabilizing each complex. The
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Figure 5. Sugar H1’ proton region of 500 MHz phase sensitive NOESY spectrum in D,0 (298 K, 300 ms mixing time) of the 2:1
3—-d(CGCAAATTTGCG); complex. Intermolecular H3 drug—drug and H3—H1’ drug—DNA contacts are observed.

energy-minimized structure of the two 2:1 complexes
suggests that drug molecules are staggered with respect
to one another, in accord with the model about interac-
tions between p-systems,!? so that pyrrole rings 1—4 of
one molecule stack over the NH-5, NH-4, NH-3, and
NH-2 amide groups of its partner, respectively. On the

other side, the four pyrrole rings stack with the A6, T7,
T8, and T9 sugar oxygen atoms, respectively, suggesting
that these stacking interactions contribute significantly
to complex stability as in the case of 1:1 distamycin—,1®
netropsin—,!° and Hoechst 3325820—DNA complexes
and 2:1 distamycin—,1621 distamycin analogue—,22 and
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Figure 6. (a) Proposed sliding model for the 2:1 distamycin—
d(CGCAAATTTGCG); complex. Arrows indicates NOEs from
H1’ DNA protons to H3 and formyl drug protons. Experimen-
tal data are consistent with a model based on an equilibrium
among three structures: C1, C2, and C3. (b) Schematic of the
model for the 2:1 3—d(CGCAAATTTGCG); and 4—d(CG-
CAAATTTGCG), complexes. Intermolecular NOEs between
H1’ DNA protons and H3 and formyl drug protons are

indicated by arrows; dashed lines indicate intermolecular
drug—drug NOEs involving H3, formyl, and C26CH; protons.

netropsin analogue?3—DNA complexes. The interac-
tions of an aromatic ring stacking over a heteroatom
and over the conjugated ring system of the partner drug
molecule appear to play an important role in the fact
that increasing the number of N-methylpyrrole units
increases the stability of the complex.?

Modeling of the two 2:1 complexes indicates that in
addition to both drug—drug and drug—DNA stacking
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Table 3. Intermolecular NOEs

drug and drug and

drug DNA drug DNA

protons protons “strength” protons protons “strength”
(a) 2:1 3—d(CGCAAATTTGCG): Complex

FH A5HY s A5H2 w
C20CH. m H3-2 m—-w
A4H2 m H3-4 A5H2 s
A5H2 w ToHY m

H3-1 A5H2 m H3-1 w
AB6H2 m—w C26CH,; FH m
AGHY’ m A4H2 m
H3-4 w NH-1 A5H2 w

H3-2 A6H2 m NH-2 A6H2 m
T7HY’ m NH-3 AGH2 m
H3-3 m—-w NH-4 AGH2 m

H3-3 A6H2 m A5H2 w
T8HY’ m

(b) 2:1 4—d(CGCAAATTTGCG); Complex

H3-1 A5H2 m H3-4 A5H2 s
A6HY’ m T9HY’ m
AGH2 w H3-1 w
H3-4 w C26CH, A4H2 m

H3-2 A6H2 m NH-2 AB6H2 m
T7THY m A4HY m
H3-3 m-w NH-3 ABH2 m

H3-3 A6H2 m A5H1’ m
T8H1’ m NH-4 A6H2 m
A5H2 w ABHY m
H3-2 m—w A5H2 w

interactions, van der Waals contacts, electrostatic in-
teractions, and hydrogen bonds are important in stabi-
lizing the complexes. For the 2:1 3—d(CGCAAATTT-
GCG); complex, hydrogen bonds are observed between
NH-1 and A6N3 of strand (+), NH-2 and A6N3 of strand
(+), NH-5 and T802 of strand (+), and amidinium group
and A5NS of strand (—); the 2:1 4—d(CGCAAATTTGCG):
complex shows the same hydrogen bonds except for the
NH-1—A6N3 owing to the inversion of the amide bond.
However, the lack of this hydrogen bond seems to have
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Figure 7. Part of NOESY spectrum in H2O recorded at 298 K with a mixing time of 200 ms of the 4—d(CGCAAATTTGCG):
complex. Intermolecular drug proton NOEs and intramolecular drug—DNA proton NOEs are observed.
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Figure 8. Stereodrawing of the structure of the 2:1 3—d(CGCAAATTTGCG); (top) and 2:1 4—d(CGCAAATTTGCG), (bottom)
complexes, obtained by energy refinement using semiquantitative distance constraints from NOESY spectra (as described under

Materials and Methods).

no dramatic effect on the stability of the complex,
contrary to what we observed in the complex of com-
pound 2 with the Dickerson dodecamer, in comparison
to distamycin.® Formation of three center hydrogen
bonds between the drug amide groups or the drug
hydrogen bond acceptors NH and DNA hydrogen bond
donor atoms on the opposite strand of the duplex,
observed in several 1:1 DNA—drug complexes,'5-20.24.25
appears to be precluded in these 2:1 complexes, as well
as in 2:1 distamycin—,'%%! distamycin analogue—,?? and
netropsin analogue?’—~DNA complexes. In our models,
hydrogen bonds from the central amide groups NH-3

and NH-4 to adenine N3 and thymine O2 seem to be
prevented by the severe curvature of compounds 3 and
4 in the complexes, which causes the central part of the
molecules to be positioned too far from the ground of
the groove. Indeed stacking interactions between pyr-
role rings 2 and 3 with T701” and T801’, respectively,
are weak (about 5.0 and 5.4 A, respectively) in com-
parison with those observed between pyrrole rings 1 and
4 and A601’ and T901’, respectively (ca. 2.9 and 2.6 A,
respectively). The different curvature of compounds 3
and 4, compared to that of distamycin, could be respon-
sible for the different hydrogen bond patterns observed
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in our models with respect to the 2:1 distamycin—
d(CGCAAATTTGCG)s complex.16

Energy refinement of the 2:1 3—d(CGCAAATTTGCG);
and 4—d(CGCAAATTTGCG)z complexes indicates that
the phosphate backbone is flexible enough to allow an
enlargement of the minor groove, in such a way to
accommodate the two drug molecules side-by-side.
Minor groove widening has been observed as the result
of drug binding to A-T rich regions!62! as well as to G-C
rich regions,?627 thus suggesting that the intrinsic width
of the minor groove may be a less important factor in
determining the ligand-binding stoichiometry and speci-
ficity than was previously considered.

Conclusions

In this paper the total synthesis of two carbamoyl
analogues of distamycin, containing three and four
pyrrole units, is described, along with a modified
synthesis of the tetrapyrrole homologue 3. A compara-
tive lH-NMR study of the two compounds 3 and 4 with
the self-complementary dodecamer d(CGCAAATTTGCG)
has shown that for either ligands both 1:1 and 2:1
binding modes are possible. The data obtained on the
2:1 complexes indicate that they are qualitatively
identical and consistent with a model in which the
minor groove must expand to accommodate two drug
molecules, thus suggesting that the phosphate backbone
can be distorted in response to ligand binding. The
2-fold symmetry of the complexes, easily deduced from
IH-NMR spectra, points to an antiparallel orientation
of the two drug molecules. Intermolecular drug—DNA
and drug—drug NOEs show that the two molecules of
compounds 3 and 4 are located on the 5-AATTT-3’
sequence of the DNA duplex, and no sign of sliding of
the two molecules between different binding sites is
observed, notwithstanding that another region of five
consecutive A-T base pairs, namely the 5-AAATT-3’
sequence, be available. These data suggest an increased
specificity at the molecular level of compounds 3 and 4
in comparison with distamycin, which recognizes only
four consecutive A-T base pairs and shows sliding
between 5-AATT-3" and 5-ATTT-3’ binding sites in
d(CGCAAATTTGCG)2. Molecular modeling of the 2:1
complexes based on ligand—DNA and ligand-ligand
distance constraints derived from a semiquantitative
analysis of the NOESY data indicates that electrostatic
interactions, hydrogen bonds, van der Waals contacts,
and both drug—DNA and drug—drug stacking interac-
tions are important in stabilizing the complex. Stacking
of the conjugated ring systems of ligands in 2:1 com-
plexes and stacking of drug pyrrole over a heteroatom
seem to be a basic explanation for the fact that increas-
ing the number of N-methylpyrrole rings increases the
stability of the complex.

The most relevant difference between the 2:1 com-
plexes of d(CGCAAATTTGCG), with 3 and 4 is the
absence in the latter of an NH-1—A6N3 hydrogen bond,
which, however, does not show to have dramatic con-
sequences on the efficiency of the drug—DNA interac-
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tion. On the contrary the lack of NH-1 in compound 2
causes substantial difference in the binding affinity to
DNA, compared with distamycin. Therefore, the addi-
tion to distamycin of a further N-methylpyrrole unit
leads to a drug which recognizes a longer binding site,
whereas the inversion of the first amide bond produces
an increased stability in aqueous solution?® without
altering its interaction with DNA, Whether the higher
stability of 4 and its binding mode at the molecular level
can be related to its improved biological properties
remains to be determined. Such studies are ongoing
and will be reported in due course.
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