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Recognition of DNA by designed 
ligands at subnanomolar 
concentrations 

John W. Trauger, Eldon E. Baird & Peter B. Dervan 
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Technology, Pasadena, California 91125, USA 

SMALL molecules that specifically bind with high affinity to any 
predetermined DNA sequence in the human genome would be 
useful tools in molecular biology and potentially in human 
medicine. Simple rules have been developed to control rationally 
the sequence specificity of minor-groove-binding polyamides 
containing N-methylimidazole and N-methylpyrrole amino 
acids. Two eight-ring pyrrole-imidazole polyamides differing in 
sequence by a single amino acid bind specifically to respective six­
base-pair target sites which differ in sequence by a single base 
pair. Binding is observed at subnanomolar concentrations of 
ligand. The replacement of a single nitrogen atom with a C-H 
regulates affinity and specificity by two orders of magnitude. The 
broad range of sequences that can be specifically targeted with 
pyrrole-imidazole polyamides, coupled with an efficient solid­
phase synthesis methodology, identify a powerful class of small 
molecules for sequence-specific recognition of double-helical 
DNA. 

For side-by-side complexes of pyrrole-imidazole polyamides in 
the minor groove of DNA, the DNA-binding sequence specificity 
depends on the sequence of side-by-side amino-acid pairings 1-3. A 
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pairing of imidazole (Im) opposite pyrrole (Py) targets a G-C base 
pair, whereas pyrrole opposite imidazole targets a C-G base­
pair1-3_ A pyrrole/pyrrole combination is degenerate and targets 
both T-A and A-T base pairs1- 5_ Specificity for G,C base pairs 
results from the formation of a hydrogen bond between the 
imidazole N3 and the exocyclic amino group of guanine 1-3. The 
generality of these pairing rules has been demonstrated by 
targeting a wide variety of sequences and is supported directly 
by several NMR structure studies1- 10. 

In parallel with the elucidation of the scope and limitations of 
the pairing rules already described, efforts have been made to 
increase the DNA-binding affinity and specificity of pyrrole­
imidazole polyamides by covalently linking polyamide subunits11-16. 
The polyamide ImPyPy-y-PyPyPy-dimethylaminopropylamide 
(Dp) , which contains a 'turn' amino acid y-aminobutyric acid 
(y) was shown to bind the five-base-pair target site 5'-TGTTA-3' in 
a 'hairpin' conformation with an equilibrium association constant, 
Ka = 8 x 107 M-1, an increase of 300-fold relative to unlinked 
three-ring polyamide dimers. A key issue was to determine 
whether low-molecular-weight (M, 1,200) pyrrole-imidazole 
polyamides could be constructed that would bind DNA at sub­
nanomolar concentrations without compromising sequence 
selectivity. 

We report the DNA-binding affinities of two eight-ring hairpin 
polyamides, ImPyPyPy-y-ImPyPyPy-f3-Dp (1) and ImPyPyPy-y­
PyPyPyPy-f3-Dp (2), which differ by a single amino acid, for two 6-
base-pair (bp) target sites, 5'-AGTACT-3' and 5'-AGTATT-3', 
which differ by a single base pair. Based on the pairing rules for 
polyamide-DNA complexes, the sites 5'-AGTACA-3' and 5'­
AGTATT-3' are for polyamide 1 'match' and 'single-base-pair 
mismatch' sites, respectively, and for polyamide 2 'single-base­
pair mismatch' and 'match' sites, respectively (Figs 1 and 2). 
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1 X=N; ImPyPyPy-y-ImPyPyPy-~-Dp 
2 X=CH; ImPyPyPy-y-PyPyPyPy-~-Dp 

FIG. 1 Structures of polyamides lmPyPyPy-y-lmPyPyPy-p-Dp (1) and 
lmPyPyPy-y-PyPyPyPy-p-Dp (2). (Im= imidazole, Py= pyrrole, f3 = 
/3-alanine, Dp = dimethylaminopropylamide). The identity and purity of 
the polyamides was verified by 1H NMR, matrix-assisted laser-desorption 
ionization time-of-flight mass spectrometry (MALDI-TOF MS), and analytical 
HPLC. MALDI-TOFMS: 1, 1223.4 (1223.3calculated); 2, 1222.3 (1222.3 
calculated). 

FIG. 2 Binding models for a, 
5'-AGTACT-3' in complex 
with polyamides 1 (match) 
and 2 (mismatch), and b, 
5'-AGTATT-3' in complex 
with polyamides 2 (match) 
and 1 (mismatch). Circles 
with dots represent lone 
pairs on N3 of purines and 
0 2 of pyrimidines; circles 
containing an H represent 
the N2 hydrogen of guanine. 
Putative hydrogen bonds 
are indicated by dashed 
lines. The red and blue 
circles represent imidazole 
and pyrrole rings, respect­
ively; the cuNed line repre­
sents y-aminobutyric acid, 
and the diamond, P-alanine. 
Single hydrogen-bond mis­
matches are highlighted. 
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Polyamides 1 and 2 were synthesized by solid-phase methods 
and purified by reversed-phase high-performance liquid chroma­
tography (HPLC)17• Equilibrium association constants for com­
plexes of 1 and 2 with match and mismatch six-base-pair binding 
sites on a 3' 32P-labelled 229-bp restriction fragment were deter­
mined by quantitative DNase I footprint titration experiments18-20 

(Fig. 3 and Table 1). Polyamide 1 binds its match site 5'­
AGTACT-3' at 0.03 nM concentration and its single-base-pair 
mismatch site 5'-AGTAif-3' with nearly 100-fold lower affinity. 
Polyamide 2 binds its designated match site 5'-AGTATT-3' at 
0.3 nM concentration and its single-base-pair mismatch site 5' -
AGTAg-3' with nearly 10-fold lower affinity. The specificity of 1 
and 2 for their respective match sites results from very small 
structural changes (Fig. 1). Replacing a single nitrogen atom in 1 
with C-H (as in 2) reduces the affinity of the polyamide-5'­
AGTACT-3' complex by ~75-fold, representing a free energy 
difference of ~2.5 kcal mol-L. Similarly, replacing a C-H in 2 with 
N (as in 1) reduces the affinity of the polyamide-5'-AGTATT-3' 
complex ~ 10-fold, a loss in binding energy of ~ 1.3 kcal mo1- 1• 

Crystal structures of protein-DNA complexes reveal that 
nature chose a combinatorial approach for specific DNA recogni­
tion. Although there are several highly conserved structural 

Match 
5'-A GT AC T-3' 

~11,1> 
3' - T C A G A-5' 

5'-A GT AT T-3' 

~1111> 
3 ' - T CAT A A-5 ' 

Mismatch 

5 ' - A GT A C T-3 ' 

~¢1111 
3 ' - T C A TA-5 ' 

5' 

Mismatch 
5 '-A GT AT T- 3 ' 3,!~,,, .. _5, 

NATURE · VOL 382 · 8 AUGUST 1996 



r 
T 
a 

J-T a 
C 
T 

T 
a 

}I 
A 
A 

A 

}i 
T 
T 

}l 
T 
I 
3' 

- - ... 
FIG. 3 Quantitative DNase I footprint titration experiments with polyamides 
1 and 2 on the 3' 32P-labelled 229-bp pJT8 Af/11/Fspl restriction fragment. 
Lanes 1 and 2: A and G sequencing lanes29·30 ; lanes 3 and 21; DNase I 
digestion products in the absence of polyamide; lanes 4- 20: DNase I 
digestion products in the presence of 1, 2, 5, 10, 15, 25, 40 and 65 pM, 
and 0.1, 0.15, 0.25, 0 .4 , 0.65, 1, 2, 5 and 10 nM polyamide, respectively; 
lane 22: intact DNA. Polyamide binding sites for which association con­
stants were determined are 5 '-AGTACT-3' and 5' -AGTATT-3' . Additional 
sites not analysed are 5' -TGTAAA-3', 5'-TGTGCT-3' and 5' -TAAGTT-3'. All 
reactions were done in a total volume of 400 µI. A polyamide stock solution 
or H20 was added to an assay buffer containing radiolabelled restrict ion 

TABLE 1 Equilibrium association constants (M- 1 ) 

Binding site 

5' -ttAGTACTtg-3 ' 
5' -ttAGTATTtg-3' 

1 

3 . 7 X 1010 (0.8) 
4 .1 X 108 (0.5) 

2 

5.0 X 1 08 (0.5) 
3.5 X 109 (0.8) 

The association constants are the average values obtained from three 
DNase I footprint titration experiments. The standard deviation for each 
data set is indicated in parentheses. Assays were carried out in the 
presence of 10mM Tris- HCI, 10mM KCI, 10mM MgCl2 and 5mM CaCl2 

at pH 7 .0 and 22 °C. The six-base-pair binding sites are in capital letters, 
with flanking sequences in lower-case. 

modules that bind DNA, no single motif exists which generates an 
amino acid- base pair code for all DNA sequences21 . One 
encouraging success is the development of zinc-finger libraries 
with different DNA-binding specificities based on a one-finger­
three-nucleotide code22- 2' . The three-zinc-finger DNA-binding 
domain of the transcription factor Zif268 has a dissociation 
constant Kd = 0.5-3.0 nM for its 9-bp binding site and is 2-12-
fold specific over single-base-pair mismatches24-27• Similarly, the 
three-zinc-finger transcription factor Spl has aKct = 0.5 nM for its 
9-bp recognition sequence and is 3-30-fold specific over single­
base-pair mismatches28• Using a simple molecular shape and a 
two-letter aromatic amino-acid code, pyrrole- imidazole polyamides 
achieve affinities and specificities comparable to these DNA­
binding proteins and, in addition, have the potential to be general 
for any desired DNA sequence. This non-biological approach to 
DNA recognition could provide an underpinning for the design 
of cell-permeable molecules for the control of gene-specific 
regulation in vivo. D 
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fragment, with final solution conditions of 10 mM Tris-HCI, 10 mM KCI, 
10 mM MgCl2 , 5 mM CaCI2 , pH 7 .0. Solutions were allowed to equil ibrate 
for 12-15 h at 22 °c before initiation of footprinting reactions. Footprinting 
reactions, separation of cleavage products, and data analysis were carried 
out as described14 . Plasmid pJT8 was prepared by hybrid izing two 5' ­
phosphorylated complementary oligonucleotides, 5' -CCGGTTAGTAIDGG­
ATGGGCCTGGTTAGTACTTGGA TGGGAGACCGCCTGGGAA TACCAGGTGTCGTATC­
TTAAGAG-3' and 5' -TCGACTCTT AAGATACGACACCTGGTATTCCCAGGCGGTC­
TCCCATCCAAGTACTAACCAGGCCCATCCAAATACTAA-3', and ligating the result­
ing duplex to the large pUC19 Aval/Sa/I restriction fragment. 
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