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Extended hairpin polyam ide motif for sequence-specific 
recognition in the m inor groove of DNA 
John W  Trauger, Eldon E Baird and Peter B  Dervan 

Background: Three-ring polyamides containing N-methylimidazole and 
N-methylpyrrole amino acids bind sequence-specifically to double-helical DNA 
by forming side-by-side complexes in the minor groove. Simple pairing rules 
relate the amino-acid sequence of a pyrrole-imidazole polyamide to its expected 
DNA target site, and polyamides that target a wide variety of DNA sequences 
have been synthesized. We have shown previously that two three-ring subunits 
could be linked together by an aliphatic amino acid, increasing the binding 
affinity of the polyamide and, in some cases, increasing the length of the target 
sequence. We set out to determine whether different types of linkers could be 
used in a single molecule to generate a nine-ring polyamide molecule that would 
bind to specific DNA sequences. 

Results: A nine-ring pyrrole-imidazole polyamide, containing two different amino 
acid linkers, S-alanine and y-aminobutyric acid, has been synthesized and shown to 
specifically bind a designated nine-base-pair target site at subnanomolar 
concentration in a novel extended hairpin conformation. 

Conclusions: The amino acids y-aminobutyric acid and S-alanine optimally link 
three-ring pyrrole-imidazole subunits in ‘hairpin’ and ‘extended’ conformations, 
respectively. Both aliphatic amino acids can be combined to generate a nine- 
ring polyamide that specifically recognizes a nine-base-pair target site with very 
high affinity. 

Address: Arnold and Mabel Beckman 
Laboratories of Chemical Synthesis, California 
Institute of Technology, Pasadena, CA 91125, 
USA. 

Correspondence: Peter B  Dervan 
e-mail: dervan@starbasel .caltech.edu 

Key words: binding affinity, linker amino acid, 
pyrrole-imidazole, solid-phase synthesis 

Received: 28 Mar 1996 
Revisions requested: 23 April 1996 
Revisions received: 26 April 1996 
Accepted: 26 April 1996 

Chemistry & Biology May 1996,3:369-377 

0 Current Biology Ltd ISSN 1074-5521 

Introduction 
The three-ring polyamide ImPyPy-Dp (Im = N-methyl- 
imidazole, Py = N-methylpyrrole, Dp = dimethylamino- 
propylamide) was found by footprinting and affinity 
cleavage studies to specifically bind to the sequence 
5’-TGTCA-3’ [l]. In the (ImPyPy-Dp&*5’-(A,T)G(A,T)- 
C(A,T)-3’ complex, each polyamide makes specific 
contacts with one strand on the floor of the minor groove 
such that the sequence specificity depends on the 
sequence of side-by-side amino acid pairings between the 
two polyamide molecules [l-3]. A pairing of imidazole 
opposite pyrrolecarboxamide targets a GmC base pair, and 
a pairing of pyrrolecarboxamide opposite imidazole targets 
a COG base pair [l-3]. A pyrrole-pyrrole combination is 
partially degenerate and targets both TmA and AaT base 
pairs [l-6]. Specificity for G,C base pairs results from the 
formation of a hydrogen bond between the imidazole N3 
atom and the exocyclic amino group of guanine [1,2]. The 
generality of these pairing rules has been demonstrated by 
targeting a wide variety of sequences [7-l 11. 

Hairpin and extended binding motifs 
In addition to elucidating the scope and limitations of the 
sequence-specificity rules, we have made efforts to increase 
the DNA-binding affinity of polyamides by covalently 
linking three-ring polyamide subunits [12-151. Some of the 

polyamide molecules that have been studied and their 
interactions with DNA are depicted schematically in Figure 
1. The polyamide ImPyPy-y-PyPyPy-Dp, containing a 
‘turn’ amino acid, y-aminobutyric acid (y), specifically 
binds to the designated target site 5’-TGTTA-3’ in a 
‘hairpin’ conformation (Fig. lc) with an equilibrium 
association constant of K, = 8 x lo7 M-l. This is an increase 
of -800-fold relative to unlinked three-ring polyamides 
[15]. Addition of a carboxy-terminal @alanine residue 
enhances both the binding affinity and sequence specificity 
of hairpin polyamides [ 161 (Fig. 1 b). 

The six-ring polyamide ImPyPy-P-PyPyPy-Dp containing 
an internal @alanine (p) residue specifically binds as a 
dimer in an extended conformation to two designated 
target sites, 5’-TGTTAAACA-3’ (9 base pairs (bp)) 
and 5’-AAAAAGACAAAAA-3’ (13 bp), with equilib- 
rium association constants of K, = 8 x lo8 M-l and 
K, = 5 x lo9 M-l, respectively. This represents increases of 
lo-fold for the 9-bp recognition sequence and loo-fold for 
the 13-bp sequence over the formally N-methylpyrrole- 
linked polyamide ImPyPy-&-PyPyPy-Dp [ 171. Addition 
of a carboxy-terminal amino acid regulates the specificity 
between the 13-bp and 9-bp binding modes. Two ImPyPy- 
P-PyPyPy-P-Dp polyamides, each containing a carboxy- 
terminal P-alanine residue, can bind directly opposite one 
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Figure 1 

(a) 5 ’ -AAAAA-3’ 

3 ’ -TTTTT-5’ 

W  5 ’ -TGTCA-3’ 

3 ’ -ACAGT-5’ 

(c) 5 ’ -TGTTA-3’ 

3 ’ -ACAAT-5’ 

(d) 5 ‘-TGTTAAACA-3’ 

3 ’ -ACAATTTGT-5’ 

6-3 5 ‘-AAAAAGACAAAAA-3’ 

3 ’ -TTTTTCTGTTTTT-5’ 

0 5 ‘-AAAAAGACA-3’ Extended hairpin motif 
The results described above suggest that y-aminobutyric 
acid and p-alanine could be combined within a single 
polyamide with predictable results. We report here the 
synthesis of the nine-ring polyamide ImPyPy-y- 
ImPyPy-P-PyPyPy-G-Dp and its association constant for 
the designated 9-bp target site 5’-AAAAAGACA-3’. The 
expected ImPyPy-y-ImPyPy-~-PyPyPy-G-Dp*S’-AAA- 
AAGACA-3’ ‘extended hairpin’ complex integrates the 
1:l and 2:l polyamide-DNA motifs at a single site 
(Fig. lf, Fig. 2). Each of the three linkers within the 
polyamide is expected to fulfill a specific function: y 
links subunits in a hairpin conformation, p links 
subunits in an extended conformation, and G confers 
specificity for the 1:l binding mode at the carboxyl 
terminus of the polyamide. 

Schematic models of specific polyamide-DNA complexes. (a) 1 :l 
complex of distamycin, (b) 2:l complex of ImPyPy-Dp, (c) ‘hairpin’ 
complex of ImPyPy-+yPyPy$-Dp, (d) 9 bp and (e) 13 bp ‘extended’ 
complexes formed by ImPyPy-f3-PyPyPy$-Dp and ImPyPy-p-PyPyPy- 
G-Dp, respectively, and (f) ‘extended hairpin’ polyamide ImPyPy-y- 
ImPyPy-f3-PyPyPy-G-Dp bound to a nine base pair target site. Red and 
blue circles represent imidazole and pyrrole rings, respectively. Green 
triangles and diamonds represent glycine and @alanine, respectively. 
y-aminobutyric acid is represented as a curved green line. 

another (Fig. Id), whereas two ImPyPy-P-PyPyPy-G-Dp 
polyamides, each containing a carboxy-terminal glycine 
residue, strongly favor binding in the 13-bp binding 
mode (Fig. le). The 13-bp binding mode integrates the 
21 and 1:l polyamide-DNA binding motifs at a single 
site [18]. The ImPyPy moieties of two ImPyPy-P- 
PyPyPy-G-Dp polyamides bind the central 5’-AGACA-3’ 
sequence in a 21 manner, as does the ImPyPy 
homodimer, and the PyPyPy moieties of the polyamides 
bind the all-A,T flanking sequences as in the 1:l 
distamycin-DNA complexes (Fig. la). 

It has been demonstrated that y-aminobutyric acid does 
not optimally link polyamide subunits in extended 
conformations, and p-alanine does not optimally link 
polyamide subunits in hairpin conformations. The 
polyamide ImPyPy-P-PyPyPy-Dp binds the hairpin 
site 5’-TGTTAgacc-3’ with an association constant of 
K, < 2 x lo6 M-l, a decrease of 2 40-fold relative to 
ImPyPy-y-PyPyPy-Dp, and displays a cooperative 
binding isotherm (eq. 2, n = 2; see Materials and 
methods) in quantitative footprinting experiments at 
this site, consistent with mismatched binding as an 
intermolecular dimer [ 151. The polyamide ImPyPy-y- 
PyPyPy-Dp binds the 13-bp site 5’-AAAAAGACA- 
AAAA-3’ with an association constant of K, = 6 x lo6 M-l, 
a decrease of 700-fold relative to ImPyPy-P-PyPyPy-Dp, 
and displays a Langmuir binding isotherm (eq. 2, n = 1) 
at this site, consistent with mismatched binding as a 
hairpin. The site 5’-TGTTAAACA-3’ is a match site 
for both hairpin (5’-TGTTA-3’ and 5’-AAACA-3’) 
and extended binding by ImPyPy-X-PyPyPy-Dp 
polyamides. ImPyPy-y-PyPyPy-Dp and ImPyPy-P- 
PyPyPy-Dp both bind to this sequence with high affinity 
(K, = 1 x lo* M-l and K, = 8 x lo* M-l, respectively), but 
display, respectively, a Langmuir isotherm consistent 
with hairpin binding, and a cooperative isotherm 
consistent with extended binding. Remarkably, given 
their simplicity and similarity, y-aminobutyric acid and 
p-alanine selectively link polyamide subunits in hairpin 
and extended conformations, respectively. 

In principle, the ‘extended hairpin’ motif could provide a 
general motif for targeting hairpin binding sites having an 
(A,T), flanking sequence. Since six-ring hairpin 
polyamides already have high DNA-binding affinity 
W, = lo8 M-i), adding an optimally linked three-ring 
subunit should provide a polyamide with very high DNA- 
binding affinity. To determine the increase in binding 
affinity provided by the carboxy-terminal PyPyPy subunit, 
the six-ring hairpin polyamide ImPyPy-y-ImPyPy-P-Dp 
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Figure 2 

Models of the expected ‘extended hairpin’ 
complex of ImPyPy-y-lmPyPy$-PyPyPy-G- 
Dp with 5’-AAAAAGACA-3’. (Left) Red and 
blue circles represent imidazole and pyrrole 
rings, respectively. Green triangles and 
diamonds represent glycine and 3-alanine, 
respectively, and y-aminobutyric acid is 
represented as a curved green line. (Right) 
Circles with dots represent lone electron 
pairs on N3 of purines and 02 of 
pyrimidines, and circles containing an H 
represent the N2 hydrogen of guanine. 
Putative hydrogen bonds are illustrated by 
dashed lines. 

was synthesized and its equilibrium association constant 
for the site 5’-AGACA-3’ determined. 

Binding to the 9-bp target site 5’-ATATAGACA-3’ was 
also investigated. Based on previous results with the dista- 
mycin analog AC-PyPyPy-Dp (AC = acetyl), a preference 
of ImPyPy-y-ImPyPy-B-PyPyPy-G-Dp for 5’-AAAAA- 
GACA-3’ over .5’-ATATAGACA-3’ is expected. 

Equilibrium association constants for the polyamides 
ImPyPy-y-ImPyPy-B-Dp (compound 1) and ImPyPy-y- 
ImPyPy-B-PyPyPy-G-Dp (compound 2) for two 9-bp 
target sites 5’-AAAAAGACA-3’ and 5’-ATATAGACA-3’ 
located on a 247-bp restriction fragment, and to addi- 
tional binding sites identified on the fragment, were 
determined by quantitative DNase I footprint titration 
experiments. We also carried out affinity cleavage 
experiments using the EDTA*Fe(II) polyamide ImPyPy- 
y-ImPyPy-B-PyPyPy-G-Dp-EDTA*Fe(II) (2-E*Fe(II)) 

to determine the DNA-binding orientation and qual- 
itative DNA-binding affinity and specificity of this 
molecule (Fig. 3). 

Results and discussion 
Synthesis 
All polyamides were prepared in high purity using solid- 
phase synthetic methodology [19]. Polyamides 1 and 2 
(Fig. 3) were assembled in a stepwise manner on Boc-B- 
alanine-Pam resin and Boc-glycine-Pam-resin, respec- 
tively. Polyamides 1, 2 and 2-NH, were cleaved from the 
support with an appropriate primary amine and purified 
by reversed-phase high-pressure liquid chromatography 
(HPLC) (Fig. 4) to provide lo-30 mg of polyamide. 
Polyamide 2-NH,, which contains a primary amine group 
suitable for modification, was treated with an excess of 
the dianhydride of EDTA, unreacted anhydride was 
hydrolyzed, and the EDTA-modified polyamide 2-E was 
isolated by reversed-phase HPLC. 
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Figure 3 

1 ImPyPy-y-ImPyPy-f3-Dp 

‘j H \r” 
0 

2 (R=H) ImPypv-r-lm4/Py-p-PyPVPy-G-Dp 
2-E*Fe(ll) (R=RE) ImPyF’y-r-ImPyPy-p-PyFjPy-G-Dp-EDTA*Fe(ll) 

Structures of polyamides ImPyPy-y- lmPyPy- 
f3-Dp (compound l), ImPyPy-y- lmPyPy$- 
PyPyPy-G-Dp (compound 2) and ImPyPy-y- 
ImPyPy-6-PyPyPy-G-Dp-EDTA*Fe(l l) 
(compound 2-bFe(ll)). 

Figure 4 

i ii 

20 steps 

2 R = CHs; lmPypu-r-lmPyPv-p-4/PyPy-G-Dp 

c 

2-Ntis, R = (CHa)sNH2; lmPypu-r-lmpypu-p-pypuPy-G-Dp-NH2 
xxiv, xv 

2-E, R = (CHs)sNH-EDTA; ImPyPy-y-ImPyPy-6-PyPyPy-G-Dp-EDTA 

Synthetic scheme for preparation of 
polyamides 2, 2-NH, and 2-E. Cycling 
protocols consist of trifluoroacetic acid (TFA) 
deprotection followed by coupling with 
HOWactivated Boc-pyrrole or Boc-imidazole 
ester (steps i-xxii). The resin is then cleaved 
by treatment with a primary amine (step xxiii) 
and purified by reversed-phase HPLC. 
Polyamide 2-NH, is subsequently modified 
with EDTA dianhydride (steps xxiv and xxv), 
providing the affinity-cleaving analog 2-E. 
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DNA-binding orientation 
We carried out affinity cleavage experiments [1,20] 
using ImPyPy-y-ImPyPy-P-PyPyPy-G-Dp-EDTA*Fe(II) 
(2-E*Fe(II)) and the 5’- or 3’-32P end-labeled 247-bp 
pJT4 AfnI/FspI restriction fragment (Fig. 5). This 
polyamide selectively binds to the 5’-AAAAAGACA-3’ 
and .5’-ATATAGACA-3’ target sequences at subnanomolar 
concentration. A single 3’-shifted cleavage pattern is 
observed at each 9-bp site, indicating that the polyamide 
is bound in one orientation with the carboxyl terminus at 
the 5’ end of the S’AAAAAGACA-3’ or 5’-ATATAGACA-3’ 
sequences (Fig. 6). 

DNA-binding affinity and specificity 
The exact locations and sizes of all binding sites were 
determined first by preliminary footprinting experi- 
ments using the cleavage reagent methidiumpropyl 
EDTA*Fe(II) [Zl] (data not shown). Quantitative 
DNase I footprint titration experiments [ZZ-241 on the 
3’-3ZP-labeled 247-bp restriction fragment (in 10 mM 
TriseHCl, 10 mM KCl, 10 mM MgCI,, 5 mM CaCl,, 
pH 7.0, 22 “C) revealed that ImPyPy-y-ImPyPy-P- 
PyPyPy-G-Dp specifically binds the 5’-AAAAAGACA-3’ 

Figure 6 

Figure 5 

Fsp I 247 bp Afl II 
32~ I 

~'-CGCCAGG GTCACGACGT 
3'-GCGGTCC CAGTGCTGCA 

::::%I GAGCTCGGTACCCGGGAACGTAGCGT.... 
CTCGAGCCATGGGCCCTTGCATCGCA.... 

Partial sequence of the restriction fragment used for footprinting and 
affinity cleaving experiments. The two match sites (pink) and three 
mismatch sites (blue) are highlighted. 

and 5’-ATATAGACA-3’ target sequences with equili- 
brium association constants of K, = 2 x lOlo M-l and 
K, = 8 x lo9 M-l, respectively (Figs 7,8 and Table 1). 
The polyamide binds to additional sites on the restriction 
fragment with lower affinity. For comparison, the 

Compound 2-E*Fe(ll) cleaves the 247-bp 
pJT4 AfllllFspl restriction fragment at specific 
sites. (a) Storage phosphor autoradiogram of 
an 8 O/o denaturing polyacrylamide gel used 
to separate the fragments generated by 
cleavage reactions using polyamide 
2-E*Fe(ll) on the 3’-32P-end-labeled 
restriction fragment. Lanes 1 and 5: A-track 
sequencing lanes; lanes 2-4: cleavage 
products obtained in the presence of 0.1 nM, 
1 nM, or 10 nM concentration of polyamide 
2*Fe(ll), respectively; lane 6: intact DNA. 
(b) Schematic representation of the bound 
polyamide and cleavage sites in the affinity 
cleavage experiment. (c) Observed cleavage 
intensities at the designated match sites at 
100 pM and 0.1 nM concentrations of 
polyamide 2-E*Fe(ll). Arrow lengths are 
proportional to the amount of cleavage at the 
indicated base. 

lb) 

123456 

5’-C G G T C G G G C-3’ 

3’-G C C A 0 C C C G-5’ 
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Polyamide 2 binds to specific DNA sequences with subnanomolar affinity. 
The storage phosphor autoradiogram is shown of an 8 %  denaturing 
polyactylamide gel used to separate the products of DNase I digestion in 
quantitative footprint titration experiments with polyamide 2 on the 247-bp 
pJT4 Aflll lFspl restriction fragment. Lanes 1-2: A- and G-track sequencing 
lanes; lanes 3 and 21: DNase I digestion products obtained in the absence 
of polyamide; lanes 4-20: DNase I digestion products obtained in the 
presence of 1 pM, 2 pM, 5 pM, 10 pM, 15 pM, 25 pM, 40 pM, 65 pM, 
0.1 nM, 0.15 nM, 0.25 nM, 0.4 nM, 0.65 nM, 1 nM, 2 nM, 5 nM, and 10 nM 
polyamide; lane 22: intact DNA. All reactions were carried out in the 
presence of 15 000 cpm of restriction fragment, 10 m M  TrisHCI, 10 m M  
KCI, IO m M  MgCI, and 5 m M  CaCI, at pH 7.0. 

six-ring hairpin polyamide ImPyPy-y-ImPyPy-P-Dp binds 
to the sequences 5’-aaaaAGACA-3’ and .5’-atatAGACA-3’ 
(lower-case letters are upstream of the recognition 
sequence) with association constants of K, = 5 x lo7 M-l 
and K, = 9 x lo7 M-l, respectively. 

Relative to the six-ring polyamide ImPyPy-y-ImPyPy- 
P-Dp, the nine-ring polyamide ImPyPy-y-ImPyPy-P- 
PyPyPy-G-Dp binds to the sequences S’AAAAAGACA-3’ 
and 5’-ATATAGACA-3’ with -400-fold and -loo-fold 
higher affinity, respectively. Similar binding enhance- 
ments have recently been reported in a separate system 
[2.5]. Addition of a carboxy-terminal PyPyPy subunit 
using a p-alanine linker is thus an effective strategy for 

increasing the DNA-binding affinity of hairpin polyamides 
that bind adjacent to an (A,T), sequence. 

Polyamide ImPyPy-y-ImPyPy-P-PyPyPy-G-Dp binds to 
several mismatched sites present on the 247-bp restriction 
fragment with high affinity (Table 1). The two highest aff- 
inity mismatch sites, 5’-QLATT~ACT3’ (K, = 4.5 x lo9 M-l) 
and 5’-GTTTTECA-3’ (K, = 2.5 x lo9 M-r), are bound 
with at least five-fold reduced affinity relative to the 
optimal match site 5’-AAAAAGACA-3’ (formally mis- 
matched base pairs are underlined). This value may, 
however, be a lower limit due to the uncertainty in the 
very high equilibrium association constant for the optimal 
match site (see Materials and methods). In contrast, the 
six-ring polyamide ImPyPy-y-ImPyPy-P-Dp binds more 
strongly to the match site 5’-AGACA-3’ than to the single 
base-pair mismatch sites 5’-ATTCA-3’ and 5’-TTACA-3’ 
by a factor of 10. Although it remains a challenge to 
optimize the specificity of the extended hairpin polyamide 
motif, it is significant that a wholly designed, synthetic 
polyamide specifically binds to a designated nine base-pair 
site at subnanomolar concentrations. 

Significance 
Small molecules that specifically bind to any sequence 
in the human genome would be useful tools in mol- 
ecular biology and potentially in human medicine. 
Pyrrole-imidazole polyamides bind sequence-specifically 

Figure 8 
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The ‘extended hairpin’ polyamide 2 binds to the recognition sequence 
5’-AAAAAGACA-3’ with -400-fold higher affinity than the ‘hairpin’ 
polyamide 1. Data from quantitative DNase I footprinting experiments 
using the polyamides 1 (purple squares) and 2 (blue circles) are 
shown. Each data point shows the average value obtained from three 
footprinting experiments. 
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Table 1 

Equilibrium association constants (M-‘) 

Binding site 

Match sites 

Polyamide 

ImPyPy-y-lmPyPy- ImPyPy-y-lmPyPy- 

P-DP 8-PyPyPy-G-Dp 

5’-AAAAAGACA-3’ 

5’-ATATAOACA-3’ 

Mismatch sites 

5.2 x 1 O7 (0.5) 2.0 x 10’0 (0.4) 

9.1 x 107 (1.1) 8.1 x 10s (0.1) 

5’-GAATTCACT-3’ 18x lo6 4.5 x 10s (1 .O) 

5’-CGTTTTACA-3’ 9.2 x 1 O6 (1.6) 1.6 x 1 Og (0.3) 

5’-GTTTTCCCA-3’ <l 0” 2.5 x 1 Og (0.7) 

5’-GGCGATTAAGTTG-3’ <1os 8.9 x 10s (0.6) 

5’-TCGCTATTACGCCA-3’ <1os 1.5x 10s (0.2) 

Values reported are the mean values obtained from four DNase I 
footprint titration experiments. The standard deviation for each value is 
indicated in parentheses. The assays were carried out at 22 “C at 
pH 7.0 in the presence of 10 mM TrisHCI, 10 mM KCI, 10 mM MgCI, 
and 5 mM CaCI,. The 5 base pair ImPyPy-y-lmPyPy$-Dp binding 
sites are in bold type. The portion of each site occupied by the 
carboxy-terminal PyPyPy subunit of ImPyPy-y-lmPyPy$-PyPyPy-G- 
Dp, as evidenced by affinity cleavage experiments with ImPyPy-y- 
ImPyPy-f3-PyPyPy-G-Dp-EDTA*Fe(lI), is underlined. 

to DNA by forming side-by-side complexes in the minor 
groove. A simple code has been developed to rationally 
alter the sequence-specif icity of these minor-groove- 
binding molecules, and has guided the design of 
polyamides that specifically target a wide variety of 
DNA sequences. 

The results described here demonstrate that two simple 
amino acids, y-aminobutyric acid and p-alanine, opti- 
mally connect polyamide subunits in different and pre- 
dictable conformations. A designed three-subunit poly- 
amide incorporating both linkers specifically binds to a 
designated nine-base-pair target site at subnano- 
molar concentrations. The high binding affinity and 
sequence-specif icity of pyrrole-imidazole polyamides, 
coupled with a broad targetable sequence repertoire 
and an efficient solid-phase synthesis methodology, 
provide a powerful class of non-natural molecules for 
sequence-specif ic recognition of double helical DNA. 

Materials and methods 
NMR spectra were recorded on a GE 300 instrument operating at 
300 MHz (‘H) or 75 MHz (13C). Spectra were recorded in DMSO- 
d, with chemical shifts reported in parts per million relative to 
residual DMSO-da. UV spectra were measured on a Hewlett- 
Packard Model 8452A diode array spectrophotometer. Matrix- 
assisted, laser desorptionlionization time of flight mass spectro- 
metry (MALDI-TOF MS) was carried out at the Protein and Peptide 
Microanalytical Facility at the California Institute of Technology. 

HPLC analysis was performed either on a HP 1090 M  analytical 
HPLC or a Beckman Gold system using a Rainen Cl 8, Microsorb 
MV, 5 km, 300 x 4.6 mm reversed-phase column in 0.1 o/, (w/v) 
trifluoroacetic acid (TFA) with acetonitrile as eluent and a flow rate 
of 1 .O ml min-‘, gradient elution 1.25 %  acetonitrile min-‘. Prepa- 
rative HPLC was carried out on a Beckman instrument using a 
Waters DeltaPak 25 x 100 mm 100 p,m C,, column in 0.1 %  (w/v) 
TFA, gradient elution 0.25 O/o CH,CN min-‘. Water was obtained 
from a Millipore Milli-Q water purification system. Reagent-grade 
chemicals were used unless otherwise stated. Escherichia co/i XL-1 
Blue competent cells were obtained from Stratagene. Restriction 
endonucleases were purchased from either New England Biolabs or 
Boehringer-Mannheim. Sequenase (version 2.0) was obtained from 
United States Biochemical, and DNase I (FPLC pure) was ob- 
tained from Pharmacia. Stocks of [o-32PI-thymidine-5’-triphos- 
phate (2 3000 Ci mmol-I), [a-32Pl-deoxyadenosine-5’-triphosphate 
(2 6000 Ci mmol-I), and [y-32P]-adenosine-5’-triphosphate were 
purchased from Du PontlNEN. 

ImPyPy-y-ImPyPy-P-Dp (compound 1) 
Polyamide 1 was prepared by machine-assisted solid phase methods 
as a white powder (17 mg, 56 %  recovery). HPLC room temperature 
(RT): 26.1 min; UV A,,, (E): 234 nm (39 300), 312 nm (53 200); ‘H 
NMR (DMSO-ds): 6 10.53 (s, 1 H), 10.27 (s, 1 H), 10.04 (s, 1 H), 
9.96 (s, 1 H), 9.94 (s, 1 H), 9.2 (br s, 1 H), 8.08 (m, 3 H), 7.49 (s, 2 H), 
7.44 (s, 1 H), 7.31 (d, 1 H, J= 1.0 Hz), 7.23 (d, 1 H, J= 1.1 Hz), 7.19 
(m, 3 H), 7.10 (s, 1 H), 6.92 (d, 1 H, J= 1.1 Hz), 6.90 (d, 1 H, J= 1.1 
Hz). 4.01 (s, 3 H), 3.97 (s, 3 H), 3.86 (m, 6 H), 3.82 (m, 6 H), 3.41 (q, 
2 H, J=6.0 Hz), 3.22 (q, 2 H, J=5.9 Hz), 3.13 (q, 2 H, J=5.9 Hz), 
3.0 (q, 2 H, J= 5.6 Hz), 2.76 (d, 6 H, J= 4.8 Hz), 2.37 (m, 4 H), 1.78 
(m, 4 H); MALDI-TOF MS: 979.3 (979.1 talc. for M+H). 

ImPyPy-y-ImPyPy-P-PyPyPy-G-Dp (compound 2) 
Polyamide 2 was prepared by machine-assisted solid phase methods as 
a white powder (12 mg, 19% recovery). HPLC RT: 29.5 min; UV 
A,,,(E): 238 nm (53 900), 312 nm (71 100); ‘H NMR (DMSO-dd: 6 
10.46 (s, 1 H), 10.24 (s, 1 H), 9.96 (s, 1 H), 9.90 (m, 5 H), 9.2 (br s, 1 
H), 8.25 (m, 1 H), 8.00 (m, 3 H), 744 (s, 1 H), 7.39 (s, 1 H), 726 (d, 1 H, 
J= 1.3 Hz), 7.24 (d, 1 H, J= 1.5 Hz), 7.20 (m, 2 H), 7.16 (m, 2 H), 7.13 
(m, 2 H), 7.11 (d, 1 H, J= 1.4 Hz), 7.05 (d, 1 H, J= 1.4 Hz), 7.03 (d, 1 H, 
J= 1.5 Hz), 6.93 (d, 1 H, J= 1.3 Hz), 6.87 (m, 2 H), 6.84 (d, 1 H, J= 
1.5 Hz), 3.97 (s, 3 H), 3.92 (s, 3 H), 3.82 (m, 9 H), 3.79 (m, 6 H), 3.76 
(m, 6 H), 3.73 (m, 2 H), 3.44 (q, 2 H, J=5.0 Hz), 3.17 (m, 4 H), 3.03 (m, 
2 H), 2.74 (d, 6 H, J= 4.8 Hz), 2.50 (m, 2 H) 2.33 (t, 2 H, J= 6.7 Hz), 
1.77 (m, 4 H); MALDI-TOF MS: 1402.2 (1402.5 talc. for M+H). 

ImPyPy-y- lmPyPy$-PyPyPy-G-Dp-NH2 (compound 2-NH& 
Polyamide 2-NH, was prepared by machine-assisted solid phase 
methods as a white powder (29 mg, 59 o/o recovery). HPLC RT: 21.5 
min; tH NMR (DMSO-dd: 6 10.50 (s, 1 H), 10.27 (s, 1 H), 9.96 (s, 1 
H), 9.93 (m, 5 H), 9.2 ( br s, 1 H), 8.27 (t, 1 H, J= 5.1 Hz), 8.03 (m, 3 
H), 7.90 (s, 3 H), 7.45 (s, 1 H), 7.40 (s, 1 H), 7.27 (d, 1 H, J= 1.3 Hz), 
7.25 (d, 1 H, J= 1.4 Hz), 7.22 (m, 2 H), 7.18 (m, 2 H), 7.17 (d, 1 H, J= 
1.4 Hz), 7.14 (d, 1 H, J= 1.3 Hz), 7.11 (m, 2 H), 706 (d, 1 H, J= 1.5 Hz), 
6.94 (d, 1 H, J= 1.3 Hz), 6.88 (m, 2 H), 6.84 (d, 1 H, J= 1.4 Hz), 3.97 
(s, 3 H), 3.93 (s, 3 H), 3.83 (m, 9 H), 3.80 (m, 6 H), 3.76 (m, 6 H), 3.72 
(d,2H,J=5.2Hz),3.43(q,2H,J=5.0Hz),3.17(m,6H),3.11 (q,2 
H, J=5.3 Hz), 2.85 (q, 2 H, J=5.2 Hz), 2.73 (d,3 H, J=3.9Hz), 2.51 
(t, 2 H, J= 6.5 Hz), 2.35 (t, 2 H, J= 6.7 Hz), 1.92 (quintet, 2 H, J= 6.8 
Hz), 1.78 (m, 4 H); MALDI-TOF MS: 1445.6 (1445.6 talc. for M+H). 

ImPyPy-y-ImPyPy-P-PyPyPy-G-Dp-EDTA (compound 2-E) 
EDTA-dianhydride (50 mg) was dissolved in 1 ml DMSOJNMP solution 
and 1 ml DIEA by heating at 55 “C for 5 min. The dianhydride solution 
was added to ImF’yPy-y-lmPyPy$-PyPyPy-G-Dp-NH2 (9.0 mg, 5 pmol) 
dissolved in 750 ~1 DMSO. The mixture was heated at 55 “C for 25 min, 
treated with 3 ml 0.1 M  NaOH, and heated at 55 “C for 10 min. 0.1 %  
TFA was added to adjust the total volume to 8 ml and the solution 
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purified directly by reversed-phase HPLC to provide ImPyPy-y- lmPyPy$- 
PyPyPy-G-Dp-EDTA as a white powder (3 mg, 30 %  recovery after 
HPLC purification). MALDI-TOF MS: 1720.1 (1719.8 talc. for M+H). 

Preparation of 32P-labeled DNA 
Plasmid pJT4 was prepared by hybridizing two sets of 5’-phosph- 
orylated, complementary oligonucleotides, 5’-CCGGGAACGTAG- 
CGTACCGGTCGCAAAAAGACAGGCTCGA-3’ and 5’-GGCGTCG- 
AGCCTGTCl lT lTGCGACCGGTACGCTACGTTC-3’, and 5’CGCC 
GCATATAGACAGGCCCAGCTGCGTCCTAGCTAGCGTCG- 
TAGCGTCTTAAGAG-3’ and 5’-TCGACTCTTAAGACGCTACGACG- 
CTAGCTAGGACGCAGCTGGGCCTGTCTATATGC-3’, and ligating 
the resulting duplexes to the large pUCl9 AvallSa/l restriction 
fragment. The 31s2P end-labeled Afllll Fspl fragment was prepared by 
digesting the plasmid with Af/ll and simultaneously filling in using 
Sequenase enzyme, [a-32P]-deoxyadenosine-5’-triphosphate, and 
[a-32P]-thymidine-5’-triphosphate, digesting with Fspl, and isolating the 
247-bp fragment by nondenaturing gel electrophoresis. The 5’~~~Pw 
end-labeled AfIlllFspl fragment was prepared using standard methods. 
A  and G sequencing were carried out as described [26,27]. Standard 
methods were used for all DNA manipulations [28]. 

Affinity-cleavage reactions 
All reactions were executed in a total volume of 400 p,I. A  stock 
solution of compound 2-E or H,O was added to a solution containing 
labeled restriction fragment (15 000 cpm), affording final solution 
conditions of 20 m M  HEPES, 200 m M  NaCI, 50 p,g ml-’ glycogen, 
and pH 7.3. Subsequently, 20 pl of freshly prepared 20 m M  
Fe(NH4)2(S04)2 was added and the solution allowed to equilibrate for 
20 min. Cleavage reactions were initiated by the addition of 40 pl of 
50 m M  dithiothreitol, allowed to proceed for 12 min at 22 “C, then 
stopped by the addition of 1 ml  of ethanol. Reactions were precipitated 
and the cleavage products separated using standard methods [28]. 
Next, 10 p,l of a solution containing calf thymus DNA (140 pM base- 
pair) (Pharmacia) and glycogen (2.8 mg ml-‘) was added, and the 
DNA precipitated. The reactions were resuspended in 1 x TBE/EO %  
formamide loading buffer, denatured by heating at 85 “C for 10 min, 
and placed on ice. The reaction products were separated by 
electrophoresis on an 8 %  polyacrylamide gel (5 %  cross-link, 7 M  
urea) in 1 x TBE at 2000 V. Gels were dried and exposed to a storage 
phosphor screen (Molecular Dynamics). Relative cleavage intensities 
were determined by volume integration of individual cleavage bands 
using ImageQuant software. 

Quantitative DNase I footprint titration experiments 
All reactions were executed in a total volume of 400 pl. A  polyamide 
stock solution or H,O (for reference lanes) was added to an assay 
buffer containing radiolabeled restriction fragment (15 000 cpm), 
affording final solution conditions of 10 m M  TrisHCI, 10 m M  KCI, 
10 m M  MgCI,, 5 m M  CaCI,, pH 7.0, and either 1 pM-10 nM 
polyamide or no polyamide (for reference lanes). The solutions were 
allowed to equilibrate at 22 “C for 12 h for polyamide 1 or 36 h for 
polyamide 2. Footprinting reactions were initiated by the addition of 
10 ~1 of a DNase I stock solution (at the appropriate concentration to 
give -55% intact DNA) containing 1 m M  dithiothreitol and allowed to 
proceed for 7 min at 22 “C. The reactions were stopped by the 
addition of 50 pl of a solution containing 2.25 M  NaCI, 150 m M  EDTA, 
0.6 mg ml-’ glycogen, and 30 ~.LM base pair calf thymus DNA, and 
ethanol precipitated. Reactions were resuspended in 1 x TBE180 %  
formamide loading buffer, denatured by heating at 85 “C for 10 min, 
and placed on ice. The reaction products were separated by elec- 
trophoresis on an 8 %  polyacrylamide gel (5 9’0 cross-link, 7 M  urea) in 
1 x TBE at 2000 V. Gels were dried and exposed to a storage 
phosphor screen (Molecular Dynamics). 

Quantitation and data analysis 
Data from the footprint titration gels were obtained using a Molecular 
Dynamics 400s Phosphorlmager followed by quantitation using 

Image&ant software (Molecular Dynamics). Background-corrected 
volume integration of rectangles encompassing the footprint sites and 
a reference site at which DNase I reactivity was invariant across the 
titration generated values for the site intensities (Isite) and the reference 
intensity (I&. The apparent fractional occupancy (I$+,,) of the sites 
were calculated using the equation: 

0 
bite ’ lref app = 1 - ~ 

G? Cef 

where losite and l”ref are the site and reference intensities, respectively, 
from a control lane to which no polyamide was added. The ([Ll,,,, O,,,) 
data points were fit to a general Hill equation (eq. 2) by minimizing the 
difference between Oapp and Ofit: 

0 app = emin + (emax - %3 
K,” D-1 :,,, 

1 + K”, M;,,, (2) 

where [LItor is the total polyamide concentration, K, is the equilibrium 
association constant, and O,i, and O,,, are the experimentally 
determined site saturation values when the site is unoccupied or 
saturated, respectively. The data were fit using a nonlinear least- 
squares fitting procedure with K,, t&,x, and emin as the adjustable 
parameters. For polyamide ImPyPy-y-ImPyPy-8-Dp, binding iso- 
therms for the 5’-AGACA-3’ target sites were adequately fit by 
Langmuir isotherms (eq. 2, n = l), consistent with formation of 1 :l 
polyamide-DNA complexes. For ImPyPy-y-ImPyPy-8-PyPyPy-G-Dp, 
steeper binding isotherms (eq. 2, n = 1.8-2.2) were observed at the 
target sites 5’-AAAAAGACA-3’ and 5’-ATATAGACA-3’. We believe 
that the steepness of these isotherms is due to the very high 
equilibrium association constants at these sites, and emphasize that 
treatment of the data in this manner does not represent an attempt to 
model a binding mechanism. Rather, we have chosen to compare 
values of the apparent equilibrium association constant, a value that 
represents the concentration of ligand at which a site is half- 
saturated. The binding isotherms were normalized using the following 
equation: 

e 8 app - emin 
norm = 

e max - 0min 
(3) 

Four sets of data were used in determining each association constant. 
The method for determining association constants used here involves 
the assumption that iLlto, = [LIfrB,, where [LIf,, is the concentration of 
polyamide free in solution (unbound). For very high association 
constants this assumption becomes invalid, resulting in under- 
estimated association constants. In the experiments described here, 
the DNA concentration is estimated to be -5 pM. As a consequence, 
apparent association constants greater than -lOlo M-l should be 
regarded as lower limits. 
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