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Abstract—Footprinting, capillary electrophoresis, molecular modelling and NMR studies have been used to examine the binding of
a short polyamide to DNA. This molecule, which contains an isopropyl-substituted thiazole in place of one of the N-methylpyr-
roles, is selective for the sequence 50-ACTAGT-30 to which it binds with high affinity. Two molecules bind side-by-side in the minor
groove, but their binding is staggered so that the molecule reads six base pairs, unlike the related natural products, which tend to
bind to four-base-pair sequences. The result suggests that high affinity and selectivity may be gained without resort to very large
molecules, which may be difficult to deliver to the site of action.
# 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Since the discovery of netropsin and distamycin and the
observation that they could bind side-by-side in the
minor groove of DNA, with selectivity for A/T sequen-
ces, there has been a great deal of work aimed at
achieving specific binding to any given base-pair
sequence.1�3 The potential for such an approach in the
therapy of diseases such as cancer scarcely needs to be
elaborated, at a time when the human genome has been
published.

The excellent work that has been carried out on poly-
amide minor groove binders, for example by the groups
of Dervan1 and Lown4 has resulted in compounds able
to bind very selectively to target sequences, but at the
price of molecular size. Typically, molecules which will
read base pair sequences of the required 10 base pair
length or more have been based5 on hairpin structures
such as 1, with molecular weights over 2000 Da. While
this has allowed convincing demonstrations of their
ability to interrupt biochemical processes in vitro,6

the ‘rule of five’ is violated in at least two respects; the
molecular weight is too high and there are too many
hydrogen bond donors.7 Molecules such as 1 would be
expected to have difficulty in passing through biological
membranes and might not reach the desired site of
action, even if given by injection. Despite this, there are
some indications of biological activity in whole animals,
notably in the fruit fly Drosophila melanogaster8 but
there is no doubt that smaller molecules would be more
likely to become therapeutic entities.

Most of the published work has reflected the assump-
tion that selectivity and affinity of binding will depend
on the ability of the ligand to hydrogen bond to the
bottom of the minor groove, where the bases offer a
sequence-dependent pattern of H-bond donors and
acceptors. This assumption has given useful and inter-
esting results, but calorimetric data suggest that the
primary driving force is hydrophobic, the main energy
benefit of binding coming from the loss of structured
water in the groove and around the ligand.9

Computer modelling of DNA and of typical ligands,
such as distamycin 2, shows that there is a shape mis-
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match. Distamycin, although capable of adopting the
required helical shape to fit the minor groove, is largely
sp2 and planar, whereas the surface of the minor groove
is very uneven, reflecting the tetrahedral nature of the
atoms constituting the DNA backbone (Fig. 1).

Our approach to the design of distamycin analogues has
incorporated a strategy to raise the oil/water partition
coefficient, which should aid binding as well as penetr-
ation through lipid membranes, and at the same time to
change the shape of the molecule to potentially be
capable of following the contours of the minor groove.
Such an approach is of necessity partially empirical,
since the minor groove is flexible and capable of adapt-
ing to fit a variety of ligands. Particularly significant is
the ability of DNA to accommodate ligands either sin-
gly or side-by-side in the minor groove, depending on
the base-pair sequence. It is obvious that the design of
ligands that can bind singly, for at least part of their
binding contact, with high affinity, will allow the base-
pair code to be read with smaller molecules.
2. Results and discussion

Our first attempts to design analogues which would
bind in a 1:1 ratio with DNA double helices centred on
the introduction of branched chain alkyl groups; these
would be expected to sterically obstruct side-by-side
binding and would raise the oil/water partition coeffi-
cient, with potential benefits for membrane penetration.
DNase I footprinting studies with the tyrT DNA
fragment,10 which has been widely used in other foot-
printing studies showed that the compounds 3 and 4
bound at AT-rich sites, producing similar patterns to
those seen with distamycin (Fig. 2). Compound 4 bound
more tightly (0.3 mM) than compound 3 (3 mM) as
predicted from its more hydrophobic nature.

The results with 4 led us to synthesize analogues with
branched alkyl side chains at different positions. The
use of thiazole instead of pyrrole was particularly
attractive, since the sulfur is large and will itself have a
major effect on partitioning into biological membranes.
Lexitropsin 5 has both a thiazole and an isopropyl side
chain, which renders the sub-unit nearest to the posi-
tively charged tail very bulky. According to Dervan’s
rules,1 compound 5 should be a selective binder for A/T
base pairs where two pyrroles overlap in a side-by-side
manner, but the thiazole should be tolerant of both AT
and GC base pairs. In theory, 5 should bind to any
sequence with four or more A/T base pairs and to many
more which have a C/G base pair to either side of an A/
T sequence, providing there at least three A/T pairs.

DNase I footprinting experiments with this compound
showed a very different cleavage pattern from that
expected, with a single region of protection around
position 40 of tyrT DNA in the sequence 50-AACTGGT
(Fig. 2). This ligand clearly possesses a very different
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Figure 2. DNase I footprinting data for lexitropsins 3, 4 and 5. The first three panels used tyrT DNA as the footprinting substrate; the numbering
scheme is the same as in previous publications.10 The last two panels show the interaction of 5 with fragments MS1 and MS.11 These fragments
contain the same sequence in opposite orientations and are designed to contain all possible four-base-pair sequences. The ligand concentration (mM)
is shown at the top of each gel lane; con indicates control while GA is a sequence marker specific for purines. The location of the footprints is
indicated.
Figure 1. Surface of DNA minor groove in a region composed of A/T
base pairs only. Red coloration indicates areas of negative charge.
Figure 3. Schematic representation of the minor-groove binding mode
between 5 and d(CGACTAGTCG) showing the six base-pair overlap
which results from the staggered nature of the relationship between the
two occupying ligands. Green, formyl ‘head’; red, N-methyl pyrrole;
yellow, thiazole; blue, DMAP ‘tail’.
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binding preference to the parent compounds; in order to
properly characterize the preferred binding site(s) we
performed further footprinting experiments with a
fragment that contains every tetranucleotide sequence.11

This revealed a single binding site at ligand concen-
trations below 3 mM, centred on the sequence 50-
ACTAGT (Fig. 2). This persisted to concentrations
below 0.1 mM. Comparative binding studies using
capillary electrophoresis with the DNA 12-mer
50-AAATTATATTAT previously described12 and the
10-mer 50-CGACTAGTCG-30 confirmed the selectivity
of binding to the latter sequence.

NMR studies of binding between 5 and the oligo-
nucleotide CGACTAGTCG were carried out using
various protocols. Titration of 5 against an excess of the
double helical oligonucleotide confirmed its high affinity
for the minor groove. The data revealed 2:1 binding and
confirmed the contribution of the isopropyl groups to
ligand–ligand and ligand–groove binding, with part of
the ligand overlapped, as shown schematically in Figure
3. Addition of excess 5 up to a ratio of 4:1 resulted in
NMR signal broadening but with no additional changes
in the appearance of the NMR data. Together with a
reverse titration experiment in which the oligonucleotide
was added to an excess of 5, the data indicate aggreg-
ation and implicate a second, non-specific DNA binding
mode for 5 once the primary binding site is fully
occupied.

Partial overlap (Fig. 3), involving only the pyrrole bases
of 5, has the useful feature of extending the binding site,
compared to simple analogues which tend to show
overlap of all three rings, as expected for 3. It is appar-
ent that the isopropyl thiazole in 5 is too bulky to fit
side-by-side, as shown in the computer graphic (Fig. 4),
but may offer a useful ‘step-down’ function, allowing a
smooth transition between the doubly occupied and
totally unoccupied parts of the groove. NMR studies
are planned for 4, to determine whether the N-isopropyl
function in 4 will prevent side-by-side binding.

The results with 5 are significant, since they demonstrate
that it is possible to achieve high affinity and selectivity
of DNA binding with relatively small molecules. It is
hoped that analogues of 5 will show similar discrimina-
tion for other sequences and that extension of 5 will give
structures that will be capable of reading the 10–12 base
pair sequences which will increase the scope for biolo-
gical activity.
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Figure 4. NMR-derived structure of the complex between 5 and
50-CGACTAGTCG.
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