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The design, synthesis, characterization, DNA binding properties, and cytotoxic activity of a
novel series of hybrids, namely, a molecular combination of the natural antibiotic distamycin
A and the antineoplastic agent uramustine, are reported, and the structure-activity relation-
ships are discussed. This homologous series 29-34 consisted of the minor groove binder
distamycin A joined to uramustine (uracil mustard) by suitable aliphatic carboxylic acid moieties
containing a flexible polymethylene chain that is variable in length [(CH2)n, where n ) 1-6).
All the hybrid compounds in this series exhibit enhanced activity compared to both distamycin
A and uramustine derivatives 22-27 used for conjugation, giving IC50 values in the range
7.26-0.07 µM following a 1 h exposure of human leukemic K562 cells, with maximal activity
shown when n ) 6. The distance between the uramustine and distamycin frame is crucial for
the cytotoxicity, with compounds having linker lengths of four to six being at least 20-fold
more cytotoxic than liker lengths one to three. Taq polymerase stop experiments demonstrated
selective covalent binding of uramustine-distamycin hybrids to A/T rich DNA sequences, which
was again more efficent with compounds 32-34 with a longer linker length. Two consequences
can be derived from our study: (a) the distamycin moiety directs binding to the minor groove
of A/T rich DNA sequences and, consequently, is responsible for the alkylation regioselectivity
found in footprinting studies; (b) the higher flexibility due to a longer linker between the
distamycin and uracil moieties allows the formation of complexes with the mustard moiety
situated more deeply in the minor groove and, hence, with better alkylating properties.

Introduction

The putative mode of action of many antitumor agents
involves DNA damage; however, most of the DNA-
interacting agents have only a limited degree of se-
quence specificity, which implies that they may hit all
the cellular genes. DNA minor groove binders are one
of the most widely studied class of antitumor agents,
and the recent increased interest in this group of
compounds stems from their ability to interact in a
sequence-selective fashion at quite long DNA binding
sites, inducing a range of mutations from simple base
sequence changes to deletions.1-3

The prototype of this class of compounds is distamycin
A (1), a natural antibiotic isolated in 1962 in the
Farmitalia laboratories from the fermentation broth of
Streptomyces distallicus.4-6 It is characterized by an
oligopeptidic pyrrolocarbamoyl frame ending with an
amidino moiety. Distamycin A is able to interact revers-
ibly to the minor groove of double-helical DNA, recog-
nizing sequences containing at least four AT base pairs.
A combination of hydrogen bonding, van der Waals
contacts with the walls of the minor groove, and
electrostatic interactions between the cationic amidine

edge and the DNA contribute to the high affinity for
ligand binding.7-10 Despite its high DNA binding affin-
ity, distamycin A shows limited cytotoxicity and only
modest antitumor activity, which improved when alkyl-
ating moieties (such as nitrogen mustard, aziridine,
oxirane, halogen acetyl, and R-halogen acrylic functions)
were linked to the amino group of the desformyl
derivative of distamycin A, disclosing the possibility of
obtaining cytotoxic and antitumor agents by combining
a chemically reactive moiety with a DNA binding
frame.11-14

Nitrogen mustards are among the DNA alkylating
agents most widely used in chemotherapy.15 Uramus-
tine (uracil mustard) 2 is an inexpensive oral alkylating
agent that has been effective in the treatment of
patients with lymphosarcoma,16,17 chronic lymphatic
leukaemia,18 and thrombocythemia.19 Uramustine in-
teracts in GC-rich regions, being able to alkylate
guanine-N7in5′-PyGCC-3′(Py)pyrimidine)sequences.20-22

The concept of using a DNA minor groove binder, such
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as distamycin A or its modified analogues, as a vector
to deliver an alkylating function has been described in
the literature.23,24 In many cases, these hybrid com-
pounds failed to present significant advantages in terms
of activity, and in some cases, these derivatives even
lost antitumor activity. For example, hybrids between
distamycin and simplified enedyne moiety25 or interca-
lating chromophores, where the latter were exemplified
by anilinoacridine,26 ellipticine,27 and anthraquinone28

derivatives, have proved so far to be particularly unsuc-
cessful. In contrast, hybrids between minor groove
binders, exemplified by the combination of distamycin
with Hoechst 33258,29 anthramycin,30-33 and the alkyl-
ating moiety of the antitumor antibiotic CC-1065,34-36

have recently been reported and represent a success of
the hybrid drug approach.

In this article, we report the synthesis and in vitro
antitumor activity of a novel series of distamycin
conjugates, where the N-terminal pyrrole residue of the
distamycin A is linked to uramustine by a different
spacer (i.e., a polymethylene chain of varying length).
These derivatives differed in the number of methylene
units (one to six) between the N-terminal amino group
of distamycin and the uracil moiety. A flexible poly-
methylene spacer was chosen, allowing the nitrogen
mustard of uramustine to interact more closely with the
DNA target. An enhanced DNA binding affinity and
selectivity, along with increased biological activity, are
the potential advantages of hybrid molecules of this
type.

Chemistry

The synthetic route followed for the synthesis of
derivatives 29-34 is outlined in Scheme 1, and the
synthesis of these hybrid compounds required the
preparation of uramustine derivatives 22-27 bearing
a carboxylic acid moiety to provide a point of attachment
of the carrier deformyldistamycin A 28. One of the most
adaptable and useful synthetic strategies for the present
purposes is that previously reported by Martinez and
co-workers,37 where the syntheses of derivatives 23 and
24 were described.

Starting from the 5-nitro-1H-pyrimidine-2,4-dione 3,
it was alkylated at the N1 position, using commercially
available ω-bromoesters, to give the nitrouracil esters
4-9 (Scheme 1) in poor yield. This was likely due to
the prevalent and concomitant N3 alkylation. The
subsequent reduction by catalytic hydrogenation over
10% Pd/C in 2-methoxyethanol afforded the amino-
uracils 10-15, which were converted in acceptable yield
to the corresponding N,N-bis(2-hydroxyethyl)amino-
uracil derivatives 16-21, respectively, by reaction with
a large excess of ethylene oxide in acetic acid. Subse-
quent treatment with phosphorus oxytrichloride (POCl3)
afforded the corresponding dichloronitrogen mustards,
which were transformed into the desired uracilalkanoic
acids 22-27 by acid hydrolysis. These latter compounds
were in turn condensed with N-deformyldistamycin (28)
in dry DMF using 1-ethyl-3[3-dimethylamino)propyl]-
carbodiimide (EDC) as coupling agent to afford the
conjugates 29-34 in good yield after purification by
silica gel flash chromatography.

Results and Discussion

In Vitro Antitumor Activity. The effects of the
seven synthesized hybrid compounds 29-34 and ura-
mustine alkanoic acids 22-27 on tumor cell growth
were evaluated in vitro by using the human chronic
myeloid leukaemia K562 cell line and compared to the
effects of natural product distamycin A 1 and uramus-
tine 2. The antiproliferative effect was assayed by
determing the IC50 values after 4 days of cell culture
following a 1 h exposure, and the results are shown in
Table 1.

Only the uracil acetic acid 22, with an IC50 value of
33.50 µM, showed weak cytotoxic activity, while the
other alkanoicuracil derivatives 23-27 showed no sig-
nificant activity on K562 cell proliferation even at doses
of 100 µM. Uramustine gave an IC50 of 5.1 µM, and
therefore, the alkanoic side chain causes a significant
change in the biological properties of uramustine.37

As a result of the linking of distamycin and uramus-
tine via the polymethylene linkers [(CH2)n, with n )
1-6], the antitumor activity was markedly enhanced
relative to that of the parent compounds distamycin A
(IC50 > 100 µM) and uramustine derivatives 22-27
alone. Compounds 29-31 with methylene linker lengths

Scheme 1a

a Reagents: (a) NaH, DMF, then Br(CH2)nCO2Et with n ) 1-6;
(b) H2, 10% Pd/C, 2-methoxyethanol; (c) ethylene oxide, CH3CO2H/
H2O; (d) POCl3; (e) 37% HCl in water, reflux; (f) 9, Hunig’s base
(DIPEA), EDC, DMF, 24 h, room temp.
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of one to three, respectively, gave similar IC50 values
in the low micromolar range following a 1 h drug
exposure. When the methylene linker length was in-
creased (compounds 32-34, n ) 4-6, respectively), the
in vitro activity was increased by at least 20-fold with
IC50 values in the range 0.07-0.14 µM. Compound 34,
with the longest linker length in the series, was the
most active compound with an IC50 value greater than
1000 times lower than that for distamycin in this same
screen. With the exception of 31, all linked compounds
were more active than uramustine. In summary, there
was a large increase in cytotoxicity across the homolo-
gous series that cannot be explained entirely by changes
in mustard reactivity and may be related to alteration
of the orientation of the mustard with respect to the
DNA.

DNA Sequence Specificity. DNase I footprinting
experiments showed that 29-34 gave footprints at A/T
rich sequences with a noncovalent binding specificity
identical to that observed for distamycin and tallimus-
tine (data not shown). Compounds 32-34 were more
effective at producing footprints than 29-31. The al-
kanoic uramustine derivatives 22-27 produced no
evidence of footprinting at any concentration tested
(data not shown).

Sites of sequence-specific DNA alkylation produced
by the compounds 29-34 tested were determined using
the Taq polymerase stop assay38a (Figure 1). At a
concentration of 10 µM, the hybrid molecules 29-31
gave clear evidence of alkylation with several sites of
alkyation observed in the sequence analyzed (Figure
1A). The patterns of covalent modification were distinct
from that of cisplatin, which bound primarily at GG
sequences within the sequence. Compounds 32-34 gave
a comparable level of alkylation to 29-31 but at a 10-
fold lower dose (Figure 1B). Derivatives 22-27 did not
give significant alkylation at comparable doses (data not
shown). Further analysis of the sites of covalent modi-
fication for compounds 29-34 revealed three major sites
of sequence-specific alkylation, labeled 1, 2, and 3 in
Figure 1. These corresponded to the sequences 5′-
TTTTTG, GAAAAA, and TTTTTA, respectively. All six
derivatives bound at these sequences, but the relative
extent of alkylation at these sites differed between
compounds.

Alkylation at purine-N3 in the DNA minor groove was
confirmed using a thermal cleavage-based sequencing
assay.38b The results for compound 33 are shown in
Figure 2. Cleavage is observed at sites corresponding

to sites 1-3 observed using the Taq polymerase stop
assay. In contrast, no cleavage is observed with ura-
mustine at the same concentrations. This is consistent
with known alkylation of this compound at guanine-N7
sites in the major groove, which would not be detected
using the thermal cleavage conditions employed.

Molecular Modeling Studies. Molecular modeling
of the distamycin hybrid compounds performed over the
three DNA sequences (see Experimental Section for
details) demonstrates that in all cases, there exists a
hydrogen bond pattern formed between the NH moieties
of the ligand and the adenine N3 and thymine O2 atoms
that is similar to the pattern described for distamycin.7
Figure 3 shows a schematic representation of the
hydrogen bond pattern in the three studied sequences.

For each DNA sequence, two types of conformation
can be found, depending on the orientation of the uracil
5-substituent. In the first one, the uracil is inserted in
the DNA minor groove with the 5-substituent oriented
toward the bottom of the minor groove (inward confor-
mation), while in the second, the uracil still lies in the
minor groove but the 5-substituent is oriented away
from the minor groove (outward conformation). Figure
4 shows, as an example, both types of conformation for
compound 34 inserted into the 5′-TCGATTTTTGTGAT-
3′ DNA sequence. The hydrogen bond patterns due to
the distamycin moiety are clearly visible in the outward
conformation.

The number and the stability of each type of confor-
mation depended on the length of the linker between
the distamycin and uracil fragments. In compounds with
one or two carbon atoms (29 and 30), the smaller
flexibility of the molecule increased the number and the

Table 1. In Vitro Activity of Distamycin A, Uramustine, and
Compounds 22-27 and 29-34 against K562 Human Leukemia
Cell Linea

compd

in vitro
IC50 ( SEM

(µM) compd

in vitro
IC50 ( SEM

(µM)

distamycin A >100 27 >100
uramustine 5.1 ( 0.6 29 4.06 ( 1.03
22 33.50 ( 9.4 30 2.54 ( 2.23
23 >100 31 7.26 ( 5.88
24 >100 32 0.11 ( 0.02
25 >100 33 0.14 ( 0.05
26 >100 34 0.07 ( 0
a IC50 ) 50% inhibitory concentration as the mean ( SEM. The

mean is from dose-response curves of at least three experiments.

Figure 1. DNA sequence selective alkylation by 29-34 using
the Taq polymerase stop assay. The doses of 29-31 and
cisplatin (Pt) are 10 µM for 1 h, and the doese of 32-34 are 1
µM for 1 h. Lane C is a control lane from untreated DNA. Parts
A and B show the same representative region from two
different gels, and the three major sites of sequence-selective
alkylation by 29-34 are indicated by arrows. The sequence
at sites 1, 2, and 3 are 5′-TTTTTG, AAAACG, and TTTTTTA,
respectively.
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stability of the outward conformation. For example, for
29 inserted in the 5′-TCGATTTTTGTGAT-3′ DNA se-
quence, 12 outward conformations were more stable
than the less energetic inward conformation. In con-
trast, in compounds 33 and 34, the inward conformation
was preferred. In any case, however, the energy differ-
ence between both types of conformation is not high
(3-5 kcal/mol, data not shown).

In the inward conformation only, the mustard moiety
is in the appropriate orientation to allow efficient
alkylation of one or more DNA bases. Compounds 33
and 34 in which the inward conformation is more stable
show higher alkylation and cytotoxicity than 29 and 30,
where the outward conformation is more stable. Fur-
thermore, in compounds 33 and 34, the mustard moiety
is situated more deeply in the minor groove, near a
guanine moiety, and hence, the alkylation could take

place more easily. Figure 5 shows a comparative view
of the inward complex of both 29 (red) and 34 (blue)
inserted in the three DNA sequences studied. In each
case, the distance between the N3 position of the purine
and one of the CH2Cl groups of the mustard moiety is
shorter in the ligand with a longer linker.

Conclusions

In conclusion, the longer-chain-length compounds 32-
34 are more active than 29-31, where compound 34 was
the most reactive compound (IC50 ) 70 nM). All these
synthesized hybrids 29-34 showed an activity superior
to that of uramustine derivatives 22-27 used for
conjugation, and they were all found to be active as DNA
alkylating agents. Nevertheless, the hybrid approach in
this case has proved so far to be particularly advanta-
geous in terms of activity and represents an important
model for the design of new cytotoxic minor groove
binders, having disclosed the possibility of obtaining

Figure 2. Thermal cleavage assay for 33 and uramustine (U)
at 0.1 and 1 µM. Lane C is a control lane for untreated DNA.
G/A is a formic acid purine specific sequencing lane. Sites 1-3
correspond to the main sites of alkylation observed using the
Taq polymerase stop assay (Figure 1).

Figure 3. Left: schematic representation of the hydrogen
bond pattern formed between NH amide moieties of distamycin
and the DNA bases in a fragment of the 5′-CGCAAATTTGCG-
3′ sequence. Circles represent the N3 and O2 atoms of adenine
and thymine, which act as hydrogen bond acceptors. Right:
alignment of the three sequences studied.

Figure 4. Inward (left) and outward (right) conformations of
34 complexed with 5′-TCGATTTTTGTGAT-3′ DNA sequence.
In all complexes, there exists a hydrogen bond pattern due to
the distamycin moiety, which has been shown as an example
in the inward conformation.
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potent agents by combining moieties of mild cytotoxic
activity with a DNA binding frame derived from dista-
mycin A, acting as a sequence-selective vector. Also, in
this case the interaction with DNA tends to be domi-
nated by the minor groove binding moiety distamycin
A. In fact, hybrids 29-34 bind to the minor groove with
preferential interaction with AT-rich sequences. The
relatively higher cytotoxicity of hybrid 34, which has a
longer spacer than the other hybrids, supports the idea
that a proper length of spacer is important to achieve
good binding potency of the hybrid molecule with the
floor of the DNA minor groove while preserving optimal
positioning of the mustard for DNA alkylation capabil-
ity. Improved transportation of the compounds into the
cells due to the increased lipophilicity may also play
arole, since the longer-chain compounds 32-34 are more
cytotoxic.

Efforts to further clarify and define these results are
under study in our laboratories, including (a) structural
studies, such as DNase I footprinting experiments
performed using molecular probes mimicking a variety
of promoter sequences involved in cell-cycle progression
and neoplastic transformation, and (b) functional stud-
ies, such as gel shift and in vitro transcription.

Experimental Section

Chemical Materials and Methods. General Procedure.
All reactions were carried out under an inert atmosphere of
argon, unless otherwise described. Standard syringe tech-
niques were applied for transferring dry solvents. Reaction
courses and product mixtures were routinely monitored by
TLC on silica gel (precoated F254 Merck plates) and visualized
with aqueous KMnO4. 1H NMR spectra were recorded in the
given solvent with a Bruker AC 200 spectrometer. Chemical
shifts (δ) are given in parts per million (ppm) upfield from
tetramethylsilane. The splitting pattern abbreviations are as
follows: s (singlet), d (doublet), dd (double dublet), t (triplet),
br (broad), and m (multiplet). Melting points (mp) were
determined on a Buchi-Tottoli apparatus and are uncorrected.
All products reported showed 1H NMR spectra that are in
agreement with the assigned structures. Elemental analyses
were conducted by the Mycroanalytical Laboratory of the
Chemistry Department of the University of Ferrara. All
compounds obtained commercially were used without further
purification. Organic solutions were dried over anhydrous Na2-

SO4. Dry DMF was distilled from calcium chloride and stored
over molecular sieves (3 Å). In high-pressure hydrogenation
experiments, a Parr shaker on a high-pressure autoclave was
used.

General Procedure for the Synthesis of Compounds
4-9. To a well-stirred cooled 2 M solution of sodium hydride
(1.5 equiv) in dry DMF was added dropwise a 2.5 M DMF
solution of 5-nitrouracil 3 (1 equiv), followed by the addition
of the suitable ω-bromoester (1.6 equiv) after 1 h at 100 °C
and cooling with a ice-water bath. The solution was stirred
for 24 h at room temperature and concentrated under reduced
pressure. The resulting residue was dissolved in EtOAc and
washed with water (twice). The organic layer was dried on Na2-
SO4 and concentrated under vacuum, and the residue was
purified by silica gel flash chromatography (eluent AcOEt/
petroleum ether, 1:1).

Ethyl ω-N1-[5-nitro-2,4-(1H,3H)pyrimidinedione]acetate
(4): white solid; 186 mg (24% yield); mp 209 °C. 1H NMR (CD3-
COCD3): δ 1.72 (t, 3H, J ) 7.2 Hz), 4.72 (q, 2H, J ) 7.0 Hz),
5.29 (s, 2H), 9.67 (s, 1H), 11.4 (bs, 1H). 13C NMR (CD3-
COCD3): δ 13.52, 49.64, 61.77, 118.46, 133.43, 150.11, 154.21,
167.10. MS (EI) m/z: 243 (M+), 171, 156, 127, 83 (100), 56,
53. Anal. (C8H9N3O6): C, H, N.

Ethyl ω-N1-[5-nitro-2,4-(1H,3H)pyrimidinedione]pro-
panoate (5): white solid; 147 mg (18% yield); mp 172 °C (lit.10

170-171 °C). 1H NMR (DMSO): δ 1.17 (t, 3H, J ) 7.2 Hz),
2.66 (t, 2H, J ) 6.6 Hz), 4.09 (m, 4H), 9.26 (s, 1H), 12.04 (s,
1H). 13C NMR (DMSO): δ 13.46, 31.68, 44,86, 59.82, 124.07,
148.77, 150.89, 154.53, 170.15. MS (EI) m/z: 257 (M+), 212,
183, 127, 99, 83, 73, 55 (100). Anal. (C9H11N3O6): C, H, N.

Ethyl ω-N1-[5-nitro-2,4-(1H,3H)pyrimidinedione]bu-
tanoate (6): white solid; 180 mg (21% yield); mp 140 °C (lit.10

130-132 °C). 1H NMR (DMSO): δ 1.16 (t, 3H, J ) 7 Hz), 1.90
(m, 2H), 2.39 (t, 2H, J ) 7.4 Hz), 3.87 (t, 2H, J ) 6.8 Hz), 4.02
(q, 2H, J ) 7.2 Hz), 9.26 (s, 1H), 11.99 (bs, 1H). 13C NMR
(DMSO): δ 13.54, 23.11, 29.85, 48.09, 59.45, 124.46, 148.92,
150.27, 154.54, 171.82. MS (EI) m/z: 272 (M + 1), 242, 196,
123 (100), 115, 87. Anal. (C10H13N3O6): C, H, N

Ethyl ω-N1-[5-nitro-2,4-(1H,3H)pyrimidinedione]pen-
tanoate (7): white solid; 235 mg (26% yield); mp 133 °C. 1H
NMR (CDCl3): δ 1.26 (t, 3H, J ) 7.2 Hz), 1.72 (m, 4H), 2.4 (t,
2H, J ) 7.0 Hz), 3.94 (t, 2H, J ) 6.8 Hz), 4.15 (q, 2H, J ) 7.2
Hz), 8.78 (s, 1H), 8.85 (bs, 1H). 13C NMR (CDCl3): δ 14.20,
21.41, 28.42, 33.31, 50.26, 60.72, 125.41, 148.79, 148.79,
154.20, 172.97. MS (EI) m/z: 286 (M + 1 - 100), 267, 240,
210, 137, 129, 55. Anal. (C11H15N3O6): C, H, N.

Ethyl ω-N1-[5-nitro-2,4-(1H,3H)pyrimidinedione]hexan-
oate (8): white solid; 238 mg (17% yield); mp 125 °C. 1H NMR
(CDCl3): δ 1.25 (t, 3H, J ) 7.2 Hz), 1.41 (m, 2H), 1.73 (m,

Figure 5. Comparative views of the inward complexes of 29 (red) and 34 (yellow) inserted into 5′-CGCAAATTTGCG-3′ (left),
5′-TCGATTTTTGTGAT-3′ (center), and 5′-GGCCTTTTTACGGT-3′ (right) DNA sequences. In 34, the mustard moiety is situated
deeply in the minor groove and a shorter distance from the N3 atom of the purine (G10 or A10), conferring better alkylating
properties to the complex.
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4H), 2.33 (t, 2H, J ) 7.1 Hz), 3.93 (t, 2H, J ) 7.3 Hz), 4.13 (q,
2H, J ) 7.2 Hz), 8.77 (s, 1H), 9.14 (s, 1H). 13C NMR (CDCl3):
δ 14.22, 24.02, 25.63, 28.67, 33.74, 50.4, 60.52, 125.36, 148.61,
148.84, 154.17, 173.42. MS (EI) m/z: 300 (M + 1), 270, 254,
224, 151 (100), 143, 123. Anal. (C12H17N3O6): C, H, N.

Ethyl ω-N1-[5-nitro-2,4-(1H,3H)pyrimidinedione]hep-
tanoate (9): white solid; 271 mg (27% yield); mp 108 °C. 1H
NMR (CDCl3): δ 1.25 (t, 3H, J ) 7.0 Hz), 1.38 (m, 4H), 1.70
(m, 4H), 2.31 (t, 2H, J ) 7.2 Hz), 3.91 (t, 2H, J ) 7.3 Hz), 4.13
(q, 2H, J ) 7.1 Hz), 8.77 (s, 1H), 9.14 (bs, 1H). 13C NMR
(CDCl3): δ 14.24, 24.47, 25.89, 28.36, 28.81, 34.00, 50.55, 60.39,
125.33, 148.62, 148.78, 154.16, 176.63. MS (EI) m/z: 314 (M
+ 1), 295, 158, 109, 83, 69, 55 (100). Anal. (C13H19N3O6): C,
H, N.

General Procedure for the Synthesis of Compounds
10-15. A solution of nitrouracil ester 4-9 (5 mmol) and 10%
Pd/C (150 mg) in 2-methoxyethanol (20 mL) was hydrogenated
at room temperature and a pressure of 55 psi until TLC
analysis indicated complete reduction of the starting material
(2 h). The catalyst was removed by filtration, the filtrate was
concentrated, and the residue gave a white solid material
consisting of 10-15, which was kept under vacuum until ready
for use in the next step.

Ethyl 2-[5-amino-2,4-(1H,3H)pyrimidinedione]acetate
(10): white solid; 93% yield; mp 165 °C. 1H NMR (CD3OD): δ
1.27 (t, 3H, J ) 7.2 Hz), 4.22 (q, 2H, J ) 7.2 Hz), 4.44 (s, 2H),
6.88 (s, 1H). 13C NMR (CD3OD): δ 14.40, 50.01, 62.79, 124.06,
144.5, 151.61, 163.18, 169.71. MS (EI) m/z: 213 (M+), 140, 97,
86, 69, 55, 42 (100). Anal. (C8H11N3O4): C, H, N.

Ethyl 3-[5-amino-2,4-(1H,3H)pyrimidinedione]propan-
oate (11): white solid; 92% yield; mp 120-122 °C. 1H NMR
(CD3OD): δ 1.24 (t, 3H, J ) 7.2 Hz), 2.72 (t, 2H, J ) 6.6 Hz),
3.94 (t, 2H, J ) 6.7 Hz), 4.14 (q, 2H, J ) 7.2 Hz), 6.98 (s, 1H).
13C NMR (DMSO): δ 14.44, 34.12, 45.79, 61.92, 124.48, 144.0,
150.30, 163.14, 172.72. FAB (EM high resolution) calculated
for C9H13N3O4Na [M + Na]+: 250.0804. Found: 250.0804.
Anal. (C9H13N3O4): C, H, N.

Ethyl 4-[5-amino-2,4-(1H,3H)pyrimidinedione]butan-
oate (12): white solid; 93% yield; mp 175 °C. 1H NMR (CD3-
OD): δ 1.24 (t, 3H, J ) 7.2 Hz), 1.95 (m, 2H), 2.39 (t, 2H, J )
7.1 Hz), 3.72 (t, 2H, J ) 4.9 Hz), 4.10 (q, 2H, J ) 4.9 Hz), 7.05
(s, 1H). 13C NMR (CD3OD): δ 14.55, 22.92, 32.10, 44,94, 61.64,
125.77, 144.65, 152.99, 161.29, 172.98. MS (EI) m/z: 242 (M
+ 1) 196, 115, 112, 95, 86, 73, 61, 57. Anal. (C10H15N3O4) C,
H, N.

Ethyl 5-[5-amino-2,4-(1H,3H)pyrimidinedione]pentan-
oate (13): white solid; 90% yield; mp 150 °C. 1H NMR
(DMSO): δ 1.16 (t, 3H, J ) 7.1 Hz), 1.50 (m, 4H), 2.31 (m,
2H), 3.33 (m, 2H), 4.03 (q, 2H, J ) 7.1 Hz), 7.0 (s, 1H), 10.58
(s, 1H), 12.91 (s, 2H). 13C NMR (DMSO): δ 14.03, 21.44, 25.37,
32.97, 43.29, 59.61, 125.0, 143.68, 150.65, 158.66, 172.70. MS
(EI) m/z: 256 (M + 1), 210, 100, 57, 55. Anal. (C11H17N3O4):
C, H, N.

Ethyl 6-[5-amino-2,4-(1H,3H)pyrimidinedione]hexan-
oate (14): white solid; 93% yield; mp 176 °C. 1H NMR (CD3-
OD): δ 1.23 (t, 3H, J ) 7.1 Hz), 1.37 (m, 2H), 1.66 (m, 4H),
2.33 (t, 2H, J ) 7.3 Hz), 3.75 (t, 2H), 4.10 (q, 2H, J ) 7.2 Hz),
7.0 (s, 1H). 13C NMR (CD3OD): δ 14.64, 25.76, 27.20, 27.39,
34.97, 44.91, 61.49, 128.76, 144.69, 152.91, 161.38, 175.48. MS
(EI) m/z: 270 (M + 1), 224, 140, 114, 69, 61, 57. Anal.
(C12H19N3O4): C, H, N.

Ethyl 7-[5-amino-2,4-(1H,3H)pyrimidinedione]heptan-
oate (15): white solid; 97% yield; mp 98 °C. 1H NMR (CD3-
OD): δ 1.23 (t, 3H, J ) 7,1 Hz), 1.35 (m, 4H), 1.63 (m, 4H),
2.3 (t, 2H, J ) 7,3 Hz), 3.66 (t, 2H, J ) 7.1), 4.10 (q, 2H, J )
7.1 Hz), 6.92 (s, 1H). 13C NMR (CD3OD): δ 14.54, 25.83, 27.09,
29.70, 34.91, 49.13, 61.38, 123.96, 144.0, 151.37, 163.05,
175.45. MS (EI) m/z: 283 (M+), 238, 140, 127 (100), 83, 69,
55, 41. Anal. (C13H21N3O4): C, H, N.

General Procedure for the Synthesis of Compounds
16-21. To a solution of aminoesters 10-15 (1 mmol) in a 25%
aqueous solution of acetic acid (3 mL) cooled in a ice bath, cold
ethylene oxide (0.6 mL, 11.36 mmol) was added. The reaction
flask was sealed and allowed to reach room temperature

overnight. After this time, the solution was cooled and
neutralized with NaHCO3 (1 g) to pH 7. The mixture was
extracted with ethyl acetate (3 × 10 mL), and the organic
layers were combined and dried (Na2SO4). The crude residue
was purified by flash chromatography on silica gel using
EtOAc/MeOH as eluent (9.5:0.5, 9:1, 8:2, and finally 7:3).

Ethyl 2-[5-bis(2-hydroxyethyl)amino-2,4-(1H,3H)pyr-
imidinedione]acetate (16): brown gum; 135 mg (45% yield).
1H NMR (CD3OD): δ 1.28 (t, 3H, J ) 7.0 Hz), 3.12 (t, 4H, J )
5.4 Hz), 3.59 (t, 4H, J ) 5.4 Hz), 4.22 (q, 2H, J ) 7.1 Hz), 4.53
(s, 2H), 7.50 (s, 1H). 13C NMR (DMSO): δ 14.43, 50.03, 57.01,
60.33, 62.94, 125.21, 141.82, 152.05, 165.47, 169.61. FAB (EM
high resolution) calculated for C12H19N3O6Na [M + Na]+:
324.1171. Found: 324.1171. Anal. (C12H19N3O6): C, H, N.

Ethyl 3-[5-bis(2-hydroxyethyl)amino-2,4-(1H,3H)pyr-
imidinedione]propanoate (17): brown gum; 180 mg (57%
yield). 1H NMR (CD3OD): δ 1.27 (t, 3H, J ) 7.1 Hz), 2.78 (t,
2H, J ) 6.5 Hz), 3.15 (t, 4H, J ) 5.5 Hz), 3.60 (t, 4H, J ) 5.5
Hz), 4.00 (t, 2H, J ) 6.5 Hz), 4.17 (q, 2H, J ) 7.1 Hz), 7.52 (s,
1H). 13C NMR (CD3OD): δ 14.4, 33.8, 46.0, 56.9, 60.7, 62.0,
124.74, 142.3, 152.01, 165.16, 172.76. MS (EI) m/z: 338 (M +
23(Na)), 315 (M+), 284, 254, 154, 73, 55. Anal. (C13H21N3O6):
C, H, N.

Ethyl 4-[5-bis(2-hydroxyethyl)amino-2,4-(1H,3H)pyr-
imidinedione]butanoate (18): brown gum; 210 mg (63%
yield). 1H NMR (CD3OD): δ 1.24 (t, 3H, J ) 7.2 Hz), 1,98 (m,
2H), 2,39 (t, 2H, J ) 7.2 Hz), 3.13 (t, 4H, J ) 5.5 Hz), 3.57 (t,
4H, J ) 5.5 Hz), 3,77 (t, 2H, J ) 6.9 Hz), 4,11 (q, 2H, J ) 7.1
Hz), 7.4 (s, 1H). 13C NMR (CD3OD): δ 14.53, 25.14, 31.82,
48.88, 56.81, 60.85, 61.71, 125.37, 141.45, 152.22, 165.05,
174.44. MS (EI) m/z: 330 (M + 1), 329 (M+), 299 (100), 268,
180, 115, 87, 69. Anal. (C14H23N3O6): C, H, N.

Ethyl 5-[5-bis(2-hydroxyethyl)amino-2,4-(1H,3H)pyr-
imidinedione]pentanoate (19): brown gum; 140 mg (41%
yield). 1H NMR (CDCl3): δ 1.25 (t, 3H, J ) 7.05 Hz), 1.69 (m,
4H), 2.36 (t, 2H, J ) 6.5 Hz), 3.16 (t, 4H, J ) 4.7 Hz), 3.61 (t,
4H, J ) 4.7 Hz), 3.72 (m, 2H), 4.13 (q, 2H, J ) 6.99 Hz), 7.28
(s, 1H), 9.90 (s, 1H). 13C NMR (CDCl3): δ 14.23, 21.62, 28.23,
33.53, 48.44, 55.91, 59.77, 60.64, 123.80, 139.98, 150.26, 163.5,
173.44. MS (EI) m/z: 366 (M + 23(Na)), 343 (M+), 312, 298,
186, 129, 72, 55. Anal. (C15H25N3O6): C, H, N.

Ethyl 6-[5-bis(2-hydroxyethyl)amino-2,4-(1H,3H)pyr-
imidinedione]hexanoate (20): brown gum; 155 mg (43%
yield). 1H NMR (CDCl3): δ 1.26 (t, 3H, J ) 7.2 Hz), 1.36 (m,
2H), 1.66 (m, 4H), 2.31 (t, 2H, J ) 7.1 Hz), 3.17 (m, 4H), 3.60
(m, 4H), 3.72 (t, 2H, J ) 7 Hz), 4.12 (q, 2H, J ) 7.2 Hz), 7,35
(s, 1H). 13C NMR (CDCl3): δ 13.99, 20.83, 24.15, 28.42, 33.77,
48.34, 55.75, 59.59, 60.21, 123.48, 140.28, 150.29, 163.42,
173.45. FAB (EM high resolution) calculated for C16H27N3O6-
Na [M + Na]+: 380.1798. Found: 380.1796. Anal. (C16H27N3O6):
C, H, N.

Ethyl 7-[5-bis(2-hydroxyethyl)amino-2,4-(1H,3H)pyrim-
idinedione]heptanoate (21): brown gum; 105 mg (28%
yield). 1H NMR (CD3OD): δ 1.23 (t, 3H, J ) 6.9 Hz), 1.36 (m,
4H), 1.64 (m, 4H), 2.31 (t, 2H, J ) 7.4 Hz), 3.13 (t, 4H, J ) 5.5
Hz), 3.56 (t, 4H, J ) 5.5 Hz), 3.71 (t, 2H, J ) 7.1 Hz), 4.1 (q,
2H, J ) 7.2 Hz), 7.44 (s, 1H). 13C NMR (CD3OD): δ 25.83,
27.08, 29.67, 29.72, 34.91, 49.45, 56.85, 60.86, 61.40, 125.05,
141.83, 152.16, 164.97, 175.47. FAB (EM high resolution)
calculated for C17H29N3O6Na [M + Na]+: 394.1954. Found:
394.1965. Anal. (C17H29N3O6): C, H, N.

General Procedure for the Synthesis of Compounds
22-27. compounds 16-21 (1 mmol) were cooled in an ice bath,
and 2 mL of phosphorus oxychloride (20 mmol, 2 mL) were
added dropwise. The solution was heated at 100 °C for 1 h,
the solvent was evaporated under vacum, and then the residue
was dissolved in EtOAc (8 mL) and washed with water (3 mL).
The organic phase was dried (Na2SO4) and concentrated, and
the crude product was used for the next reaction step without
purification. The nitrogen mustard previously prepared start-
ing from 16-21 was dissolved in 36% hydrochloric acid (4 mL)
and heated at 100 °C for 3 h. The solution was cooled at room
temperature, diluted with water (10 mL), and extracted with
EtOAc (2 × 20 mL). The recombined organic phases were dried
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(Na2SO4) and evaporated in vacuo, and the residue was
purified by flash chromatography on silica gel using EtOAc
as eluent.

2-[5-Bis(2-chloroethyl)amino-2,4-(1H,3H)pyrimidinedi-
one]acetic acid (22): brown solid; 75 mg (24% yield); mp
158 °C. 1H NMR (CD3OD): δ 3.32 (m, 4H), 3.56 (m 4H), 4.36
(s, 2H), 7.41 (s, 1H). 13C NMR (CD3OD): δ 43.13, 51.22, 56.97,
123.78, 144.11, 152.50, 164.66. FAB (EM high resolution)
calculated for C10H14N3O4Cl2 [M + H]+: 310.0361. Found:
310.0361. FAB (EM high resolution) calculated for C10H12N3O4-
Na2Cl2 [M - H + Na2]+: 354.0000. Found: 354.0002. Anal.
(C10H13N3O4Cl2): C, H, Cl, N.

3-[5-Bis(2-chloroethyl)amino-2,4-(1H,3H)pyrimidine-
dione]propionic acid (23): brown gum; 165 mg (51% yield);
mp 200 °C (lit.10 206-300 °C). 1H NMR (CD3OD): δ 2.67 (t,
2H, J ) 6.4 Hz), 3.31 (m, 4H), 3.55 (t, 4H, J ) 6.8 Hz), 3.96 (t,
2H, J ) 6.4 Hz), 7.52 (s, 1H). 13C NMR (CD3OD): δ 34.88,
43.17, 46.64, 56.89, 123.00, 144.20, 152.19, 164.54. FAB (EM
high resolution) calculated for C11H15N3O4NaCl2 [M + Na]+:
346.0337. Found: 346.0338. Anal. (C11H15N3O4Cl2): C, H, Cl,
N.

4-[5-Bis(2-chloroethyl)amino-2,4-(1H,3H)pyrimidine-
dione]butanoic acid (24): brown solid; 170 mg (50% yield);
mp 129 °C (lit.10 130-130.5 °C). 1H NMR (CD3OD): δ 1.97
(m, 2H), 2.37 (t, 2H, J ) 7 Hz), 3.33 (t, 4H, J ) 6.5 Hz), 3.56
(t, 4H, J ) 6.6 Hz), 3.79 (t, 2H, J ) 6.9 Hz), 7.46 (s, 1H). 13C
NMR (CD3OD): δ 25.22, 31.64, 43.37, 49.05, 56.85, 123.53,
143.60, 152.40, 164.53, 176.49. FAB (EM high resolution)
calculated for C12H17N3O4NaCl2 [M + Na]+: 360.0494. Found:
360.0491. Anal. (C12H17N3O4Cl2): C, H, Cl, N.

5-[5-Bis(2-chloroethyl)amino-2,4-(1H,3H)pyrimidine-
dione]pentanoic acid (25): brown solid; 170 mg (49% yield);
mp 95 °C. 1H NMR (CDCl3): δ 1.72 (m, 4H), 2.42 (t, 2H, J )
6.1 Hz), 3.35 (t, 4H, J ) 6.1 Hz), 3.50 (t, 4H, J ) 6.2 Hz), 3.75
(t, 2H, J ) 6.3 Hz), 7.29 (s, 1H), 10.26 (s, 1H). 13C NMR
(CDCl3): δ 21.31, 28.20, 33.25, 42.77, 48.52, 55.60, 121.79,
143.13, 150.74, 162.92, 178.24. FAB (EM high resolution)
calculated for C13H19N3O4NaCl2 [M + Na]+: 374.0650. Found:
374.0652. Anal. (C13H19N3O4Cl2): C, H, Cl, N.

6-[5-Bis(2-chloroethyl)amino-2,4-(1H,3H)pyrimidine-
dione]hexanoic acid (26): dark gum; 175 mg (48% yield);
mp 105 °C. 1H NMR (CD3OD): δ 1.39 (m, 2H), 1.68 (m, 4H),
2.33 (t, 2H), 3.34 (t, 4H), 3.56 (t, 4H, J ) 6.5 Hz), 3.74 (t, 2H,
J ) 7.1 Hz), 7.49 (s, 1H). 13C NMR (CD3OD): δ 25.58, 26.93,
29.62, 34.63, 43.38, 49.42, 56.81, 123.00, 143.78, 152.50,
164.49, 177.00. FAB (EM high resolution) calculated for
C14H22N3O4Cl2 [M + H]+: 366.0987. Found: 366.0989. Anal.
(C14H21N3O4Cl2): C, H, Cl, N.

7-[5-Bis(2-chloroethyl)amino-2,4-(1H,3H)pyrimidine-
dione]heptanoic acid (27): brown solid; 200 mg (52% yield);
mp 82 °C. 1H NMR (CD3OD): δ 1.38 (m, 4H), 1.61 (m, 2H),
1.68 (m, 2H), 2.29 (t, 2H, J ) 7.4 Hz), 3.33 (t, 4H, J ) 6.2 Hz),
3.55 (t, 4H, J ) 6.5 Hz), 3.73 (t, 2H, J ) 7.2 Hz), 7.48 (s, 1H).
13C NMR (CD3OD): δ 25.9, 27.1, 29.7, 34.8, 43.3, 49.3, 56.7,
123.26, 143.84, 152.31, 164.51, 177.71. FAB (EM high resolu-
tion) calculated for C15H23N3O4NaCl2 [M + Na]+: 402,0963.
Found: 402.0972. Anal. (C15H23N3O4Cl2): C, H, Cl, N.

General Procedure for the Synthesis of Compounds
30-34. To a stirred solution of N-deformyldistamycin A
dihydrochloride 28 (526 mg, 1 mmol) in anhydrous DMF (5
mL) was added at 0 °C Hunig’s base (192 µL, 1 mmol). After
5 min, 22-27 (1 mmol) and then EDCI (384 mg, 2 mmol) were
added. The resulting mixture was stirred overnight as it
warmed to room temperature, acidified with 20% HCl to pH
2, and then evaporated to dryness in vacum. The residue was
dissolved in a small volume of MeOH, and then ethyl ether
was added to precipitate the crude product as a brown solid.
This procedure was repeated five times. The crude product was
purified by coloumn chromatography (methylene chloride/
methanol, 8:2).

3-[1-Methyl-4-[1-methyl-4-[1-methyl-4-[N1-[5-bis(2-chlo-
roethyl)amino-2,4-(1H,3H)pyrimidinedione]acetylamino]-
pyrrole-2-carboxamido]pyrrole-2-carboxamido]pyrrole-
2-carboxamido]propionamidine hydrochloride (29): yellow

solid; 485 mg (62% yield); mp 220 °C. 1H NMR (DMSO): δ
2.63 (t, 2H, J ) 6.5 Hz), 3.27 (t, 4H, J ) 6.6 Hz), 3.49 (m, 2H),
3.58 (t, 4H, J ) 6.8 Hz), 3.80 (s, 9H), 4.45 (s, 2H), 6.93 (s, 1H),
6.96 (s, 1H), 7.04 (s, 1H), 7.14 (s, 1H), 7.20 (s, 1H), 7.24 (s,
1H), 7.46 (s, 1H), 8.27 (t, 1H), 8.82 (s, 2H), 9.10 (s, 2H), 9.95
(d, 2H), 10.36 (s, 1H), 11.42 (s, 1H). 13C NMR (DMSO): δ 32.39,
35.89, 36.13, 36.22, 36.31, 41.93, 49.79, 54.43, 54.66, 104.10,
104.72, 118.26, 118.53, 121.35, 122.09, 122.23, 122.38, 122.71,
122.89, 141.30, 150.44, 158.4, 161.51, 162.21, 164.13, 169.25.
FAB (EM high resolution) calculated for C31H39N12O6Cl2 [M -
Cl]+: 745.2493. Found: 745.2492. Anal. (C31H39N12O6Cl3): C,
H, Cl, N.

3-[1-Methyl-4-[1-methyl-4-[1-methyl-4-[N1-[5-bis(2-chlo-
roethyl)amino-2,4-(1H,3H)pyrimidinedione]propanoyl-
amino]pyrrole-2-carboxamido]pyrrole-2-carboxamido]-
pyrrole-2-carboxamido]propionamidine hydrochloride
(30): white solid; 630 mg (79% yield); mp 215 °C. 1H NMR
(DMSO): δ 2.63 (m, 4H), 3.19 (t, 4H, J ) 6.7 Hz), 3.48 (t, 4H,
J ) 6.7 Hz), 3.56 (t, 2H, J ) 6.6 Hz), 3.80 (s, 3H), 3.81 (s, 3H),
3.82 (s, 3H), 3.90 (t, 2H, J ) 6.4 Hz), 6.83 (d, 1H), 6.93 (d,
1H), 7.03 (d, 1H), 7.20 (q, 2H), 7.23 (d, 1H), 7.32 (s, 1H), 8.26
(t, 1H, J ) 5.4 Hz), 8.82 (s, 2H), 9.09 (s, 2H), 9.93 (s, 2H),
10.16 (s, 1H), 11.36 (s, 1H). 13C NMR (DMSO): δ 32.39, 34.07,
35.87, 36.04, 36.11, 36.17, 41.95, 44.87, 54.44, 54.67, 103.69,
104.71, 104.78, 118.24, 118.50, 120.52, 121.69, 122.11, 122.23,
122.37, 122.67, 122.75, 141.04, 150.01, 158.4, 161.49, 162.04,
166.85, 169.23. FAB (EM high resolution) calculated for
C32H41N12O6Cl2 [M - Cl]+: 759.2649. Found: 759.2645. Anal.
(C32H41N12O6Cl3): C, H, Cl, N.

3-[1-Methyl-4-[1-methyl-4-[1-methyl-4-[N1-[5-bis(2-chlo-
roethyl)amino-2,4-(1H,3H)pyrimidinedione]butanoyl-
amino]pyrrole-2-carboxamido]pyrrole-2-carboxamido]-
pyrrole-2-carboxamido]propionamidine hydrochloride
(31): off-white solid; 560 mg (69% yield); mp 198 °C. 1H NMR
(DMSO): δ 1.85 (t, 2H, J ) 7.1 Hz), 2.27 (t, 2H, J ) 7.1 Hz),
2.66 (t, 2H, J ) 6.2 Hz), 3.25 (t, 4H, J ) 6.6 Hz), 3.49 (m, 2H,
J ) 6.1 Hz), 3.57 (t, 4H, J ) 6.6 Hz), 3.67 (t, 2H, J ) 7 Hz),
3.80 (s, 9H), 6.89 (s, 1H), 6.93 (s, 1H), 7.04 (s, 1H), 7.15 (s,
1H), 7.21 (s, 1H), 7.24 (s, 1H), 7.41 (s, 1H), 8.30 (t, 1H, J ) 5.3
Hz), 8.94 (s, 2H), 9.19 (s, 2H), 9.96 (d, 2H), 10.04 (s, 1H), 11.30
(s, 1H). 13C NMR (DMSO): δ 24.71, 32.14, 32.35, 35.82, 36.02,
42.57, 47.13, 54.60, 104.07, 104.84, 118.27, 118.47, 121.20,
121.63, 121.96, 122.11, 122.17, 122.38, 122.69, 140.27, 150.19,
158.47, 161.7, 162.05, 168.68, 169.36. FAB (EM high resolu-
tion) calculated for C33H43N12O6Cl2 [M - Cl]+: 773.2806.
Found: 773.2809. Anal. (C33H43N12O6Cl3): C, H, Cl, N.

3-[1-Methyl-4-[1-methyl-4-[1-methyl-4-[N1 [5-bis(2-chlo-
roethyl)amino-2,4 (1H,3H)pyrimidinedione]pentanoyl-
amino]pyrrole-2-carboxamido]pyrrole-2-carboxamido]py-
rrole-2-carboxamido]propionamidine hydrochloride (32):
white solid; 420 mg (51% yield); mp 186 °C. 1H NMR
(DMSO): δ 1.56 (m, 4H), 2.26 (m, 2H), 2.63 (t, 2H, J ) 6.5
Hz), 3.26 (t, 4H, J ) 6.7 Hz), 3.52 (m, 2H, J ) 6.5 Hz), 3.57 (t,
4H, J ) 6.7 Hz), 3.65 (t, 2H, J ) 6.3 Hz), 3.81 (m, 9H), 6.88 (s,
1H), 6.94 (s, 1H), 7.04 (s, 1H), 7.16 (s, 1H), 7.19 (s, 1H), 7,23
(s, 1H), 7.43 (s, 1H), 8.26 (t, 1H, J ) 5.7 Hz), 8.75 (s, 2H), 9.05
(s, 2H), 9.92 (m, 3H), 11.31 (s, 1H). 13C NMR (DMSO): δ 22.04,
28.00, 32.40, 34.96, 35.77, 35.99, 42.51, 47.12, 54.48, 103.88,
104.61, 118.02, 118.12, 118.38, 121.07, 121.93, 122.04, 122.14,
122.27, 122.58, 140.16, 150.08, 158.37, 161.39, 161.97, 169.06.
FAB (EM high resolution) calculated for C34H45N12O6Cl2 [M
- Cl]+: 787.2962. Found: 787.2964. Anal. (C34H45N12O6Cl3):
C, H, Cl, N.

3-[1-Methyl-4-[1-methyl-4-[1-methyl-4-[N1-[5-bis(2-chlo-
roethyl)amino-2,4-(1H,3H)pyrimidinedione]hexanoyl-
amino]pyrrole-2-carboxamido]pyrrole-2-carboxamido]-
pyrrole-2-carboxamido]propionamidine hydrochloride
(33): off-white solid; 545 mg (65% yield); mp 180 °C. 1H NMR
(DMSO): δ 1.30 (m, 2H), 1.57 (m, 4H), 2.23 (t, 2H, J ) 7.1
Hz), 2.63 (t, 2H, J ) 6.7 Hz), 3.26 (t, 4H, J ) 6.5 Hz), 3.50 (m,
2H), 3.56 (t, 4H, J ) 6.4 Hz), 3.62 (m, 2H), 3.80 (s, 3H), 3.81
(s, 3H), 3.83 (s, 3H), 6.88 (s, 1H), 6.94 (s, 1H), 7.05 (s, 1H),
7.16 (s, 1H), 7.20 (s, 1H), 7.24 (s, 1H), 7.43 (s, 1H), 8.26 (t, 1H,
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J ) 5.2 Hz), 8.78 (s, 2H), 9.07 (s, 2H), 9.88 (s, 1H), 9.94 (d,
2H), 11.29 (s, 1H). 13C NMR (DMSO): δ 25.00, 25.50, 28.22,
32.46, 35.45, 35.85, 36.06, 42.64, 47.35, 54.63, 104.04, 104.74,
118.10, 118.22, 118.47, 121.07, 122.06, 122.12, 122.21, 122.38,
122.70, 140.44, 150.00, 158.47, 161.48, 161.9, 169.20, 169.35.
FAB (EM high resolution) calculated for C35H47N12O6Cl2 [M
- Cl]+: 801.3119. Found: 801.3115. Anal. (C35H47N12O6Cl3):
C, H, Cl, N.

3-[1-Methyl-4-[1-methyl-4-[1-methyl-4-[N1-[5-bis(2-chlo-
roethyl)amino-2,4-(1H,3H)pyrimidinedione]heptanoyl-
amino]pyrrole-2-carboxamido]pyrrole-2-carboxamido]-
pyrrole-2-carboxamido]propionamidine hydrochloride
(34): white solid; 535 mg (63% yield); mp 94 °C. 1H NMR
(DMSO): δ 1.26 (m, 4H), 1.54 (m, 4H), 2.21 (t, 2H, J ) 7.2
Hz), 2.61 (t, 2H, J ) 6.4 Hz), 3.25 (t, 4H, J ) 6.5 Hz), 3.49 (m,
2H), 3.58 (t, 4H, J ) 6.5 Hz), 3.61 (t, 2H, J ) 6.9 Hz), 3.80 (s,
3H), 3.81 (s, 3H), 3.83 (s, 3H), 6.87 (s, 1H), 6.94 (s, 1H), 7.04
(s, 1H), 7.14 (s, 1H), 7.18 (s, 1H), 7.22 (s, 1H), 7.41 (s, 1H),
8.24 (t, 1H, J ) 5.6 Hz), 8.69 (s, 2H), 9.01 (s, 2H), 9,83 (s, 1H),
9.92 (s, 1H), 9.93 (s, 1H), 11.29 (s, 1H). 13C NMR (DMSO): δ
25.33, 25.67, 28.32, 28.40, 32.58, 35.53, 35.88, 36.12, 42.67,
47.44, 54.60, 104.01, 104.71, 118.13, 118.21, 118.48, 120.97,
122.08, 122.15, 122.25, 122.37, 122.65, 122.68, 140.59, 150.19,
158.47, 161.50, 162.09, 169.11, 169.46. FAB (EM high resolu-
tion) calculated for C36H48N12O6NaCl2 [M - HCl + Na]+:
837.3094. Found: 837.3093. FAB (EM high resolution) calcu-
lated for C36H49N12O6Cl2 [M - Cl]+: 815.3275. Found: 815.3274.
Anal. (C36H49N12O6Cl3): C, H, Cl, N.

Cytotoxicity Assay. The K562 human chronic myeloid
leukemia cells were maintained in RPM1 1640 medium
supplemented with 10% fetal calf serum and 2 mM glutamine
at 37 °C in a humidified atmosphere containing 5% CO2 and
were incubated with a specified dose of drug for 1 h at 37 °C
in the dark. The incubation was terminated by centrifugation
(5 min, 300g), and the cells were washed once with drug-free
medium. Following the appropriate drug treatment, the cells
were transferred to 96-well microtiter plates, with 104 cells
per well and 8 wells per sample. Plates were then kept in the
dark at 37 °C in a humidified atmosphere containing 5% CO2.
The assay is based on the ability of viable cells to reduce a
yellow soluble tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT, Sigma Chemical
Co.) to an insoluble purple formazan precipitate. Following
incubation of the plates for 4 days (to allow control cells to
increase in number by 10-fold), 20 µL of a 5 mg/mL solution
of MTT in phosphate-buffered saline was added to each well
and the plates were further incubated for 5 h. The plates were
then centrifuged for 5 min at 300g, and the bulk of the medium
was pipetted from the cell pellet, leaving 10-20 µL per well.
A total of 200 µL of DMSO was added to each well, and the
samples were agitated to ensure complete mixing. The optical
density was then read at a wavelength of 550 nm on a Titertek
Multiscan ELISA plate reader, and the dose-response curve
was constructed. For each curve, an IC50 value was read as
the dose required to reduce the final optical density to 50% of
the control value.

Taq DNA Polymerase Stop Assay.38a Plasmid pUC18
DNA was linearized with HindIII to provide a stop for the Taq
downstream from the primer. The oligodeoxynucleotide primer
(5′CTCACTCAAAGGCGGTAATAC) was 5′-end-labeled prior
to amplification using T4 polynucleotide kinase and [γ-32P]-
ATP (5000 Ci/mmol, Amersham, U.K.). The labeled primers
were purified by elution through Bio-Rad spin columns. Linear
amplification of DNA was carried out in a total volume of 100
µL containing 0.5 µg of template DNA, 5 pmol of labeled
primer, 200 µM of each dNTP, 10 U of Taq polymerase, 50
mM KCl, 10 mM Tris-HCl, pH 9.0, 0.1% Triton X-100, 2.5 mM
MgCl2. Where appropriate, template DNA reacted with the test
agent for 1 h at 37 °C and then precipitated with ethanol. After
an initial denaturation at 94 °C for 4 min, the cycling
conditions were as follows: 94 °C for 1 min, 60 °C for 1 min,
and 72 °C for 1 min, for a total of 30 cycles. After being
amplified, the samples were ethanol-precipitated and washed
with 70% ethanol. Samples were dissolved in formamide

loading dye, heated for 2 min at 90 °C, cooled on ice, and
electrophoresed at 2500-3000 V for 3 h on a 80 cm × 20 cm
× 0.4 mm 6% acrylamide denaturing sequencing gel (Sequagel,
National Diagnostics). The gels were dried, and X-ray film was
exposed to the gels (Hyperfilm, Amersham, U.K.).

Thermal Cleavage Assay.38b A 208 base pair 5′-singly-
end-labeled fragment was generated by PCR from HindIII
linearized pUC18 using 5′-end-labeled primer TGGTATCTT-
TATAGTCCTGTCG and unlabeled primer 5′-CTCACTCAAAG-
GCGGTAATAC. Labeled DNA reacted with the test compound
for 1 h at 37 °C and was ethanol-precipitated, washed, dried,
and resuspended in 100 µL of 1.5 mM sodium citrate and 15
mM NaCl. Thermal cleavage was at 90 °C for 30 min. Samples
were ethanol-precipitated and resuspended in formamide
loading dye and electrophoresed as for the Taq polymerase stop
assay.

Molecular Modeling Studies. Molecular modeling of the
distamycin hybrids was performed using the SYBYL molecular
modeling package.39 Three DNA sequences have been studied.
In the first, with the object of testing the force field and the
optimization procedure, an experimental X-ray three-dimen-
sional structure of distamycin complexed40 with a DNA
dodecamer 5′-CGCAAATTTGCG-3′ was obtained from the
RCSB Protein Data Bank (http://www.rcsb.org) and used as
the starting geometry.

To reproduce the footprinting results obtained for com-
pounds 29-34, the study of two new types of complexes was
accomplished with base sequences of 5′-TCGATTTTTGTGAT-
3′ and 5′-GGCCTTTTTACGGT-3′, respectively.

In the first sequence, all hydrogen atoms were added to both
the DNA double strand and the ligand. DNA atomic charges
were read from the Kollman all-atoms dictionary implemented
in SYBYL, and distamycin charges were calculated with an
AM141,42 Hamiltonian implemented in MOPAC,43 using a
protonated guanidium moiety model. Geometry was optimized
using the Powell44 method and the Tripos force field45 (ε ) 1,
distance-dependent) until the gradient was smaller than 0.1
kcal mol-1 Å-2. This optimized distamycin complex shows the
described hydrogen bond pattern7 formed between the NH
moieties of the ligand and the adenine N3 and thymine O2
atoms and was used for the subsequent stages.

The two new DNA double strands were built from standard
fragments and superimposed onto the appropriate base pairs
of the first complex with the object of situating the distamycin
in an adequate orientation inside the minor groove of both new
DNA double strands. Both complexes were optimized using
the previously describe procedure. This study shows that
distamycin binds to both DNA sequences in a way similar to
that of the experimentally described first sequence.7 Once the
three DNA-distamycin complexes have been optimized, a
study of complexes between the three DNA sequences and
compounds 29-34 was completed.

Distamycin was extracted from each complex, and the new
hybrids were built by addition of the appropriate standard
fragments. MOPAC charges were calculated, and a partial
minimization of each new ligand was performed, keeping rigid
the distamycin moiety in order to relax steric interactions
without losing the bowed shape of distamycin. The minimized
ligands were inserted into the minor groove of each DNA
sequence, and the whole complex was optimized again using
the conditions described above.

To investigate the more favored conformations of the ligands
into the DNA, a conformational search was performed, rotating
all the bonds of the fragments added to distamycin in each
new hybrid. The 50 most stable conformations of each search
were selected and minimized, and their structures were
carefully studied.
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