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Cooperative Hairpin Dimers for Recognition of
DNA by Pyrrole ± Imidazole Polyamides**
John W. Trauger, Eldon E. Baird, and Peter B. Dervan*

Small molecules which permeate cells and bind to specific
DNA sequences can potentially control the expression of
specific genes.[1, 2] Recently, a polyamide with eight hetero-
cyclic units which binds to a target site consisting of six base
pairs was shown to inhibit gene transcription in a cell
culture.[2] Polyamides that recognize longer DNA sequences
should provide more specific biological activity,[3] which could
be achieved by synthesizing larger polyamides.[4] However,
the upper limit of polyamide size with regard to efficient cell
permeation is not known.

Alternatively, a more biomimetic approach is to bind larger
DNA sequences while maintaining the size of the polyamide.
Natural transcription factors often bind large DNA sequences
by formation of cooperative protein dimers at adjacent half-
sites.[5] In cooperatively binding extended pyrrole ± imidazole
(Py ± Im) polyamide dimers, the two ligands can slip sideways
with respect to one another to allow recognition of other
sequences.[6] Polyamides containing the turn-specific g-amino-
butyric acid linker[7] adopt a hairpin conformation in which
the DNA binding sites are fully overlapped and the slipped-
motif option is precluded. Here we report a cooperative six-
ring extended hairpin polyamide which dimerizes to specif-
ically bind a predetermined sequence of ten base pairs.

As target site, we chose a sequence contained in the
regulatory region of the HIV-1 genome.[8] To design the ligand
we considered the polyamide ring-pairing rules,[9±13] the need
to incorporate b-alanine (b) to relax the ligand curvature,[6, 13]

and the preference of g-aminobutyric acid (g) for a hairpin-
turn conformation in polyamide ± DNA complexes.[6, 7a,e] This
analysis suggested that the six-ring polyamide having the core
sequence ImPybImPygImPy might bind the target sequence
5'-AGCAGCTGCT-3' by formation of a cooperative hairpin
dimer (Figure 1). To avoid a collision between the N-terminal
end of one ligand and the C-terminal end of the other in the
complex, the positively charged b-alaninedimethylaminopro-
plyamide C terminus used in standard polyamides was
replaced with the shorter, uncharged (CH2)2OH group (C2 ±
OH). The cationic turn residue (R)-2,4-diaminobutyric acid
((R)H2Ng)[14] maintains the overall positive charge needed for
optimal solubility in water.

Polyamide ImPybImPy(R)H2NgImPyC2-OH (1) was synthe-
sized by solid-phase methods[15] on glycine ± PAM resin,[16]

reductively cleaved from the solid support with LiBH4,[17]
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Figure 2. Alkylating properties of sarcodictyins and eleutherobins.

The chemistry and biological activity presented here shows
the sarcodictyins to be a new class of potential anticancer
agents. Access to additional derivatives and closer investiga-
tion are now possible through the use of molecular design and
chemical synthesis. The first structure ± activity information
on sarcodictyins, reported here, should provide valuable
guidelines for further chemical and biological studies.[14]
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and purified by reverse-phase HPLC.[18] Quantitative DNase I
footprinting[19] on a 3'-32P-end-labeled restriction fragment
with 245 base pairs showed that 1 binds its match site 5'-
AGCAGCTGCT-3' at nanomolar concentrations (apparent
monomeric association constant Ka� (1.9� 0.3)� 108mÿ1)
and also binds a site with one mismatched base pair (5'-
AGATGCTGCA-3') with ninefold lower affinity (Ka� (2.2�
0.5)� 107 Mÿ1, Figure 1).[20] The binding data for match and
single base pair mismatch sites were well fit by cooperative
binding isotherms, consistent with formation of cooperative
2:1 polyamide ± DNA complexes.[5] A site with two mismatch-
ed base pairs, 5'-AGCTGCATCC-3', was bound with 65-fold
lower affinity. The fact that this mismatch site, which contains
part of the target site (5'-AGCTGCA-3'), is not effectively
bound indicates that recognition of the match site occurs

through cooperative dimerization and not by for-
mation of 1:1 hairpin complexes.

Further study of the generality and sequence
specificity of this binding motif is in progress. For
example, we found that the eight-ring polyamide
ImPybImPyPy(R)H2NgPyImPyC2-OH (2) binds the
twelve-base-pair match site 5'-AAGCAGCTG-
CTT-3' with tenfold higher affinity than 1. The
binding affinity of 2 to this sequence is approx-
imately 100 times higher than to a site with two
mismatched base pairs (5'-CAGATGCTGCAT-3').

It is noteworthy that the DNA-binding affinity
and specificity of the six-ring polyamide 1 for its
ten base pair binding site are comparable to those
of standard six-ring hairpins that recognize five
base pairs.[7] Thus, use of the cooperative hairpin
dimer motif doubles the size of the binding site
relative to the standard hairpin binding pattern
without sacrificing affinity or specificity, and with-
out increasing the molecular weight of the ligand.
Our results show that by using a novel cooperative
hairpin dimer motif, relatively low molecular
weight pyrrole ± imidazole polyamides (Mr� 950 ±
1200) can specifically recognize 10 ± 12 base pairs of
DNA. Such polyamides will be useful in determin-
ing the optimal ligand size and optimal binding site
size required for specific biological activity.
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Figure 1. Right: Model of the (1)2 ´ 5'-AGCAGCTGCT-3' complex. The symbol 
:
represents lone pairs on the N3 atoms of purine bases or on the O2 atoms of pyrimidine
bases, and the symbol
H represents the hydrogen atom bound to the N2 atom of guanine.
Postulated hydrogen bonds are illustrated by dashed lines. Middle: Binding models for
complexes of (1)2 at a ten base pair match site and at a site with one mismatched base pair
(the mismatched base pair is highlighted by shading). The shaded and open circles
represent imidazole and pyrrole rings, respectively, diamonds represent b-alanine, half-
circles represent (CH2)2OH groups, and curved lines represent (R)-2,4-diaminobutyric
acid. Left: Storage 32P autoradiogram of the denaturing 8% polyacrylamide gel used to
separate the fragments generated by DNase I digestion in a quantitative footprint
titration experiment[21] with polyamide 1: lane 1: A lane; lane 2: DNase I digestion
products obtained in the absence of polyamide; lanes 3 ± 12, DNase I digestion products
obtained in the presence of 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, and 100 nm polyamide 1,
respectively.
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A Monomeric d9-Rhodium(0) Complex**
Hartmut Schönberg, Souad BoulmaaÃz, Michael Wörle,
Lorenz Liesum, Arthur Schweiger,* and
Hansjörg Grützmacher*

Complexes with rhodium centers in low formal oxidation
states (0 or ÿ1) are rare. They have been described as
relatively short-lived intermediates in electrochemical reac-
tions,[1] as polynuclear clusters,[2] or as complexes with strong
p-acceptor ligands (such as [Rh(CO)4]ÿ ,[2] [Rh(PF3)4]ÿ[3]).[4]

As far as we are aware, the isolation of a paramagnetic,
monomeric d9-rhodium(00) compound has not yet been
achieved. We report here a new ligand that allows the easy
synthesis and reversible transformation of rhodium com-
plexes with formal oxidation states �1, 0, and ÿ1. 5-Chloro-
5H-dibenzo[a,d]cycloheptene (1)[5] reacts with diphenylphos-
phane (2) to form (5H-dibenzo[a,d]cycloheptene-5-yl)diphe-
nylphosphane (3) (ªdibenzo-tropylidenyldiphenylphos-
phaneº, troppPh) in good yield. In contrast to the synthesis
of simple cycloheptatrienylphosphanes,[6] only one isomer of 3
is obtained: the Ph2P group is in the axial position of the
seven-membered ring[7] (Scheme 1).

Scheme 1. Synthesis of the rhodium(i) complexes 5 and 6.

Reaction of four equivalents of 3 with [{RhCl(cod)}2] (4)
(cod� cyclooctadiene) leads in almost quantitative yield to
the intense yellow rhodium(i) complex [RhCl(troppPh)2] (5).
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