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ABSTRACT Small molecules that specifically bind with
high affinity to any designated DNA sequence in the human
genome would be useful tools in molecular biology and po-
tentially in human medicine. Simple rules have been developed
to rationally alter the sequence specificity of minor groove-
binding polyamides containing N-methylimidazole and N-
methylpyrrole amino acids. Crescent-shaped polyamides bind
as antiparallel dimers with each polyamide making specific
contacts with each strand on the floor of the minor groove.
Cyclic polyamides have now been synthesized that bind des-
ignated DNA sequences at subnanomolar concentrations.

A

Footprinting, affinity cleavage, NMR, and x-ray studies have
established that polyamides containing N-methylimidazole
(Im) and N-methylpyrrole (Py) amino acids can be combined
in antiparallel side-by-side dimeric complexes with the minor
groove ofDNA (1-16). The DNA sequence specificity of these
small molecules can be controlled by the linear sequence of
pyrrole and imidazole amino acids (1-13). An imidazole ring
on one ligand complemented by a pyrrolecarboxamide ring on
the neighboring ligand recognizes a GC base pair, whereas a
pyrrolecarboxamide/imidazole combination targets a C*G
base pair (2-4). A pyrrole/pyrrole pair is degenerate for A-T
or T-A base pairs (1-4).

Despite this design breakthrough in molecular recognition
of DNA, the binding affinities of this class of polyamide dimers
are modest (4). For example, a three-ring polyamide dimer in
complex with a 5-bp DNA site has a binding affinity typically
in the range ofK = 2 x 105 M-1 (pH 7.0, 22°C) (4). In an effort
to improve the energetics, antiparallel dimers were connected
by a central y-aminobutyric acid (y) residue to create a single
molecule that could bind in the minor groove by folding to a
hairpin shape (11). Second-generation "hairpin" polyamides
of sequence composition Im-Py-Py-y-Py-Py-Py-Dp 1 (where
Dp is 3-dimethylaminopropyl side chain) were shown to have
improved equilibrium association constants of 8 x 107 M-1 for
designated 5-bp target sites 5'-TGTTA-3', an increase of 400
over the unlinked dimers (Fig. 1). In a formal sense, y-linked
pyrrole-imidazole polyamides could exist in at least two
conformations, hairpin or extended, resulting in different
DNA-binding motifs and, hence, possible different DNA
specificities. Closing the ends of the hairpin to a circle would
restrict conformational space for the DNA-binding molecule
and presumably further increase the overall energetics. We
report here the synthesis of cyclo-(Im-Py-Py-y-Py-Py-Py--y) 2
and analysis of the binding affinity and specificity of this class
of cyclic DNA-binding small molecules (Fig. 1).

MATERIALS AND METHODS
General. 1H NMR spectra were recorded at 300 MHz on a

General Electric model 300 NMR in C2HC13, dimethyl sulfox-
ide (DMSO)-d6, or C2H302H. Chemical shifts are reported in
parts per million relative to tetramethylsilane or residual
dimethyl sulfoxide-d5. IR spectra were recorded on a Perkin-

5,

Im-Py-Py-y-Py-Py-Py-Dp * TGTTA

Im-Py-Py-y-Py-Py-Py-y * TGTTA

FIG. 1. Im-Py-Py-y-Py-Py-Py-Dp 1 (A) and the cyclic polyamide
cyclo-(Im-Py-Py-y-Py-Py-Py-y) 2 (B) with a 5'-TGTTA-3' sequence.
0), Lone pairs of N3 of purines and 02 of pyrimidines; 6, 2-amino
group of guanine; , putative hydrogen bonds. Dp, 3-dimethylami-
nopropyl side chain.

Elmer Fourier transform infrared spectrometer. High-
resolution mass spectra were recorded using fast atom bom-
bardment (FAB) techniques at the Mass Spectrometry Lab-
oratory (University of California, Riverside). Preparatory
HPLC was done on a Beckman 340 Instrument using a Waters
DeltaPak 25 x 100 mm C18 column. Analytical HPLC was
done on a Hewlett-Packard 1090 series II using a Vydac C18
reverse-phase column (0.46 x 25 cm, 5 mm, 201HS54). Flash
column chromatography was done by using silica gel 60
(230-400 mesh, Merck). Thin-layer chromatography (TLC)
was done on silica gel 60 F254-precoated plates (Merck).

Abbreviations: Im, N-methylimidazole; Py, N-methylpyrrole; y, y-ami-
nobutyric acid; FAB, fast atom bombardment.
*To whom reprint requests should be addressed.
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FIG. 2. Synthetic scheme for cyclization to cyclic polyamide 2.
trifluoroacetic acid/thiophenol.

Chemicals for the syntheses were purchased from Aldrich
unless otherwise specified. Dichloromethane and N,N-
dimethylformamide were purchased as anhydrous solvents
from Aldrich. t-Butoxycarbonyl (Boc)-,y and N-carbobenzoxy
(Cbz)-y were from Sigma. All enzymes were purchased from
Boehringer Mannheim and used with the buffers supplied,
except for BsrBI, which was obtained from New England
Biolabs. Deoxyadenosine 5'-[a-32P]triphosphate and thymi-
dine 5'-[a-32Pjtriphosphate were from Amersham. Storage
phosphor technology autoradiography was done by using a

Molecular Dynamics model 400S PhosphorImager and IMAGE-
QUANT software.

t-Butoxycarbonyl-Protected Cyclic Polyamide 4. To a solu-
tion of polyamide 3 (150 mg, 0.18 mmol) in N-N'-
dimethylformamide (70 ml) was added sequentially NaHCO3
(78 mg, 0.93 mmol) and diphenylphosphoryl azide (154 mg,
0.56 mmol). The mixture was allowed to stir at room temper-
ature for 3 days and then filtered. The filtrate was concentrated
in vacuo, and the residue was purified by flash column
chromatography [15% (vol/vol) methanol/CH2Cl2] to afford
the cyclic polyamide 4 (90 mg, 58%) 1H NMR [CDCl3-
C2H302H (1:1)] 8 7.30 (s, 1H), 7.26 (s, 1H), 7.18 (s, 1H), 7.02
(s, 2H), 6.88 (s, 1H), 6.70 (s, 1H), 6.68 (s, 1H), 6.62 (s, 1H), 6.58
(s, 1H), 6.43 (s, 1H), 4.35 (m, 2H), 3.92 (s, 6H), 3.90 (s, 3H),
3.89 (s, 3H), 3.82 (s, 3H), 3.49 (m, 4H), 3.08 (m, 2H), 2.42 (m,
4H), 1.93-2.15 (m, 6H), 1.45 (s, 9H); IR (KBr) 3422 (s), 1654
(s), 1545 (s), 1438 (s), 1406 (m), 1260 (m), 1208 (m), 1105 (w),
919 (w), 777 (w) cm-1; FAB MS mle observed 1047.4884
(M+H, 1047.4913 calculated for C5oH62Nl6OlO).

Cyclic Polyamide 2. To a mixture of trifluoroacetic acid and
thiophenol (4 ml, 0.5 M thiophenol/trifluoroacetic acid) was
added the t-butoxycarbonyl (Boc)-protected cyclic polyamide
4 (30 mg, 28.6 mmol), and the reaction mixture was allowed to
stir at room temperature for 2 hr. Excess trifluoroacetic acid
was removed in vacuo, and the residue was purified by flash
column chromatography (5% NH4OH/methanol) to afford
cyclic polyamide 2 (23 mg, 87%). The product was purified by
using reverse-phase HPLC on a preparatory Waters DeltaPak
25 x 100 mm C18 column with linear gradients of 60%
acetonitrile plus 0.1% trifluoroacetic acid versus 0.1% aque-
ous trifluoroacetic acid. 'H NMR (dimethyl sulfoxide-d6) 8

(a) Diphenylphosphoryl azide/NaHCO3/N,N'-dimethylformamide; (b)

10.00 (s, 1H), 9.99 (s, 1H), 9.96 (s, 2H), 9.95 (s, 2H), 9.87 (s,
1H), 7.47 (s, 2H), 7.44 (s, 1H), 7.39 (s, 1H), 7.34 (s, 1H), 7.16
(s, 1H), 6.94 (s, 1H), 6.90 (s, 1H), 6.88 (s, 1H), 6.71 (s, 1H), 6.65
(s, 1H), 4.29 (m, 2H), 3.94 (s, 3H), 3.84 (s, 3H), 3.83 (s, 3H),
3.82 (s, 3H), 3.79 (s, 3H), 3.22 (br s, 4H), 2.52 (m, 2H), 2.39 (m,
2H), 2.30 (t, 2H, J = 7.0 Hz), 1.78 (m, 6H); IR 3383 (s), 1637
(s), 1560 (s), 1438 (s), 1407 (s), 1265 (m), 1207 (w), 1122 (w),
1062 (w), 777 (w) cm-'; UV (H20) Amax (s) 240 (37,075
cm-1 M-1), 310 (48,096 cm-l M-1) nm; FAB MS mle ob-
served 947.4333 (M+H, 947.4389 calcd. for C45H54Nl6O8).

Preparation of Labeled DNA. The 135-bp 3' end-labeled
EcoRI/BsrBI restriction fragment from plasmid pMM5 was
prepared and purified as follows. Plasmid DNA was linearized
using EcoRI with simultaneous fill in by Klenow fragment,
deoxyadenosine 5'-[a-32P]triphosphate, and thymidine 5'-[a-
32P]triphosphate. The linearized plasmid DNA was digested
with BsrBI and the 135-bp EcoRI/BsrBI restriction fragment
was isolated by nondenaturing 5% PAGE. The gel bands were
visualized by autoradiography, isolated, and filtered to remove
the polyacrylamide. The resulting solution was further purified
by phenol extraction followed by ethanol precipitation. The
plasmid pJT3 Afl II/Fsp I 281-bp fragment was prepared
analogously. Chemical sequencing reactions were done ac-
cording to published protocols (17, 18). Standard protocols
were used for all DNA manipulations (19).

Quantitative DNase I Footprint Titration. All reactions
were done in a total volume of 40 Al with final concentrations
of each species as indicated. The polyamide ligands, ranging in
concentration from 10 pM to 100 nM, were added to solutions
of radiolabeled restriction fragment (10,000 cpm), Tris HCl
(10 mM, pH 7.0), KCl (10 mM), MgCl2 (10 mM), and CaCl2
(5 mM) and incubated for 24 hr at 22°C. We explicitly note that
no carrier calf thymus DNA is used in these reactions. Foot-
printing reactions were initiated by the addition of 4 ,ul of a
stock solution of DNase I (0.03 unit/ml) containing 1 mM
dithiothreitol and allowed to proceed for 7 min at 22°C. The
reactions were stopped by addition of 3 M sodium acetate/50
mM EDTA and ethanol-precipitated. The reactions were
resuspended in 100 mM Tris borate/EDTA/80% formamide
loading buffer and electrophoresed on 8% polyacrylamide
denaturing gels (5% crosslink, 7 M urea) at 2000 V for 1 hr.

EcoR I

32P 5'-AATTCGAGCTCGGTACCCGGGGATCCTC GACATGA C CCACA TACCACG
3'_TTAAGCTCGAGCCATGGGCCCCCTCGACTGTACT G TG A TGGTGC

ATCGTTTTTCGCATGCAAGCTTGGCG GTCATAG TTCTGT 7GT-9CCG_3'
TAGCAAAAAGCGTACGTTCGAACCGC CCAGTATC GACA T GGC-5'

BsrB I

FIG. 3. Sequence of the 135-bp EcoRI/BsrBI restriction fragment. Several 5-bp sites (boxed) were analyzed by quantitative footprint titration
analysis. Note the additional binding sites on the upper half of the autoradiogram (Fig. 4) of sequence composition (A/T)G(A/T)3 which are also
occupied by the cyclic polyamide.
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FIG. 4. Quantitative DNase I footprint titration experiment with
the cyclic polyamide 2 on the 3'-32P-labeled 135-bp EcoRI/BsrBI
restriction fragment from plasmid pMM5. Lanes: 1, adenine sequenc-
ing reaction; 2, guanine sequencing reaction; 3 and 17, DNase I
standard; 4-16, 10 pM, 20 pM, 50 pM, 100 pM, 200 pM, 500 pM, 1 nM,
2 nM, 5 nM, 10 nM, 20 nM, 50 nM, and 100 nM cyclic polyamide,
respectively; 18, intact DNA. The 5'-TGTTA-3', 5'-ATTCG-3', and
5'-AGAGT-3' binding sites that were analyzed are shown at right. All
reactions contain 10 kcpm of restriction fragment, 10 mM Tris-HCl
(pH 7.0), 10 mM KCI, 10 mM MgCl2, and 5 mM CaCl2.

The footprint titration gels were dried and quantitated using
storage phosphor technology. Apparent first-order binding
constants were determined as described (11).

RESULTS AND DISCUSSION
A cyclic polyamide 2 containing eight amino acids was syn-
thesized in 12 steps from readily available starting materials.
The key cyclization reaction was accomplished in good yield
(58%) using diphenylphosphoryl azide in the presence of
NaHCO3 followed by the deprotection with trifluoroacetic
acid to give the cyclic product cyclo-(Im-Py-Py-,y-Py-Py-Py-,y)
2, which was purified by reverse-phase HPLC (Fig. 2). The
observed molecular mass of the C45H54N1608 polyamide is
947.4333 (FAB MS) in good agreement with the calculated
value.

FIG. 5. Proposed model of the cyclic polyamide binding in the
minor groove of DNA. Colors represent the following amino acids:
cyan, Py; yellow, Im; magenta, 'y; green, Dp side chain.

Quantitative DNase I footprint titration experiments [refs.
20-22; the quantitative footprint titration experiments and
data analysis were done as described (11) with unlabeled
carrier absent from all reactions] on a 32P end-labeled 135-bp
restriction fragment were done to obtain the binding affinity
of the cyclic polyamide 2 for a designated match site, 5'-
TGTTA-3' (Fig. 3). The cyclic polyamide binds the 5'-
TGTTA-3' site very tightly with an equilibrium association
constant of K - 2.9 x 109 M-1 (Fig. 4). We attribute this
increase of 40 in binding affinity over the corresponding
hairpin polyamide 1 to a reduction in conformational entropy
imparted via cyclization (Fig. 5). The binding affinities to
single-base-pair mismatch sites, 5'-ATTCG-3', 5'-AGAGT-31,
and 5'-AGACA-3' are lower, 7.4 x 108, 1.7 x 108, and 6.2 x
108 M-1, respectively (Table 1). The cycle appears to bind the
match over single-base-pair mismatch site by a factor of 4-17,
although these values may be lower limits due to the uncer-
tainty in the very high equilibrium association constant value
for the cyclic polyamide 2-TGTTA complex. The hairpin binds

Table 1. Apparent first-order binding constants, M-1

Match site Single-base mismatch sites

Polyamide 5'-TGTTA-3' 5'-ATTCG-3' 5'-AGAGT-3' 5'-AGACA-3'*
Hairpin 1 7.6 x 107 (0.8) t 7.8 x 105 (2.0) 2.6 x 106 (0.9)
Cyclic 2 2.9 x 109 (1.9) 7.4 x 108 (2.4) 1.7 x 108 (1.4) 6.2 x 108 (2.9)

Values are the mean values measured from at least three footprint titration experiments; the SD for
each data set is indicated in parentheses. Assays were done at 22°C at pH 7.0 in 10mM Tris'HCl/10 mM
KCI/10 mM MgCk2/5 mM CaC12.
*These data were determined on a different restriction fragment.
tData were not determined because hairpin 1 binds neighboring 5'-TGACA-3' single-base mismatch site.

Chemistry: Cho et al.
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more strongly to a match over single-base mismatch sites by a
factor of 20. The cyclic polyamide, though higher in affinity, is
less than or only equal to the hairpin in specificity. There may
be an energetic price in specificity for closing the ends of the
hairpin. Nevertheless, that wholly designed synthetic cyclic
polyamides with a Mr of 950 bind designated 5-bp sequences at
subnanomolar concentrations is an encouraging step forward.
Further optimizing specificity remains a challenge.
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