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Recent progress in synthetic and computational chemistry has
made it possible to develop certain novel drug candidates.
Drug candidates for genetic diseases, such as cancer, may
also be designed on the basis of structural information
obtained using X-ray analysis and NMR, as well as evidence
from biological techniques applied to natural products — DNA
(or RNA) complexes and conjugates. The resulting designed
drug candidates exhibit promising performance based on the
recognition on nucleic acid sequences.
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Abbreviation
PNA peptide nucleic acid

Introduction
Many drug candidates have been designed and synthe-
sized in recent years. For example, structure-based drug
design has yielded remarkable progress in the synthesis of
inhibitors of certain enzymes, such as HIV type I inte-
grase [1,2]. Because there is considerable interest
currently in the development of DNA-sequence-specific
or selective agents for genetic targeting, for the control of
gene expression, and for applications in diagnosis or ulti-
mately in therapy, progress in the design of drugs for these
purposes has been accelerating. Until recently, the anti-
sense strategy was the only method available for these
purposes. Antisense strategy is the method that intro-
duces a strand of DNA that has the sequence
complementary to a target mRNA, thereby inhibiting
translation [3]. The complementary antigene strategy has
been vigorously pursued and remarkable progress has
been made in the past five years. This strategy targets
specific sequences of the DNA double helix directly
(inhibition of transcription) [4]. In this review, we will
focus on recent progress of synthetic compounds that play
import roles in the rational recognition of nucleic acid
sequences. These compounds may prove to be applicable
to antigene strategy.

Drug–DNA complexes and conjugates
elucidated by X-ray analysis
Some natural products have features that permit them to
recognize and bind to specific DNA sequences. These
compounds provide unique lead compounds for the anti-
gene strategy, so many studies have been performed on
natural product–DNA (or RNA) conjugates using sever-

al techniques, including X-ray analysis and NMR.
Among these lead compounds, X-ray results of DNA
complexed with minor groove binders, such as netropsin,
distamycin and Hoechst 33258 (Figure 1), have provided
considerable insight into the factors controlling how such
ligands recognize nucleic acid sequences. Netropsin and
distamycin are naturally occurring antibiotics which have
polypyrrole amide structures and adopt crescent-shaped
conformations strictly complementary to the spiral of the
DNA helix. These natural products possess AT
sequence selectivity. Since the first X-ray results were
reported by Dickerson and co-workers in 1985 [5], sever-
al groups succeeded in the analysis of crystals of
netropsin–DNA or distamycin–DNA complexes [6,7].
The selectivity for AT-rich regions was explained by Coll
et al. [7]: firstly, AT basepairs are associated with a nar-
row minor groove and so afford a tighter fit to the
elongated distamycin molecule; secondly, the presence
of the amino group N-2 of guanine serves as a major
steric block preventing the pyrrolamide chain from dock-
ing fully to the floor of the minor groove in GC-rich
segments. Studies on netropsin, distamycin and related
compounds have led to the concept of texitropsins, or
information-reading oligopeptides.
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Figure 1

Netropsin, Distamycin and Hoechst 33258.
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Hoechst 33258 is a synthetic bis-benzimidazole dye agent,
containing benzimidazole repeating structural motifs
[8–13]. The bis-benzimidazole moiety of Hoechst 33258
shows the same specificity of AT-rich regions as netropsin,
but the bulky and non-polar piperazine ring demands the
wider groove that only the GC region can provide.

The 1,3-bis(4-phenylaminidinium)triazene compound berenil
is an anti-trypanosomal agent and has cytotoxic and antiviral
properties. The X-ray analysis of berenil–DNA conjugates
suggests that berenil should bind well to AATT sites [14].

Pentamidine (1,5-bis[4-amidinophenoxy]pentane) has
established antiprotozoal activities and exhibits modest
antiviral activity, and also has specificity to a 5′-AATT
region. X-ray analysis of complexes with DNA has sug-

gested that the strongly cationic ends of the drug are posi-
tioned deep in the minor groove rather than close to the
phosphate groups, in common with berenil, where
bis(phenylamidinium) groups are present [15].

Factors contributing to the molecular
recognition of DNA binders
Although the structures of Hoechst 33258 and netropsin are
ostensibly quite dissimilar, examination of the molecular
recognition surface components of the two ligands directed
towards the DNA minor-groove receptor reveals significant
similarities. X-ray analysis studies have provided valuable
data regarding the role of various functional groups of these
lead compounds in molecular recognition of DNA. Based
on not only X-ray analysis but also NMR and biological
techniques of assessing DNA–minor-groove-binder interac-
tions, progress has been made in understanding some of the
factors contributing to the molecular recognition processes:
firstly, the ability of certain hydrogen bond accepting hete-
rocylic moieties towards specific basepair recognition;
secondly, the influence of ligand cationic charge in
sequence-selective binding; thirdly, certain van der Waals,
contacts in 3′-terminal basepair recognition; and finally,
electrostatic interactions between the polyanionic DNA
and the cationic compounds, which are sequence depen-
dent [16•,17•].

Rational modification of minor groove binders
to alter sequence recognition
Modification of lead compounds was explored systemati-
cally according to the factors contributing to the molecular
recognition processes mentioned above. The most suc-
cessful examples were the modifications of distamycin.
Rational modifications have been made to this natural
product to change its sequence specificity and binding
characteristics. For example, replacement of one of the
pyrrole rings with an imidazole, or other appropriate hete-
rocycle, which can accept a hydrogen bond from G-2-NH2,
allows GC basepairs to be recognized [18,19]. Further
studies on lexitropsins revealed some of the factors con-
tributing to the molecular recognition process, such as
structural, stereochemical, conformational, electrostatic
and phasing factors [20] (Figure 2).

Other successful examples of rational structural modifica-
tions are those of Hoechst 33258. For example,
replacement of one (or both) imidazole unit of the parent
Hoechst 33258 by pyridoimidazole, which can accept a
hydrogen bond from C-2-NH2, allows GC basepairs to be
recognized (Figure 3). These two examples clearly suggest
that rational design of the compounds should make it pos-
sible to impart different basepair preferences and to design
compounds that have no memory of the basepair prefer-
ences of the parent compound [16•].

Peptide nucleic acids
One of the most exciting examples for DNA sequence
recognition is peptide nucleic acid (PNA). PNA is a
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Figure 2

Representation of the binding to DNA of (a) netropsin and
(b) imidazole–netropsin. Open arrows represent existing hydrogen
bonds from ligand to DNA. Closed arrows indicate new hydrogen
bonds from DNA to lexitropsin. Heavy arrows are hydrogen bonds,
from donor to acceptor. Dash lines mark close van der Waals
nonbonded contacts between ligands and DNA.
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DNA mimic, based on a pseudo-peptide backbone to
which the DNA nucleobases are attached. Whereas the
conformation of PNA is similar to synthetic DNA, the
behavior of PNA towards complementary DNA is com-
pletely different: sequence-specific binding to
double-stranded DNA takes place to homopurine tracts
via strand displacement to form an internal PNA2/DNA
triplex — a P-loop [21,22••]. PNA is capable of hybridiz-
ing to complementary single strand DNA, double strand
DNA, RNA, and PNA targets, so several potential appli-
cations of PNA may be envisaged. PNA may be
important as both antisense and antigene drugs.
Excitingly, it was recently shown that PNA can function
as a template for chemical synthesis of RNA and vice
versa, thereby illustrating the principle that information
transfer between PNA and RNA is possible [23]. And
also, because only the nucleobases of DNA have been
retained in PNA, and because the backbone of PNA is
uncharged, PNA was used to separate the effects of the
nucleobases and backbone of DNA in a study of minor
groove binders and intercalators [24].

Hairpin compounds
A distinctive example of structure-based drug design was
reported by Baird and Dervan [25]. They developed solid-
phase synthetic methods for extended lexitropsin
synthesis. Using this method, they extended the lex-
itropsin concept to design lexitropsin dimers that show
hairpin structure when these compounds bind to DNA.
For example, they prepared two eight-ring pyrrole-imida-
zole polyamides differing in sequence by a single amino
acid and showed that they bind specifically to respective
six-basepair target sites which differ in sequences by a sin-
gle basepair. Binding is observed at subnanomolar
concentrations of ligands [26]. In a recent application,
Dervan and co-workers [27,28,29••–31••] designed
extended hairpins in order to bind to the transcription fac-
tor IIIA-binding site that regulates the expression of the
5S RNA gene.

Another example of the extended lexitropsin concept is
the synthesis of lexitropsin dimers using interalia alkyl long
chains, aromatic compounds, cyclopropane, and cyclobu-
tane as linkers [17•,32•]. Certain dimers exhibited high
potency as inhibitors of HIV type 1 integrase.

Further modifications of DNA minor groove
binders and biological significance:
conjugates with alkylating agents
Even though alkylating agents historically have been use-
ful drug candidates for cancer treatment, their apparent
lack of selectivity has hampered their use medically. In
order to improve their selectivity, the synthesis of alkylat-
ing agent–minor groove binder conjugates has been
examined. Lexitropsin was mainly used for this purpose
and lexitropsin–alkylating agents, such as nitrogen mus-
tards [33,34] or CC-1065 [35,36] conjugates, were
synthesized [32•]. 

Application of the lexitropsin concept to CC-1065 ana-
logues led to certain cyclopropylpyrroloindole–lexitropsin
conjugates, which exhibit up to 10,000 times higher poten-
cy than CC-1065 itself against KB human cancer cells. In
this case, the sequence selectivity of the lexitropsin unit
may play an important role for these conjugates to exhibit
high or alternative expressions of bioactivity [37].

Conclusion
Systematic modifications of lead DNA-binding com-
pounds have made it possible to understand some of the
factors contributing to the molecular recognition processes.
As a result, compounds can be designed that have high
selectivity to certain DNA sequences. In order to advance
this field, additional versatile synthetic methods must be

Rational recognition of nucleic acid sequences Iida, Jia and Lown    31

Figure 3

Representation of the binding to DNA of (a) Hoechst 33528 and
(b) pyridoimidazole and analogues. Open arrows represent existing
hydrogen bonds from the Hoechst structure to DNA. Closed arrows
indicate new hydrogen bonds from DNA to the structurally modified
ligand. Dash lines indicate van der Waals nonbonded contacts
between ligands and DNA.
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developed. The approach of combinatorial synthesis is also
being applied [38]. The sequence selectivity of minor-
groove-binder units may play an important role for the
above conjugates to exhibit high or alternative expressions
of bioactivity. Further rational design, synthesis and bio-
logical evaluation by alternative molecular architecture to
new gene targets will extend the possibility of this area.
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