FULL PAPER

Tandem Hairpin Motif for Recognition in the Minor Groove
of DNA by Pyrrole —Imidazole Polyamides

David M. Herman, Eldon E. Baird, and Peter B. Dervan*?!

Abstract: Two six-ring hairpin poly-
amides linked tail-to-turn by a five-
carbon tether recognize a predeter-
mined 11-base-pair (bp) site in the
minor groove of DNA. Polyamide sub-
units, containing three pyrrole (Py) or
imidazole (Im) aromatic amino acids
covalently linked by a turn-specific y-
aminobutyric acid (y-turn) residue, form
six-ring hairpin structures that recognize
designated five-base-pair sequences. Re-
placement of the y-turn residue with
(R)-2,4,-diaminobutyric acid [(R)"Ny]
provides for enhanced hairpin-DNA-
binding affinity and sequence specificty.
In order to extend the targetable bind-
ing-site size of the hairpin motif, two

of one six-ring hairpin is covalently
tethered to the (R)™Ny-turn of the
second through fS-alanine () or 5-ami-
novaleric acid (J), respectively. The
DNA-binding affinity of each polyamide
was characterized by quantitative foot-
print titration experiments on DNA
fragments containing 10-, 11-, or 12-bp
match and mismatch sequences. The
parent six-ring hairpin ImPyPy-
(R)™Ny-PyPyPy-f-Dp binds to a 5-bp
5-TGTTA-3 half site with an equilibri-
um association constant (K,)= 5 x
10°m~! and 100-fold specificity versus a
5-TGTCA-3' mismatch site. The tan-
dem-hairpin polyamide 2, linked by
valeric acid, binds the 11-bp site 5'-

TGTTATTGTTA-3' (individual 6-ring
hairpin target sites underlined) with
K,>1x10"2m!and > 4500-fold specif-
icity versus the double mismatch se-
quence 5-TGTCATTGTCA-3'. The 10-
bp and 12-bp sites 5'-TGTTATGTTA-3’
and 5S-TGTTATTTGTTA-3" are bound
with at least 70 and 1000-fold reduced
affinity, respectively. B- linked poly-
amide 1 binds to both the 10- and 11-
bp sites with K, =2 x 101! and to the
12-bp site with K,=9 x 103M~L. The
results presented here identify structure
elements that expand polyamide-bind-
ing-site size by linking previously de-
scribed hairpin recognition units. Re-
markably, a simple aliphatic 5-carbon

tandem hairpin polyamides, ImPyPy-
(R)[ImPyPy-(R)™"yPyPyPyf]™yPyPy-
PyfDp (1) and ImPyPy-(R)[ImPyPy-
(R)":NyPyPyPyo]"™yPyPyPypDp (2),
were designed such that the carboxy tail

Introduction

Small synthetic ligands that target predetermined DNA
sequences have the potential to control gene expression.[!]
Polyamides containing the three aromatic amino acids
3-hydroxypyrrole (Hp), imidazole (Im), and pyrrole (Py) are
small molecules that have an affinity and specificity for DNA
comparable with naturally occurring DNA binding pro-
teins.> 3 DNA recognition depends on a code of side-by-side
aromatic amino acid pairings that are oriented N—C with
respect to the 5'-3' direction of the DNA helix in the minor
groove.’! An antiparallel pairing of Im opposite Py (Im/Py
pair) distinguishes G-C from C-G and both of these from
A -T/T- A base pairs (bp).[! A Py/Py pair binds both A - T and
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tether is sufficient to provide increased
binding affinity without comprimising

recognition . ..
hairpin sequence-selectivity.

pairing code -

T-A in preference to G-C/C-G.*3 The discrimination of
T-A from A-T by means of Hp/Py pairs completes the four
base pair code.l Eight-ring polyamides have been shown to
be cell permeable and to inhibit transcription of a specific
gene in cell culture.l'! This provides impetus to develop an
ensemble of motifs that recognize a broad binding-site size
repertoire.>"!l It is particularly important to identify ligand —
structure elements that amplify existing recognition motifs for
binding to DNA sequences 10—16 bp in size.

Hairpin polyamide: A hairpin polyamide motif with y-
aminobutyric acid (y) serving as a turn-specific internal-guide
residue provides specific binding to designated target sites
with >100-fold enhanced affinity relative to the unlinked
subunits.’) Studies of polyamide site size limitations suggest
that beyond five consecutive rings, the ligand curvature fails
to match the pitch of the DNA helix, disrupting the hydrogen
bonds and van der Waals interactions responsible for specific
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polyamide-DNA complex formation.[® 74 The recognition of
seven base pairs by ten-ring hairpin polyamides containing
five contiguous ring pairings represents the upper limit in
binding-site sizes targetable by the hairpin motif.?<l Addition
of pairings with -alanine () to form, /3, /Py, and 3/Im pairs
has allowed extension of the hairpin motif to 8-bp recogni-
tion.”?l Cooperative-binding extended hairpins provide one
motif for expanding the hairpin recognition for targeting 10—
bp and 12 - bp sites.’dl An alternative approach to increase the
targetable binding-site size of hairpins would be to identify a
strategy for covalently linking existing hairpin motifs without
compromising DNA-binding and sequence-specificity.

Within the hairpin structure, replacement of the y-turn
residue with (R)-24-diaminobutyric acid [(R)"Ny] has re-
cently been shown to enhance hairpin DNA-binding affinity
and sequence specificity.'?! The primary turn amino group
provides a potential site for covalently connecting two
hairpins. In one potential linkage arrangement, the C
terminus of the first hairpin is coupled to the a-amino group
of the y-turn of the second by an amino-acid linker (Figure 1).
To determine preferred binding-site size and linker length
effects for tandem hairpins, two 12-ring polyamides, ImPyPy-
(R)[ImPyPy-(R)":Ny-PyPyPy-p-]""y-PyPyPy-f-Dp (1) and
ImPyPy-(R)[ImPyPy-(R)""y-PyPyPy-6-]"~y-PyPyPy-S-Dp
(2; Figure?2), were synthesized and their DNA binding
properties determined on a series of DNA fragments con-
taining 10-, 11-, and 12-bp target sites. Polyamides were
synthesized by solid-phase methods,'l and their purity and
identity confirmed by 'H NMR spectroscopy, MALDI-TOF
MS, and analytical HPLC. An affnity cleaving derivative
ImPyPy-(R)[ImPyPy-(R)*""Ay-PyPyPy-6-]""y-PyPyPy-5-Dp
(2-E) was synthesized in order to confirm a single predicted
binding orientation for the tandem hairpin polyamide. We
report here the DNA-binding affinity and sequence selectivity
of 1 and 2 for the 10, 11, and 12 bp match sites 5'-
TGTTATGTTA-3', 5-“TGTTATTGTTA-3', and 5-TGTTA-
TATGTTA-3" (5-bp hairpin target sites are underlined) and
double mismatch sites 5-TGTCATGTCA-3", 5'-
TGTCATTGTCA-3', and 5-TGTCATATGTCA-3' (mis-
matched base pairs are bold) respectively. Precise binding-
site sizes were determined by MPE - Fe!! footprinting,!*! and
binding orientation and stoichiometry confirmed by affinity
cleaving experiments.'¥! Equilibrium association constants
(K,) of the polyamides for respective match and mismatch
binding sites were determined by quantitative DNase I foot-
print titration.[*”]

Results and Discussion

Synthesis: ImPyPy-(R)[ImPyPy-(R)™Ny-PyPyPy-S-["™Ny-Py-
PyPy-5-Dp (1) and ImPyPy-(R)[ImPyPy-(R)"Ny-PyPyPy-
o-]"Ny-PyPyPy-3-Dp (2) were synthesized from Boc-S3-ala-
nine-Pam resin (0.6 g resin, 0.6 mmol g~! substitution) with Boc-
chemistry machine-assisted protocols in 31 steps (Figure 3,
p. 978).121 ImPyPy-(R)FmoctNy, PyPyPy-B-Pam-Pam resin was
prepared as described.['”) The Fmoc protecting group was then
removed by treatment with (4:1) piperidine/DMF. The
remaining amino acid sequence was then synthesized in a
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Figure 1. (Top) Hydrogen bonding model of the 1:1 polyamide:DNA
complex formed between the tandem hairpin 2 and the 11-bp 5'-
TGTTATTGTTA-3' site. Circles with dots represent lone pairs of N3 of
purines and O2 of pyrimidines. Circles containing an H represent the N2
hydrogen of guanine. Putative hydrogen bonds are illustrated by dotted
lines. (Bottom) For schematic binding model, Im and Py rings are
represented as shaded and unshaded spheres, respectively. The S-residue
and valeric acid linker are represented as an unshaded diamond and an
unshaded hexagon, respectively.

stepwise manner from Boc-chemistry machine-assisted pro-
tocols to provide ImPyPy-(R)[ImPyPy-(R)FmoHNy-PyPyPy-£3-
JHNy-PyPyPy-S-Pam-Resin and ImPyPy-(R)[ImPyPy-
(R)FmocHNy,_PyPyPy-0-]'Ny-PyPyPy-5-Pam-Resin. The Fmoc
group was removed with (4:1) piperdine/DMF. A sample of
resin was then cleaved by a single-step aminolysis reaction
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Figure 2. Structures of the 12-ring hairpin polyamides 1, 2, and 2-E synthesized by solid phase methods.

with [(dimethylamino)propylamine 55°C, 18 h], and the
reaction mixture subsequently purified by reversed phase
HPLC to provide 1 and 2. For the synthesis of the EDTA-turn
derivative 2-E, a sample of 2 was treated with an excess of
EDTA-dianhydride (DMSO/NMP, DIEA 55°C, 30 min), and
the remaining anhydride hydrolyzed (0.1m NaOH, 55°C,
10 min). The polyamide 2-E was then isolated by reverse
phase HPLC. The dicationic twelve-ring tandem hairpins are
soluble in aqueous solution at concentrations up to 1 mm. The
solubility of the tandem hairpins is 10- to 100-fold greater than
that found for extended or hairpin twelve-ring polyamides.

Binding-site size: MPE - Fe!' footprinting!™® on 3'- or 5-2P
end-labeled 135-bp EcoRI/BsrBI restriction fragments from
the plasmid pDHI11 reveals that polyamide 2, at 100 pm
concentration, binds to the designated 11-bp match site 5'-
TGTTATTGTTA-3" (25mm Tris-acetate, 10mMm NaCl, pH 7.0
and 22°C; Figures 4 and 5b, pp. 979, 980). Binding of the
mismatch site 5-TGTCATTGTCA-3" is only observed at
much higher polyamide concentrations. The size of the
asymmetrically 3’-shifted cleavage protection pattern for
polyamide 2 at the designated match site 5-TGTTATTGT-
TA-3' is consistent with formation of the predicted hairpin-J-
hairpin- DNA complex.

Binding orientation: Affinity cleavage experiments'*l with 2-
E, which has an EDTA - Fe" moiety appended to the y-turn,
were used to confirm polyamide binding orientation and

Chem. Eur. J. 1999, 5, No. 3

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

stoichiometry. Affinity cleavage experiments were performed
on the same 3'- or 5'-32P end-labeled 135-bp DNA restriction
fragment from the plasmid pDH11 (25 mm Tris-acetate, 10 mm
NaCl, 100 um/base pair calf thymus DNA, pH 7.0 and 22°C).
The observed cleavage pattern for 2-E (Figures 5b and 5d) are
3’-shifted, consistent with minor groove occupancy. In the
presence of 1 uMm 2-E, a single cleavage locus proximal to the 3’
side of the 5-TGTTATTGTTA-3" match sequence is re-
vealed, consistent with formation of an oriented 1:1 hairpin-6-
hairpin - DNA complex.

Equilibrium association constants: Quantitative DNase [
footprint titrations (10mm Tris-HCl, 10mMm KCI, 10mMm
MgCl, and Smm CaCl,, pH 7.0 and 22°C) were performed
to determine the equilibrium association constants of 1 and 2
for the 10-, 11- and 12-bp match and mismatch sites
(Table 1, Figure 4, p. 979). Polyamide 2 preferentially binds
the 11-bp 5-TGTTATTGTTA-3' target sequence with,
K,>1x10?m"". The corresponding 11-bp mismatch 5'-
TGTCATTGTCA-3 site is bound by 2 with >4500-fold
lower affinity (K,=2.2 x 105M7!). Polyamide 2 binds the 10-
bp site 5-TGTTATGTTA-3' (K,=1.5 x 101°M!) and the 12-
bp site - TGTTATATGTTA-3' (K,=1.0 x 10°m~!) with 70-
and 1000-fold lower affinity, respectively. Polyamide 1
binds the 10-bp 5-TGTTATGTTA-3" site and 11-bp 5'-
TGTTATTGTTA-3' site with K, =2 x 10'°Mm"!, and also binds
the 12-bp 5-TGTTATATGTTA-3' site with 16-fold lower
affinity (K,=9.0 x10°m7!). The parent hairpin ImPyPy-
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Figure 3. Solid phase synthetic scheme exémplified for 1, and 2: 1) 80 % TFA/DCM, 0.4M PhSH; ii) Boc-Py-OBt, bIE%, DMF; 101i) 80% TFA/DCM, 0.4Mm
PhSH; iv) Boc-Py-OBt, DIEA, DMF; v) 80 % TFA/DCM, 0.4Mm PhSH; vi) Boc-Py-OBt ,DIEA, DMF; vii) 80 % TFA/DCM, 0.4 M PhSH; viii) Fmoc-a-Boc-
y-diaminobutyric acid (HBTU, DIEA); ix) 80 % TFA/DCM, 0.4M PhSH; x) Boc-Py-OBt, DIEA, DMF; xi) 80 % TFA/DCM, 0.4M PhSH; xii) Boc-Py-OBt,
DIEA, DMF; xiii) 80 % TFA/DCM, 0.4M PhSH; xiv) imidazole-2-carboxylic acid (HBTU/DIEA); xv) 80 % Piperdine:DMF (25°C, 30 min); xvi) Boc-§3-
alanine (HOBT/DIEA) for 1; Boc-valeric acid (HOBT/DIEA) for 2; xvii) 80 % TFA/DCM, 0.4M PhSH; xviii) Boc-Py-OBt, DIEA, DMF; xix) 80 % TFA/
DCM, 0.4m PhSH; xx) Boc-Py-OBt, DIEA, DMF; xxi) 80 % TFA/DCM, 0.4m PhSH;; xxii) Boc-Py-OBt ,DIEA, DMF; xxiii) 80 % TFA/DCM, 0.4m PhSH;
xxiv) Fmoc-a-Boc-y-diaminobutyric acid (HBTU, DIEA); xxv) 80 % TFA/DCM, 0.4Mm PhSH; xxvi) Boc-Py-OBt, DIEA, DMF; xxvii) 80 % TFA/DCM,
0.4m PhSH; xxviii) Boc-Py-OBt, DIEA, DMF; xxix) 80% TFA/DCM, 0.4Mm PhSH; xxx)imidazole-2-carboxylic acid (HBTU/DIEA); xxxi) 80 %
piperidine:DMF (25°C, 30 min); xxxii) N-N-((dimethylamio)propyl)amine, 55°C; xxxiii) EDTA-dianhydride, DMSO/NMP, DIEA (55°C, 15 min); 0.1m
NaOH (55°C, 10 min); xxxiv) [Fe(NH,),]SO,-6H,0; (Inset) Py, Im, and diaminobutyric acid monomers for solid phase synthesis: (R)-Fmoc-a-Boc-y-
diaminobutyric acid (3-R), Boc-pyrrole-OBt ester!'?l (Boc-Py-OBt; 4), and imidazole-2-Carboxylic acid*! (Im-OH; 5).
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EcoRI BsrBI
3zp —
10bp
5' -GGTACCCGGGGATCGCGAGGCCTCATIPGTTATGTTAGCGAGGCCTCATIP GTCATGTCAGCGAGGCCTCATAGCTTGGCGTAATC -3
3 ' -CCATGGGCCCCTAGCGCTCCGGAGTAACAATACAATICGCTCCGGAGTAACAGTACAGTCGCTCCGGAGTATCGAACCGCATTAG ~-5°
11bp
5 ' -GGTACCCGGGGATCGCGAGGCCTCATITGTTATTGTTAGCGAGGCCTCATIPGTCATTGTCAGCGAGGCCTCATAGCTTGGCGTAATC ~-3 !
3 ' -CCATGGGCCCCTAGCGCTCCGGAGTAACAATAACAATICGCTCCGGAGTAACAGTAACAGTICGCTCCGGAGTATCGAACCGCATTAG -5
12bp

5 ' -GGTACCCGGGGATCGCGAGGCCTCA CGAGGCCTCATITGTCATATGTCAGCGAGGCCTCATAGCTTGGCGTAATC-3

3 ' -CCATGGGCCCCTAGCGCTCCGGAGTARCAATATACAATICGCTCCGGAGTARCAGTATACAGTCGCTCCGGAGTATCGAACCGCATTAG-5
Figure 4. Sequence of the synthesized inserts from the pDH10, pDH11, and pDH12 plasmids containing 10-bp, 11-bp, and 12-bp match and mismatch target
sites. Top: illustraion of the EcoRI/BsrBI restriction fragments containing the BamHI and HindIll inserts as indicated below. Only the boxed sites were

analyzed by quantitative DNase I footprint titrations.

(R)HNy-PyPyPy-3-Dp was found to bind to the 5-TGTTA-3'
match site with K, =5 x 10°m~".

Linker dependence: Site size preferences of polyamides 1 and
2 are modulated by the length of the turn-to-tail linker.
Modeling indicated that 8 and J linkers would provide
sufficient length for recognition of either 10 or 11 base pairs,
but would be too short to span the 12-bp binding site.
Polyamide 2 displays optimal recognition of the 11-bp binding
site, 5-TGTTATTGTTA-3', K, >1 x 10">m~". Replacing the ¢
linker in 2 with the two-carbon shorter § residue in 1 results in
a reduction of affinity at the 11-bp site by > 6-fold (K, =1.5 x
10'°v1). The unfavorable binding affinities of 1 and 2 at the
12-bp site indicates that the covalent constraint of the linker
subunit prevents alignment of hairpin subunits at this longer
recognition sequence.

Table 1. Equilibrium association constants [m~!] [l

Conclusions

It might have been expected that tandem-hairpins would bind
by a mechanism with one hairpin binding its 5-bp target site
and the second hairpin providing nonspecific binding en-
hancement from van der Waals and electrostatic interactions.
Surprisingly, a large affinity increase is observed only at the
11-bp target site, while affinity at isolated 5-bp hairpin sites
does not increase substantially and in some cases decreases
(Table 2, p. 981). These results indicate that a simple aliphatic
S-carbon linker is sufficient to provide for synergistic tandem-
hairpin binding affinity and specificity. Although it is remark-
able that simple aliphatic linkers provide six orders of
magnitude enhancement in DNA-binding affinity, this still
remains substantially lower than the nine order of magnitude
enhancement predicted for a perfect linker. Therefore,

Polyamide 5_TGTTATGTTA-3 S-TGTCATGTCA-3 Specificity 0
156 93 o I3 2.0 x 10 15x10° 133
250 O S 1.5x 10" 1.9x 10° 80

Polyamide 5-TGTTATTGTTA-3' 5-TGTCATTGTCA-3' Specificity
15093 23D 1.5 x 101 2.7 x 108 55
ZM z1x10" 22 x 10° > 4500

Polyamide 5 TGTTATATGTTA-3' 5" TGTCATATGTCA-3' Specificity
150 93D 33D 9.4 x 10° 3.1x107 30
2 1.3x10° 2.5x 10 52

[a] The reported association constants are the average values obrained from the three DNase I footprint titration experiments. [b] The assays were scarried
out at 22°C at pH 7.0 in the presence of 10 mm Tris-HCl, 10mm KCI, 10mm MgCl,, and Smm CaCl,. The 10-, 11-, and 12-bp sites are in capital letters. Match
site association constants are shown in boldtype. [c] Half sites for tandem hairpin polyamide binding are underlined and mismatch bases are underlined in
boldtype for all target sequences. [d] Specificity is caluclated as K,(match)/K,(mismatch).
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although the structural elements reported here for tail-to-turn
coupling of hairpin polyamides expand the binding-site size
targetable by the motif, the generality of the approach as well
as second generation rigid linkers, will need to be explored
and reported in due course.
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Experimental Section

General: Dicyclohexylcarbodiimide (DCC), Hydroxybenzotriazole
(HOBY), 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-fluo-
rophosphate (HBTU) and 0.2 mmolg~! Boc-f3-alanine-(4-carboxamido-
methyl)-benzyl-ester-copoly(styrene-divinylbenzene) resin (Boc-f-Pam-
Resin) was purchased from Peptides International (0.2 mmolg™') (R)-2-
Fmoc-4-Boc-diaminobutyric acid, (S)-2-Fmoc-4-Boc-diaminobutyric acid,
and (R)-2-amino-4-Boc-diaminobutyric acid were from Bachem. N,N-
diisopropylethylamine (DIEA), N,N-dimethylformamide (DMF), N-meth-
ylpyrrolidone (NMP), DMSO/NMP, Acetic anhydride (Ac,0), and
0.0002M potassium cyanide/pyridine were purchased from Applied Bio-
systems. Dichloromethane (DCM) and triethylamine (TEA) were reagent
grade from EM, thiophenol (PhSH), dimethylaminopropylamine (Dp),
(R)-a-methoxy-a-(trifuoromethyl)phenylacetic acid ((R)MPTA), and (S)-
a-methoxy-a-(trifouromethyl)phenylacetic acid [(S)MPTA] were from
Aldrich, trifluoroacetic acid (TFA) Biograde from Halocarbon, phenol
from Fisher, and ninhydrin from Pierce. All reagents were used without
further purification. Quik-Sep polypropylene disposable filters were
purchased from Isolab. A shaker for manual solid phase synthesis was
obtained from St. John Associates. Screw-cap glass peptide synthesis
reaction vessels (5 mL and 20 mL) with a #2 sintered glass frit were made as
described by Kent.') "H NMR spectra were recorded on a General
Electric-QE NMR spectrometer at 300 MHz with chemical shifts reported
in parts per million relative to residual solvent. UV spectra were measured
in water on a Hewlett—Packard Model 8452A diode array spectropho-
tometer. Optical rotations were recorded on a JASCO Dip 1000 Digital
Polarimeter. Matrix-assisted, laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF) was performed at the Protein and Peptide
Microanalytical Facility at the California Institute of Technology. HPLC
analysis was performed on either a HP 1090M analytical HPLC or a
Beckman Gold system using a RAINEN Cg, Microsorb MV, 5 um, 300 x
4.6 mm reversed phase column in 0.1% (wtv~!) TFA with acetonitrile as
eluent and a flow rate of 1.0 mL/min, gradient elution 1.25%
acetonitrilemin~!. Preparatory reverse phase HPLC was performed on a
Beckman HPLC with a Waters DeltaPak 25 x 100 mm, 100 pm C18 column
equipped with a guard, 0.1% (wtv~!) TFA, 0.25% acetonitrile min~'.
18 MQ water was obtained from a Millipore MilliQ water purification
system, and all buffers were 0.2 um filtered.

ImPyPy-(R)[ImPyPy-(R)"y-PyPyPy-3-]"y-PyPyPy-$-Dp (1): InPyPy-
(R)FmocHNy, PyPyPy-3-Pam-Resin was synthesized in a stepwise fashion
by machine-assisted solid-phase methods from Boc-S-Pam-Resin
(0.6 mmol g)."”! (R)-2-Fmoc-4-Boc-diaminobutyric acid (0.7 mmol) was
incorporated as previously described for Boc-y-aminobutyric acid. ImPy-
Py-(R)fmocHNy_PyPyPy--Pam-Resin was placed in a glass 20 mL peptide
synthesis vessel and treated with DMF (2 mL), followed by piperidine
(8 mL) and agitated (22 °C, 30 min). ImPyPy-(R)":Ny-PyPyPy-S-Pam-resin
was isolated by filtration, and washed sequentially with an excess of DMF,

Figure 5. Footprinting experiments on the on a 3'-*?P-labeled 135-bp DNA
restriction fragment derived from the plasmid pDH11. a) Quantitative
Dnase I footprint titration experiment with 2: lane 1, intact; lane 2, A
reaction; lane 3, DNase I standard, lanes 4-7, 1 pm, 3pm, 10pMm, and 30 pMm.
All reactions contain 10 kepm restriction fragment, 10mm Tris- HCI
(pH 7.0), 10mm KCI, 10mm MgCl, and 5mm CaCl,. b) MPE - Fe!! foot-
printing of tandem-hairpin 2: Lane 1, intact; lane 2, A reaction; lane 3,
MPE - Fe! standard; lanes 4-7; 10pm, 100pm, 1nM, and 10nM polyamide.
c) affinity cleaving titration experiment with tandem-hairpin 2-E: Lane 1,
control reaction; lane 2, A reaction; lanes 3—7, 10nM, 30 nm, 100 nM, 300 nMm,
and 1pm polyamide. All lanes contain 15 kcpm 3'-radiolabeled DNA,
25mwm Tris-acetate buffer (pH 7.0), 10mm NaCl, and 100 um/base pair calf
thymus DNA. 5-TGTTATTGTTA-3' and 5-TGTCATTGTCA-3'sites are
shown on the right side of the autoradiograms. d) MPE - Fe!' protection
patterns for 2 at 100 pMm concentration. Bar heights are proportional to the
relative protection from cleavage at each band. e) Affinity cleaving pattern
for 2-E at 1 um concentration. Bar heights are proportional to the relative
cleavage intensities at each base pair. f) Ball and stick schematic of
compound 2-E - 11-bp 5-TGTTATTGTTA-3’ complex showing the affinity
cleaving data on the right side of the autoradiogram.
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Table 2. Equilibrium association constants [M~'] for binding the parent hairpin to 5-bp half sites and tandem hairpin at 11-bp mismatch sites.

Site  Hairpin Motif (H)

Tandem Hairpin Motif (T)

K,(T)/K,(H)  Specificityl

| ey ———
55°-TGTTATTGTT A-3"

+ Q)
3-ACAKXTAACARATS 374 :

5 P G TTATTGTT A-3"
O

2260 220,000

Ka=3.8x10"m!

Ka>1.0x10"2m7!

m ~mm a!
5'-T@TTATGTTAG-3"

Y Q
3'-ACAATACAATC-5"'

5''TGTTATGIHETAG-3"'
11 2 .
3-ACKATACKATCS:

4 300

Ka=3.8x107m"!

Ka=1.5x1010M"!

m ~ m m »'
5'-TGTTATATGT T-3'

111

4 Q
3'-ACAATATACAA-5"'

26 20

Ka=3.8x10%m"!

T v o e )
5077 G TIA'T TG TC A3’ 51
O

v

3-ACABTAACAGTS

X

Ky=3.5x10"m!

Ka=22x108m"

o~ m m m
5'-TGTTTCCTGT G-3"'

+ g
3'--ACAAAGGACAC-5"

33 2

Ka=3x108Mm7!

m ~ a2 m m'
S™-TGATTACGC C A-3"'

VI

+ Q
3>-ACTAATGCGGT-5"'

Ka=1x10%m"!

Ka=5x10"m"

[a] The reported association constants are the average values obrained from the three DNase I footprint titration experiments. [b] The assays were scarried
out at 22°C at pH 7.0 in the presence of 10mm Tris-HCI, 10mm KCI, 10mm MgCl,, and Smm CaCl,. Mismatch base pairings are in the shaded regions and
brackets enclose the binding site and half binding sites for the parent and tandem hairpins , respectively. [c] Sites V and VI were less accurately measured
because they were located in the compresed region of the sequencing gel. [d] Specificity is caluclated as K,(sites I- VI)/K,(site VI).

DCM, MeOH, and ethyl ether and the amine-resin dried in vacuo. ImPyPy-
(R)[ImPyPy-(R)™oHNy _PyPyPy-S-]"Ny-PyPyPy--Pam-Resin  was then
synthesized in a stepwise fashion by machine-assisted solid-phase methods
from ImPyPy-(R)"Ny-PyPyPy-A-Pam-resin (0.38 mmolg~''*!). ImPyPy-
(R)[ImPyPy-(R)™oHNy_PyPyPy-[-]"Ny-PyPyPy--Pam-Resin was placed
in a glass 20 mL peptide synthesis vessel and treated with DMF (2 mL),
followed by piperidine (8 mL) and agitated (22°C, 30 min). ImPyPy-
(R)[ImPyPy-(R)!":Ny-PyPyPy-S-]"Ny-PyPyPy-f-Pam-Resin was isolated by
filtration and washed sequentially with an excess of DMF, DCM, MeOH,
and ethyl ether, and the amine-resin dried in vacuo. A sample of ImPyPy-
(R)[ImPyPy-(R)":Ny-PyPyPy--]"Ny-PyPyPy-f-Pam-Resin (240 mg,
0.29 mmolg') was treated with neat dimethylaminopropylamine
(2mL) and heated (55°C) with periodic agitation for 16 h. The reaction
mixture was then filtered to remove resin, TFA was added [0.1% (wtv),
6mL], and the resulting solution purified by reversed phase HPLC.
Polyamide 1 was recovered upon lyophilization of the appropriate fractions
as a white powder (28 mg, 22 % recovery). [a]® = +14.6 (c=0.05 in H,0);
UV (H,0): Ay, =246, 306 (100000); 'H NMR (300 MHz, [D¢]DMSO,
20°C): 6 =10.54 (s, 1 H; aromatic NH), 10.45 (s, 1 H; aromatic NH), 10.44
(s, 1H; aromatic NH), 10.02 (s, 1 H; aromatic NH), 9.95 (s, 1 H; aromatic
NH), 9.92 (s, 1 H; aromatic NH), 9.90 (d, 2H; aromatic NH), 9.86 (d, 2H;
aromatic NH), 9.2 (brs, 1 H; CF;COOH), 8.25 (m, 4 H; aliphatic NH, NHj;),
8.11 (d, 1H; J=8.5 Hz, aliphatic NH), 8.04 (m, 4 H, aliphatic NH), 7.37 (s,
2H; CH), 725 (m, 2H; CH), 722 (d, 1H; CH), 7.18 (m, 2H; CH), 7.16 (m,
3H; CH), 712 (m, 4H; CH), 7.02 (m, 4H; CH), 6.95 (d, /J=1.6 Hz, 1H;
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CH), 6.91 (d, J=1.5 Hz, 1 H; CH), 6.88 (d, J= 1.3 Hz, 1 H; CH), 6.85 (m,
3H; CH), 5.32 (t, 1 H; aliphatic CH), 4.45 (m, 1H, aliphatic CH), 3.96 (s,
6H; NCH,), 3.83 (s, 3H; NCHS,), 3.80 (s, 18 H; NCH,), 3.79 (s, 3H; NCH,),
3.76 (s, 3H; NCH,), 3.39 (m, 4H; CH,), 3.28 (m, 2H; CH,), 3.15 (m, 4H;
CH,), 3.07 (m, 2H; CH,), 2.97 (m, 2H; CH,), 2.70 (d, 6 H; N(CH,),), 2.32
(m, 2H; CH,), 1.93 (m, 2H; CH,), 1.71 (m, 2H; CH,), 1.47 (m, 2H; CH,),
1.20 (m, 4H; CH,); MALDI-TOF-MS (monoisotopic): m/z: 1881.9 [M+ —
H]; caled CygoH,(oN3,044 1881.9

ImPyPy-(R)[ImPyPy-(R)""y-PyPyPy-5-]""y-PyPyPy-$-Dp (2): ImPyPy-
(R)[ImPyPy-(R)H:Ny-PyPyPy-0-]"Ny-PyPyPy-3-Pam-Resin was prepared
as described for ImPyPy-(R)[ImPyPy-(R)"Ny-PyPyPy-S-]"Ny-PyPyPy-£-
Pam-Resin. A sample of ImPyPy-(R)[ImPyPy-(R)™Ny-PyPyPy-6-]"Ny-
PyPyPy-B-Pam-Resin (240 mg, 0.29 mmolg '"¥l) was treated with neat
dimethylaminopropylamine (2mL) and heated (55°C) with periodic
agitation for 16 h. The reaction mixture was then filtered to remove resin,
TFA was added [0.1% (wtv~'); 6 mL], and the resulting solution purified
by reversed phase HPLC. Polyamide 2 was recovered upon lyophilization
of the appropriate fractions as a white powder (32 mg, 25% recovery).
[a] =+14.6 (¢=0.05 in H,0); UV (H,0) A, =246, 306 (100000);
'H NMR (300 MHz, [D4]DMSO, 20°C): 6 =10.54 (s, 1 H; aromatic NH),
10.45 (s, 1H; aromatic NH), 10.44 (s, 1H; aromatic NH), 10.02 (s, 1H;
aromatic NH), 9.95 (s, 1 H; aromatic NH), 9.92 (s, 1H; aromatic NH), 9.90
(d, 2H; aromatic NH), 9.86 (d, 2H; aromatic NH), 9.2 (brs, 1H;
CF;COOH), 8.25 (m, 4H; aliphatic NH, NH;), 8.11 (d, /J=8.5Hz, 1H;
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aliphatic NH), 8.04 (m, 4H, aliphatic NH), 7.37 (s, 2H; CH), 7.25 (m, 2H;
CH), 722 (d, 1H; CH), 7.18 (m, 2H; CH), 7.16 (m, 3H; CH), 7.12 (m, 4H;
CH), 7.02 (m, 4H; CH), 6.95 (d, /J=1.6 Hz, 1H; CH), 6.91 (d, J=1.5 Hz,
1H; CH), 6.88 (d, /=13 Hz, 1H; CH), 6.85 (m, 3H; CH), 5.32 (t, 1H;
aliphatic CH), 4.45 (m, 1 H, aliphatic CH), 3.96 (s, 6H; NCHs), 3.83 (s, 3H;
NCHs), 3.80 (s, 18H; NCHs;), 3.79 (s, 3H; NCH,), 3.76 (s, 3H; NCHs), 3.39
(m, 4H; CH,), 3.28 (m, 2H; CH,), 3.15 (m, 4H; CH,), 3.07 (m, 2H; CH,),
2.97 (m, 2H; CH,), 2.70 (d, 6H; N(CHS),), 2.32 (m, 2H; CH,), 1.93 (m, 2H;
CH,), 1.71 (m, 2H; CH,), 1.47 (m, 2H; CH,), 1.20 (m, 4H; CH,); MALDI-
TOF-MS (monoisotopic): m/z: 1910.2 [M* — H]; caled CoH,,3N3,0,4 1909.9.

ImPyPy-(R)[ImPyPy-(R)*PT™y-PyPyPy-o-]"Ny-PyPyPy-3-Dp (2-E): Ex-
cess EDTA-dianhydride (50 mg) was dissolved in DMSO/NMP (1 mL) and
DIEA (1 mL) by heating at 55°C for 5 min The dianhydride solution was
added to ImPyPy-(R)[ImPyPy-(R)":Ny-PyPyPy-4-]"Ny-PyPyPy-5-Dp
(10 mg, 5 pmol) dissolved in DMSO (750 pL). The mixture was heated
(55°C, 25 min) and the remaining EDTA-anhydride hydrolyzed (0.1m
NaOH, 3 mL, 55°C, 10 min). Aqueous TFA (0.1% wtv~!) was added to
adjust the total volume to 8 mL, and the solution was purified directly by
reversed phase HPLC to provide 2-E as a white powder upon lyophilization
of the appropriate fractions (2 mg, 20% recovery). MALDI-TOF-MS
(monoisotopic): m/z: 2184.3 [M* — H]: caled C,y;H;,;N3,0,; 2184.0.

DNA reagents and materials: Enzymes were purchased from Boehringer-
Mannheim and used with their supplied buffers. Deoxyadenosine and
thymidine 5'-[a-**P] triphosphates were obtained from Amersham, deox-
yadenosine 5'-[y-¥P]triphosphate was purchased from L.C.N. Sonicated,
and deproteinized calf thymus DNA was acquired from Pharmacia. RNase
free water was obtained from USB and used for all footprinting reactions.
All other reagents and materials were used as received. All DNA
manipulations were performed according to standard protocols.!'”!

Construction of plasmid DNA: The plasmids pDH10, pDH11, and pDH12
were constructed by hybridization of the inserts listed in Figure 4. Each
hybridized insert was ligated individually into linearized pUC19 BamHI/
HindIIl plasmid with T4 DNA ligase. The resultant constructs were used to
transform Top10F" OneShot competent cells from Invitrogen. Ampicillin-
resistant white colonies were selected from 25 mL Luria-Bertani medium-
agar plates containing 50 pgmL~! ampicillin and treated with XGAL and
IPTG solutions. Large-scale plasmid purification was performed with
Qiagen Maxi purification kits. Dideoxy sequencing was used to verify the
presence of the desired insert. Concentration of the prepared plasmid was
determined at 260 nm from the relationship of 1 OD unit =250 ugmL~!
duplex DNA.

Preparation of 3'- and 5-end-labeled restriction fragments: The plasmids
pDH(11-12) were linearized with EcoRI and BsrBI, and were then treated
with the Sequenase enzyme, deoxyadenosine 5'-[a-*?P]triphosphate, and
thymidine 5'-[a-¥*P]triphosphate for 3’ labeling. Alternatively, these
plasmids were linearized with EcoRI, treated with calf alkaline phospha-
tase, and then 5’ labeled with T4 polynucleotide kinase and deoxyadenosine
5'-[y-**P]triphosphate. The 5’ labeled fragment was then digested with
BsrBI. The labeled fragment (3’ or 5') was loaded onto a 6 % nondenaturing
polyacrylamide gel, and the desired bp band was visualized by auto-
radiography and isolated. Chemical sequencing reactions were performed
according to published methods.!")

MPE - Fe" footprinting:['} All reactions were carried out in a volume of
40 pL. A polyamide stock solution or water (for reference lanes) was added
to an assay buffer where the final concentrations were: 25 mwm Tris-acetate
buffer (pH 7.0), 10mm NaCl, 100um/base pair calf thymus DNA, and
30 kepm 3'- or 5'-radiolabeled DNA. The solutions were allowed to
equilibrate for 4 hours. A fresh 50um MPE - Fe!! solution was prepared
from 100 pL of a 100um MPE solution and 100 uL of a 100 um ferrous
ammonium sulfate ([Fe(NH,),(SO,),] - 6 H,0) solution. MPE - Fe!' solution
(5um) was added to the equilibrated DNA, and the reactions were allowed
to equilibrate for 5 minutes. Cleavage was initiated by the addition of
dithiothreitol (5mm) and allowed to proceed for 14 min. Reactions were
stopped by ethanol precipitation, resuspended in 100mM tris-borate-
EDTA/80 % formamide loading buffer, denatured at 85°C for 6 min, and a
5 uL sample (~15 kepm) was immediately loaded onto an 8 % denaturing
polyacrylamide gel (5% crosslink, 7M urea) at 2000 V.

Affinity cleaving:['¥l All reactions were carried out in a volume of 40 uL. A
polyamide stock solution or water (for reference lanes) was added to an
assay buffer where the final concentrations were: 25 mm Tris-acetate buffer
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(pH 7.0), 20mm NacCl, 100 um/base pair calf thymus DNA, and 20 kepm 3'-
or 5-radiolabeled DNA. The solutions were allowed to equilibrate for
8 hours. A fresh solution of ferrous ammonium sulfate ([Fe(NH,),(SO,),]-
6H,0; 10 um) was added to the equilibrated DNA, and the reactions were
allowed to equilibrate for 15 min. Cleavage was initiated by the addition of
dithiothreitol (10mwm) and allowed to proceed for 30 min. Reactions were
stopped by ethanol precipitation, resuspended in 100 mwm trisborate-EDTA/
80 % formamide loading buffer, denatured at 85 °C for 6 min, and the entire
sample was immediately loaded onto an 8 % denaturing polyacrylamide gel
(5% crosslink, 7m urea) at 2000 V.

DNase I footprinting:!'""! All reactions were carried out in a volume of
400 pL. We note explicitly that no carrier DNA was used in these reactions
until after DNase I cleavage. A polyamide stock solution or water (for
reference lanes) was added to an assay buffer in which the final
concentrations were: 10mM Tris - HCI buffer (pH 7.0), 10mm KCl, 10mm
MgCl,, 5Smm CaCl,, and 30 kcpm 3'-radiolabeled DNA. The solutions were
allowed to equilibrate for a minimum of 12 hours at 22°C. Cleavage was
initiated by the addition of 10 pL of a DNase I stock solution (diluted with
1mwm DTT to give a stock concentration of 1.875 umL~") and was allowed
to proceed for 7 min at 22°C. The reactions were stopped by adding 50 uL
of a solution containing NaCl (2.25m), EDTA (150mMm), glycogen
(0.6 mgmL"), and base-pair calf thymus DNA (30um), and then ethanol
was added to precipitate the products. The cleavage products were
resuspended in 100mM trisborate-EDTA/80 % formamide loading buffer,
denatured at 85°C for 6 min, and immediately loaded onto an 8%
denaturing polyacrylamide gel (5% crosslink, 7M urea) at 2000 V for
1 hour. The gels were dried under vacuum at 80 °C, then quantitated by the
use of storage phosphor technology. Equilibrium association constants
were determined as previously described."'* The data were analyzed by
performing volume integrations of the 5-TGTTAXTGTTA-3' and 5'-
TGACAXTGACA-3 sites and a reference site. The apparent DNA target
site saturation, 6,,,, was calculated for each concentration of polyamide
from Equation (1), in which [, and I,; are the integrated volumes of the
target and reference sites, respectively, and If,, band I¢,; correspond to those
values for a DNase I control lane to which no polyamide has been added.
The ([L]i, 0.,,) data points were fitted to a Langmuir binding isotherm
[Eq. (2), n=1 for polyamides 1 and 2] by minimizing the difference
between 6,,, and 6y, by use of the modified Hill equation [Eq. (2)]. In
Equation (2) [L],, corresponds to the total polyamide concentration, K,
corresponds to the equilibrium association constant, and 6,;, and 6,,,,
represent the experimentally determined site saturation values when the
site is unoccupied or saturated, respectively. Data were fit by means of a
nonlinear least-squares fitting procedure of KaleidaGraph software
(version 2.1, Abelbeck software) with K,, 0., and 0., as the adjustable
parameters. All acceptable fits had a correlation coefficient of R > 0.97. At
least three sets of acceptable data were used in determining each
association constant. All lanes from each gel were used unless visual
inspection revealed a data point to be obviously flawed relative to
neighboring points. The data were normalized using the Equation (3).

I!OI /Irsf
Oupp=1— 15,12 (©)]

tot/ £ ref

B Killle
Ot = Onnin + (Onnax — Oain) T Ki[L]i ()]
O.pp — 0,

o, = Do = Omin 4
Ornax — Omin ©)

Quantitation by storage phosphor technology autoradiography: Photo-
stimulable storage phosphor imaging plates (Kodak Storage Phosphor
Screen S0230 obtained from Molecular Dynamics) were pressed flat
against gel samples and exposed in the dark at 22°C for 12-20h. A
Molecular Dynamics 400S PhosphorImager was used to obtain all data
from the storage screens. The data were analyzed by performing volume
integrations of all bands with use of the ImageQuant version 3.2.
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