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Extending the recognition site of
designed minor groove binding

molecules

A linked, imazole/pyrrole minor-groove ligand has been shown to bind sequence specificially to a 13
base-pair target sequence in a mixed 1:1/2:1 mode.

Sir—Small molecules that specifi-
cally bind to any unique DNA
sequence would be useful tools in
molecular biology and potentially
in medical therapy. The natural
product distamycin has provided a
good starting point for design of
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such molecules. Distamycin prefer-
entially binds in the DNA minor
groove at stretches of AT base
pairs' with the 1:1 ligand:DNA
complexes extending over four base
pairs (Fig. 1a)>* Until recently
attempts to create a general design
for small molecules that bind
designated DNA sequences has
had limited success®. Rules for
controlling the minor groove
binding specificity of poly-
amides, based on pairing of
2-methylimidazole (Im} and
N-methylpyrrole (Py} amides,
have now been developed® 1",
Within this framework, an
imidazole on one ligand com-
plemented by a pyrrole on the
second ligand recognizes a
G+C base pair, while a pyr-
role/fimidazole  combination
targets a C*G base pair®®!l, A
pyrrole/pyrrole pair is degen-
erate for A°T and T+A base

pairs. Footprinting, affinity cleav-
age, NMR and X-ray studies have
established the high structural sim-
ilarity in such antiparallel, side-by-
side 2:1 complexes at several
different sites containing five and
six base pairs (Fig. 15)%-'8, Here
we show that 1:1 and 2:1
polyamide'DNA motifs can be
combined to bind extended
sequences of DNA containing both
A, T and G,C base pairs.

It had previously been shown
that polyamides with four to six
pyrrole rings, (Py), ., bound
sequences containing six to eight
contigious AT pairsi®0. A
decrease in affinity occurs as the
polyamide size increases beyond
five rings, indicating that the shape
of the N-methylpyrroleamide sub-
unit does not match pertectly the
B-DNA helix?’. By incorporating
simple hydrocarbon spacers,?1#? a
14 residue polyamide (Py),-(B-ala-
nine)-{Py),-(B-alanine)-(Py), was
designed, and was shown to bind
16 contiguous AT pairs?’. These
extensions of binding site size uti-
lizing the Py subunits are restricted

Fig. 1 Schematic representation of 1:1
and 2.1 polyamide-DNA binding
motifs. a, 1:1 PyPyPy complex. b,
Cooperative 2:1 ImPyPy complex. ¢,
Cooperative 2:1 ImPyPy-Gly-PyPyPy
complex on the designated 13 base-
pair binding site. d, Structure of
ImPyPy-Gly—PyPyPy. Open circles rep-
resent N-methylpyrrole amino acid (Py)
subunits, while shaded-circles indicate
N-methylimidazole amino acid (Im)
subunits. e, Expanded region from a
NOESY spectrum of the 2:1 complex
(90% H,0/10% D,0, 25°C, 1,,;,=100
ms). Sequential assignments are
drawn in the DNA aromatic-H1" region
with a sclid line, dashed lines indicate
intermolecular connectivities and are
labelled with the protons involved.
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to pure AT sequences. Targeting
longer sequences containing both
AT and G,C base pairs requires use
of the 2:1 motif. To explore binding
at larger sites containing both AT
and G,C base pairs, we consider here
combining 2:1 and 1:l complexing
motifs. We report that the polyamide
ImPyPy-Gly-PyPyPy forms a stable,
cooperative 2:1 complex with a 13
base pair site of sequence composi-
tion  5-(AT)GATICAT),-3
(Fig. 1 ¢d).

Quantitative DNase I footprint
titrations show that the polyamide
ImPyPy-Gly-PyPyPy binds specifi-
cally at the sequences 5'-AAAAAGA-

a

L1

Fig. 2 a, Schematic drawing of
observed restraints used for model-
ling, lines indicating observed NOEs.
b, Model from restrained energy mini-
mization with the ImPyPy-Gly-PyPyPy
ligands shown space-filling in blue
and yellow. The imidazole ring and
the charged tail groups are highlight-
ed in red and green, respectively. »-c,’
opposite page, Stereo diagram of the
same model. Hydrogen atoms of the
DNA are omitted for clarity. The
guanosine aming groups recognized
by the ligand imidazole nitrogens are
highlighted.
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CAAAAA-3' and  5'-ATATAGA-
CATATA-3' with high affinities
(K=10% M and 6x10° M"! respec-
tively) (J. Trauger & PB.D., unpub-
lished results). The region protected
against DNase cleavage covers the
entire 13 base-pair target sequence,
consistent with the proposed bind-
ing motif,

Direct characterization of a com-
plex was carried out by NMR.
A duplex: 5-CCTTTTAGA-
CAAATTCG- 35'-GCAATTTGTC-
TAAAAGG-3' was synthesized to
provide a central five base pair
recognition sequence for a side-by-
side 2:1 arrangement of the

5"

ImPyPy, flanked by high affinity 1:1
A,T binding sites for the PyPyPy
moieties. As ImPyPy—Gly—PyPyPy is
added to a solution of this duplex a
single complex, with two ligands per
DNA, forms with high cooperativity.
Using NOESY data it was possible to
identify many intermolecular con-
tacts, all of which occur in the minor
groove. A region of such a NOESY
spectrum is shown in Fig. le. The
two ImPyPy ring systems bind the
central 5'-AGACA-3"5-TGTCT-3'
sequence in an antiparallel side-
by-side arrangement identical to
that of the wunlinked 2:1
(ImPyPy},*DNA complex with the
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5'-TGACT-3' site®’. In this region
each ligand is in close contact with
just one strand of the DNA, while
the PyPyPy segments of the ligand
contact both strands. The positions
of the intermolecular contacts
clearly establish the ‘slipped’ posi-
tions of the two ligands with
respect to one another, verifying the
anticipated binding mode.

A total of 98 intermolecular lig-
and-DNA, two ligand-ligand and
20 intra-ligand semiquantitative
restraints  were derived from
NOESY data; these are indicated
schematically in Fig. 2a. These
restraints were used to model the
complex by restrained energy min-
imization (Fig. 2b). The local char-
acteristics of this model are very
similar to those seen in related 1:1
and 2:1 complexes, Fach imidazole
nitrogen forms a specific hydrogen
bond with the adjacent guanosine
amino proton (Fig. 2¢). Hydrogen
bonds are also seen from ligand
amides to DNA acceptor groups.
The AATT sequence is complexed
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by the PyPyPy part of one
polyamide, while AAAA binds the
other PyPyPy. As in 1:1 complexes
of distamycin® the pyrrole and
amide protons of each PyPyPy
moiety show NOE cross peaks to
Cl' protons on both DNA strands,
verifying that they occupy the cen-
tre of the narrower minor groove
of these regions. The glycine linker
allows a smooth transition
between the 1:1 and 2:1 binding
modes. As can be seen from the
model, the last pyrrole ring of the
ImPyPy segment and the first pyr-
role of the PyPyPy segment are
almost  perpendicular to one
another. This rotation of the lig-
and is accommodated within the
glycine segment. The importance
of linkers in matching the helicity
of multi-ring ligands and the DNA
has been discussed previously’.
For the complex described here the
nature of the linker seems to be
especially important in allowing
the transition from a 2:1 to a 1:1
binding mode, maintaining good

van der Waals contacts along the
length of each molecule. A more
rigid, planar linker may not allow
the relatively sharp turn between
ligand segments.

The NOESY data suggest that no
major distortion of the DNA
duplex is required to accommodate
two ligand molecules. The patterns
and intensities of NOEs within the
DNA do not change significantly
on ligand binding. It should be
noted that intra-DNA NOEs were
not used in the modelling, and the
structure of the DNA within the
complex remains near the starting
B-form. While we did not attempt
to determine the full range of DNA
conformations consistent with the
NMR data, the model in Fig. 2
agrees well with all experimental
observations, The model suggests
that transitions between narrow
and normal grooves occur around
the linker region, but comprise only
a single base pair.

These results show clearly that 2:1
and 1:1 binding modes can be com-
bined to form a new ‘slipped motif’
which allows polyamides to recog-
nize mixed AT/G,C sites greater
than one turn of the DNA helix, sig-
nificantly longer than previously
possible. All of the features used for
sequence specific recognition in pre-
vious polyamide*DNA complexes
apply as well in this new motif. The
present structural characterization
does not fully address the question
of specificity of these ligands.
Another binding mode, in which the
full length of each ligand overlaps,
can be envisioned. Indeed the
ImPyPy-Gly-PyPyPy  polyamide
also binds the eight base-pair
sequences 5-TGTTAAACA-3' and
5'-TGATATACA-3' as a ‘full side-by-
side dimer’ with affinity similar to
the slipped motif (J. Trauger and
PB.D; R. Pelaez and D.E.W., unpub-
lished results). One future challenge
for the field of design—synthesis will
be the modification of these
polyamide structures to control pre-
cisely the binding motif (slipped ver-
sus full side-by-side) and hence the
target DNA sequence and binding
site size.

Methods

ImPyPy-Gly-PyPyPy  and oligonu-
cleotides were prepared as described
previously 15, NMR experiments
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were performed on a Bruker AMX-
600 (Bruker Instruments, Billerica,
MA). NOE volumes were derived
from a 2D NOESY spectra in H,0O (2
mM duplex, pH 7.0, 10 mM phos-
phate, t,,;,=100 ms at 25 °C)&:1",

The model was obtained using
Insightll (Biosym, San Diega). The ini-
tial DNA model was standard B-form
DNA. Coordinates for
ImPyPy-Gly—PyPyPy were derived by
linking two modified ligands from a
previously modelled complex'. Lig-
ands were energy minimized using
Discover (AMBER forcefield) in the
extended conformation with partial
charges calculated using MOPAC
(AM1). Ligands were roughly orient-
ed in the binding site with the imida-
zole rings near the guanosine amino
groups. Restrained energy minimiza-
tions were performed utilizing 98
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