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Abstract—Hairpin conjugates of achiral seco-cyclopropaneindoline-2-benzofurancarboxamide (achiral seco-CI-Bf) and three di-
amides (ImPy 1, PyIm 2, and PyPy 3, where Py is pyrrole, and Im is imidazole), linked by a c-aminobutyrate group, were synthesized.
The sequence-specific covalent alkylation of the achiral CI moiety with adenine-N3 in the minor groove was ascertained by ther-
mally induced DNA cleavage experiments. The results provide evidence that hairpin conjugates of achiral seco-CI-Bf-c-polyamides
could be tailored to target specific DNA sequences according to a set of general rules: the achiral CI moiety selectively reacts with
adenine-N3, a stacked pair of imidazole/benzofuran prefers a G/C base pair, and a pyrrole/benzofuran prefers an A/T or T/A base
pair. Models for the binding of hairpin conjugates 1–3 with sequences 5 0-TCA(888)G-3 0, 5 0-CAA(857)C-3 0, and 5 0-TTA(843)C-3 0

are proposed.
� 2005 Elsevier Ltd. All rights reserved.
Small molecules that can be designed to specifically rec-
ognize predetermined DNA sequences are important in
the discovery of novel gene-based therapeutic agents,1

DNA-based diagnostic and biosensor devices,2 as well
as tools for probing the structure and function of nucleic
acids.3 The DNA minor groove is an attractive target
for the design and development of sequence-specific
ligands.4 Non-covalent minor groove binding agents
include a wide range of structural types. For example,
Hoechst 33258 contains benzimidazole units,5 DAPI
contains an indole moiety,6 furamidine contains a cen-
tral furan unit,7 and polyamides, which are pyrrole
and imidazole-containing analogs of the natural product
distamycin A.4,8 Examples of covalent minor groove
binding agents include CC-1065 and the duocarmycins,9

the mitomycins,10 and the pyrrolobenzodiazepines.11
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Of the minor groove binding agents, the pyrrole–imidaz-
ole polyamides are the most extensively studied.4,8 It is
now well established that linear polyamides, as well as
their hairpin analogs, readily form �stacked� dimers.12

The agents are able to recognize specific DNA sequences
through a combination of hydrogen bonding, van der
Waals, and electrostatic forces between the ligands and
groups on the floor of the minor groove.4,8 A set of rules
for their sequence specific recognition has been estab-
lished.4,8 A stacked Im/Py pair selects for a G/C base
pair, a Py/Im pair recognizes a C/G base pair, and a
Py/Py pair could target an A/T or T/A site.4,8 Further-
more, the c-aminobutyrate (or c) linker demonstrates
some selectivity for an A/T or T/A base pair,13 and the
dimethylaminopropyl group at the C-terminus selec-
tively binds an A/T or T/A base pair.4,8,14 Our group
has recently reported that the language of DNA recog-
nition can be expanded to include �word� of two base
pairs, instead of the existing paradigm of recognizing
one �letter� or base pair at a time.15 We discovered that
an -ImPy- central pairing, that interacts with its cognate
sequence -GC-, provides significant enhancement to the
binding affinity over -PyPy- (for -AT- cognate), followed
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by -PyIm- and -ImIm-, which codes for -AG- and
-GG-, respectively.15 With these rules, one could envi-
sion the possibility of designing a polyamide that could
target any DNA sequence.

Even though significant progress has been made toward
understanding the molecular recognition of non-cova-
lent minor groove binding agents such as polyamides,
our ability to design covalently reactive minor groove
binding agents is less sophisticated. Even though numer-
ous analogs of CC-1065 and the duocarmycins have
been synthesized by others9 and us,16 the analogs have
largely displayed similar sequence preference for AT-
rich sequences as the parent molecules. There is an
exception, stacked heterodimers of duocarmycin A and
polyamides have been found to recognize and to cova-
lently react with sequences different from duocarmycin
alone.17 Even though distamycin A and duocarmycin
A bind tightly to AT-rich sequences, the heterodimer
alkylates a GN3 position in GC-rich sequences, such
as 5 0-AGGTG-3 0.17 More recently, we have demon-
strated that imidazole-containing triamides, such as
compound 8, dramatically modulated the sequence speci-
ficity of duocarmycin A, by forcing the heterodimer to
alkylate guanine-N3 atoms exclusively at GC se-
quences.18 These findings indicate that hairpin conju-
gates of polyamides and duocarmycin A may provide
an attractive strategy for the discovery of a new class
of minor groove and sequence specific alkylating agents.
To date, several conjugates of the duocarmycin alkyla-
ting pharmacophore and its analogs with polyamides,
including hairpin polyamides, have been reported.19

However, the sequence-specific alkylation exhibited by
these conjugates were directed by the imidazole/pyrrole
pairings and side-by-side binding motif of the poly-
amides.19 Conjugates of CC-1065 analogs with oligode-
oxynucleotides have also been reported.20 Our group
has recently reported a series of racemic seco-cyclopro-
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Figure 1. Structures of the target compounds achiral seco-CI-polyamide con

duocarmycin A (DuoA), and AR-1-144 (8).
paneindoline-2-benzofurancarboxamide (CI-Bf) conju-
gates with four different polyamides (ImIm 4, PyIm 5,
ImPy 6, and PyPy 7).16a The Im-containing conjugates
were found to accept G residues, but they exhibited a
significant �memory� for the AAAAA site of the duo-
carmycins. Using a model of sequence recognition for
the hairpin racemic CI-Bf-c-polyamide, along with our
interest to investigate the influence of the chiral center
on DNA recognition, we have designed and synthesized
three achiral analogs, 1–3, whose structures are given in
Figure 1.

The synthetic strategy for preparing the target hairpin
molecules 1–3 is depicted in Scheme 1. Following pub-
lished methods,21 reduction of the nitro group of chlo-
ride 9 by catalytic hydrogenation with Adam�s catalyst
gave an amine, which was coupled with 5-nitrobenzofu-
ran-2-carboxylic acid in the presence of PyBOP and DI-
PEA. The desired amide 10 was isolated in 22% yield.
Selective reduction of the nitro moiety in compound
10 was again achieved using Adams catalyst and hydro-
genation at a pressure of 55 PSI. Subsequent reaction of
the amine 11 with carboxylic acids 12–14 in the presence
of EDCI gave the protected hairpin compounds 15–17
in reasonable yields (51–58%). Removal of the benzyl
protecting group of compounds 15–17 by hydrogenation
over 10% palladium on carbon, followed by treatment
of the products with 3 M hydrochloric acid in dry ethyl
acetate gave the desired off-white precipitates of prod-
ucts 1–3 in modest yields (36–46%). All the compounds
prepared in this study were characterized by 500
MHz 1H NMR, FT-IR, FAB mass spectrometry, and
accurate mass measurements.

The covalent sequence specificity of compounds 1–3 was
assessed by thermally induced DNA strand cleavage,
which is commonly used to probe sequence-specific
covalent interactions with purine-N3 in the minor
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Figure 2. Thermally induced and sequence selective DNA strand break

study on compounds 1–3, using a pUC18 DNA fragment.
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groove.9,16a,19,22 The DNA fragment used in these
studies was obtained from PCR amplification of base
pairs 749–940 of the pUC18 plasmid that was linearized
with Hind III. A 5 0-32P labeled 5 0-CTGTCGGGTTT-3 0

primer was used as the forward primer so that each final
probe copy was singly end-labeled. Results from the
thermally induced DNA strand break experiment, as de-
picted in Figure 2, indicate that unlike the previously re-
ported racemic hairpins,16a compounds 1–3 did not
retain a memory for alkylating adenine-N3 within an
AAAAA(865) sequence, a site that is preferred by CC-
1065, adozelesin, and seco-CI-trimethoxyindole (or
seco-CI-TMI) (data not shown). Interestingly, all three
hairpin conjugates produced alkylation bands at 5 0-
TTTA(843)CGGTT-3 0 (alkylation at the purine-N3 of
the underlined base). However, hairpin 1 produced
unique alkylation bands at 5 0-CGTCA(888)GGG-3 0,
which was not recognized by hairpin 2 or 3. Conversely,
hairpin 2 reacted at 5 0-GCAA(857)CGCG-3 0, which was
not recognized by hairpin 1. Based on our previously
published model for the binding of the racemic hairpin
conjugates (4–7), the results suggest that hairpins 1–3
would reside on the bolded sequence, with alkylation
at the adenine-N3 and the remaining part of the mole-
cule wrapped toward the 5 0 side of the sequence. Exam-
ination of these sequences reveals a recognition pattern
related to the presence and relative position of the imid-
azole moiety within the polyamide portion of the mole-
cules. Conjugate 1, which contains an imidazole paired
with a benzofuran, recognizes the sequence 5 0-TCA-3 0

indicating that the stacked Im/Bf pair behaves much like
the Im/Py pair of the polyamide and selects for a G/C
base pair. Likewise, the sequence preference of hairpin
2 for 5 0-CAA-3 0 is consistent with having its imidazole
stacked with the linker and the pyrrole is stacked with
the benzofuran. The Py/Bf pair, thus, behaves like the



Figure 3. Thermally induced and sequence selective DNA strand break

study on compounds 1–3, using a topoisomerase IIa promoter

fragment.
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Py/Py pair of the polyamides. Conjugate 3 did not
produce any alkylation at the A(857) and A(888) site
presumably due to the pyrrole�s lack of tolerance for
G/C or C/G sites due to steric hindrance between the
G-2-amino group and the pyrrole-H3 atom. Conse-
quently, by default and like a Py/Py pair of the polyam-
ide, hairpin 3 binds to the 5 0-TTA(843)-3 0. This sequence
must be a conformationally preferred site for this class
of hairpins because hairpins 1 and 2, which do not pos-
sess structurally discriminating pyrrole-H3 atoms, were
also accommodated in the A(843) site.

To confirm the sequence recognition properties of the
achiral hairpins, the covalent sequence specificity of con-
jugates 1 and 2was further tested on a 5 0-32P radio-labeled
probe of 479 bp corresponding to sites�489 through�10
relative to the transcriptional start site of the human topo-
isomerase IIa promoter. The DNA fragment was gener-
ated using a radio-labeled primer, 5 0-32P labeled
5 0-GTCGGTTAGGAGAGCTCCAC-TTG-3 0, in a
polymerase chain reaction previously described.23

The thermally induced DNA cleavage gel depicted in
Figure 3 shows that the hairpins have unique sequence
selectivity. Hairpin 1 mainly gave an alkylation band
at 5 0-TTCA(411)AAA-3 0, whereas conjugate 2 gave a
strong band at 5 0-ACTA(422)GA-3 0 and a weak band
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was seen at A(411). The sequence preference of hairpin 1
for 5 0-TCA (411)-3 0 on the topoisomerase IIa fragment
is consistent with the 5 0-TCA(888)-3 0 preference ob-
served from the pUC18 experiment. Likewise, the pref-
erence of hairpin 2 for 5 0-CTA(422)-3 0 agrees with the
5 0-CAA(857)-3 0, in which the Py/Bf could bind either
an A/T or T/A base pair.

Models that depict the molecular interactions of hairpin
conjugates 1–3 with the 5 0-TCA(888)G-3 0, 5 0-CA-
A(857)C-3 0, and 5 0-TTA(843)C-3 0 sequences, found in
the pUC18 plasmid are shown in Figure 4. In these
models, the compounds are oriented toward the 5 0 direc-
tion from the alkylation site. This orientation is consis-
tent with the previously reported model of a complex of
compound (S)-4 with the 3 0-GGGA(888)CTGCTC-5 0

sequence, in which the imidazole would stack with the
benzofuran to form a complex similar to that of the pyr-
role/imidazole pairing that is capable of recognizing a
C/G base pair.16a It is not likely that compounds 1–3
would bind to the three sequences in an extended con-
formation, because compounds 1 and 2 would require
the benzofuran group to bind unfavorably to a C/G
base pair. We have found that like seco-CI-TMI, the
achiral seco-CI-Bf also bound to the A(865) cluster
and not to GC-containing sites (data not shown).16a

Further support of the hairpin conformation of com-
pounds 1 and 2 came from a report that an aliphatic
dicarboxamide of polyamides, such as a bis-linked
netropsin with pimelic acid, was capable of forming a
hairpin structure.24

In summary, the studies described in this communica-
tion show that conjugates of duocarmycins and poly-
amides that can fold into a hairpin conformation are
capable of recognizing specific sequences of DNA.
More importantly, removal of the chiral center in the
duocarmycin-polyamide conjugates released the
compounds for a strong memory for the AAAAA(865)
sequence, thereby permitting the achiral hairpin
molecules for further structural refinement in order to
attain DNA sequence specificity. Current studies
on compounds 1–3 are focused on ascertaining the
nature by which they covalently react with DNA,
including isolation and characterization of purine-N3
adducts.9,19,21,22,25
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