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ABSTRACT Polyamides containing N-methylimidazole
(Im) and N-methylpyrrole (Py) amino acids can be combined
in antiparallel side-by-side dimeric complexes for sequence-
specific recognition in the minor groove of DNA. Six poly-
amides containing three to eight rings bind DNA sites 5–10 bp
in length, respectively. Quantitative DNase I footprint titra-
tion experiments demonstrate that affinity maximizes and is
similar at ring sizes of five, six, and seven. Sequence specificity
decreases as the length of the polyamides increases beyond five
rings. These results provide useful guidelines for the design of
new polyamides that bind longer DNA sites with enhanced
affinity and specificity.

Recent examples of 2:1 polyamide-DNA complexes have
created new models for the design of nonnatural ligands for
specific recognition of a broad sequence repertoire in the
minor groove of DNA (1–13). The side-by-side combination of
one imidazole ring on one ligand and a pyrrolecarboxamide on
the second ligand is specific for GzC, whereas a pyrrolecar-
boxamideyimidazole pair targets a CzG base pair (1–3). A
pyrrolecarboxamideypyrrolecarboxamide pair is partially de-
generate and binds AzT or TzA base pairs (4–6). The DNA
sequence specificities of these small molecules can be con-
trolled by the linear sequences of pyrrole and imidazole amino
acids. The three-ring polyamide Im-(Py)2-Dp (consisting of
N-methylimidazole, N-methylpyrrole, and N,N-dimethylami-
nopropylamide, respectively) was shown to specifically bind
5-bp 59-(A,T)G(A,T)C(A,T)-39 sequences (1–3), whereas the
four-ring polyamide ImPyImPy-Dp was shown to bind 6-bp
59-(A,T)GCGC(A,T)-39 sites (10, 11) as side-by-side antipar-
allel dimers in the minor groove.

A major goal of our efforts in evaluating the scope and
limitations of the 2:1 polyamide-DNA motif is to extend
specific recognition to larger binding sites. To determine the
effect of polyamide length on binding site size, binding affinity,
and sequence specificity within the motif, a series of six
pyrroleimidazole polyamides containing three to eight rings
was synthesized. The polyamide series is based on Im-(Py)2-Dp
(Fig. 1, 1) with pyrrolecarboxamide moieties added sequen-
tially to the C termini to afford Im-(Py)3-Dp (2), Im-(Py)4-Dp
(3), Im-(Py)5-Dp (4), Im-(Py)6-Dp (5), and Im-(Py)7-Dp (6),
which are designed to bind 5- to 10-bp sites, respectively, as
side-by-side antiparallel dimers (Fig. 2). The DNA binding
sites are based on a 59-TGACA-39 core sequence and contain
sequential A,T base pair inserts in the center of the binding
sites that will be recognized by the additional pyrrolecarbox-
amides. This combination of polyamides and DNA binding site
sequences was chosen to satisfy several criteria. The presence
of GzC and CzG base pairs in the binding sites is expected to
lock the polyamides in the designated binding sites by pre-
venting them from binding in undesired slipped conformations
on the DNA (13). The alternating A,T tract in the center of the
binding sites is designed to favor 2:1 binding in contrast to pure

A tracts, which generally favor 1:1 polyamide-DNA complex
formation (14, 15). The binding site size was determined by
MPEzFe(II) footprinting (16), and the apparent first order
binding affinity and sequence specificity of each polyamide was
determined by quantitative DNase I footprint titration exper-
iments (17) on a series of restriction fragments containing a
match site and a single base pair mismatch site for each
polyamide.

MATERIALS AND METHODS

NMR spectra were recorded on a GE 300 instrument oper-
ating at 300 MHz. Spectra were recorded in dimethyl sulfoxide
d6 (DMSO-d6) with chemical shifts reported in parts per
million relative to residual DMSO-d5. High resolution fast
atom bombardment (FAB) mass spectra were recorded at the
Mass Spectroscopy Laboratory at the University of California,
Riverside. Matrix-assisted, laser desorptionyionization time of
flight mass spectrometry was carried out at the Protein and
Peptide Microanalytical Facility at the California Institute of
Technology. Preparative HPLC was carried out on a Beckman
instrument using a Waters DeltaPak 25 3 100 mm, 100-mm C18
column in 0.1% (wtyvol) trif luoroacetic acid (TFA), gradient
elution 0.25%ymin CH3CN.

Aminohexa-(N-methylpyrrolecarboxamide) ditrif luoroace-
tate 7. To a solution of N-(tert-butoxycarbonyl)-tris(N-
methylpyrrolecarboxamide) (20 mg, 41 mmol) in N,N-
dimethylformamide (100 ml) was added 2-(1H-Benzotriazole-
1-yl)-1,1,3,3-tetramethyluronium hexaf luorophosphate
(HBTU) (26 mg, 69 mmol) followed by N,N-diisopropylethyl-
amine (DIEA) (50 ml, 288 mmol). The reaction was allowed to
stand for 5 min, agitated, and allowed to stand for an additional
5 min. Aminotris-(N-methylpyrrolecarboxamide) (24 mg, 41
mmol) was then added, followed by DIEA (50 ml, 288 mmol),
and the reaction was agitated for 2 hr. The reaction mixture
was concentrated in vacuo, and TFA (10 ml) was added. After
2 min, the TFA was removed in vacuo. Purification of the
resulting brown oil by reversed phase HPLC afforded the
diamine 7 (see Fig. 3) as a white powder. Yield: 26 mg (58%);
1H NMR (DMSO-d6) d 10.06 (s, 1 H), 9.95 (m, 2 H), 9.91 (s,
1 H), 9.84 (s, 1 H), 9.44 (br s, 1 H), 8.16 (t, 1 H, J 5 4.0 Hz),
7.22 (m, 4 H), 7.16 (d, 1 H, J 5 1.7 Hz), 7.10 (s, 1 H, J 5 1.7
Hz), 7.07 (m, 3 H), 6.98 (s, 1 H, J 5 1.7 Hz), 6.93 (s, 1 H, J 5
1.8 Hz), 3.88 (m, 6 H), 3.84 (m, 12 H), 3.79 (m, 6 H), 3.21 (m,
2 H), 3.04 (m, 2 H), 2.77 (d, 6 H, J 5 4.8 Hz), 1.80 (m, 2 H);
FABMS mye 835.412 (M 1 H, 835.416 calculated for
C41H51N14O6).

Im(Py)6-Dp 5. N-methylimidazole-2-carboxylic acid (100
mg, 741 mmol) and hydroxybenzotriazole (72 mg, 500 mmol)
were suspended in 500 ml N,N-dimethylformamide. Upon
addition of dicyclohexylcarbodiimide (100 mg, 500 mmol), the
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reaction mixture became a homogeneous solution. The acti-
vation was allowed to stand for 12 hr, precipitated dicyclo-
hexylurea was removed by filtration, and 7 (10 mg, 9.4 mmol)
was added followed by DIEA (100 ml, 576 mmol); the reaction
was allowed to stand for 2 hr. Reversed phase HPLC purifi-
cation of the reaction mixture afforded 5 as a white powder.
Yield: 6.3 mg (62%); HPLC, r.t. 27.4 min; UV (H2O) lmax («),
246 (34, 100), 304 (56, 600) nm; 1H NMR (DMSO-d6) d 10.46
(s, 1 H), 9.55 (s, 1 H), 9.94 (m, 3 H), 9.90 (s, 1 H), 9.20 (br s,
1 H), 8,14 (t, 1 H, J 5 7.2 Hz), 7.38 (s, 1 H), 7.28 (d, 1 H, J 5

1.4 Hz), 7.26 (d, 1 H, J 5 1.4 Hz), 7.23 (m, 4 H), 7.08 (m, 5 H),
7.04 (s, 1 H, J 5 1.2 Hz), 6.93 (d, 1 H, J 5 1.6 Hz), 3.98 (s, 3
H), 3.84 (m, 15 H), 3.83 (s, 1 H), 3.30 (q, 2 H, J 5 7.4 Hz), 3.21
(t, 2 H, J 5 7.1 Hz), 2.77 (d, 6 H, J 5 4.1 Hz), 1.74 (m, 2 H);
MALDI-TOF MS 944.21 (M 1 H 944.04 calculated); FABMS
mye 965.430 (M 1 Na, 965.426 calculated for C46H54N16O7Na).

DNA Manipulations. Plasmids pJK5, pJK6, pJK7, pJK8,
pJK9, and pJK10 were prepared by ligation of oligonucleotide
duplexes containing the desired insert sequences into BamHIy
HindIII-restricted pUC19 DNA using Epicurean Coli XL1-
Blue Supercompetent cells (Stratagene) according to the
manufacturer’s protocol. Plasmids were isolated using a Qia-
gen (Chatsworth, CA) maxiprep kit (Tip 500), and the se-
quences were confirmed by dideoxy sequencing. General
manipulations of DNA were performed according to estab-
lished procedures (18). MPEzFe(II) footprint experiments and
Quantitative DNase I footprint titration experiments were
carried out as previously described (1, 12).

RESULTS AND DISCUSSION

Polyamide Synthesis. Im-(Py)2-Dp was prepared as previ-
ously described (6). Polyamides 2–6 were prepared in two steps
from previously described intermediates exemplified for Im-
(Py)6-Dp 5; full synthetic details will be described elsewhere
(Fig. 3). Activation of N-(tert-butoxycarbonyl)-tris(N-
methylpyrrole-carboxamide) (19) with HBTU followed by
coupling to aminotris(N-methylpyrrolecarboxamide) (12) pro-
vided N-(tert-butoxycarbonyl)-hexa(N-methylpyrrolecarbox-
amide). The amine was deprotected by the addition of neat
TFA to the crude reaction mixture, and the ditrif luoroacetate
salt of aminohexa(N-methylpyrrolecarboxamide) was isolated
by preparatory HPLC. Capping with 1-methylimidazole-2-
carboxylic acid (1) (dicyclohexylcarbodiimideyhydroxybenzo-
triazole) provided Im-(Py)6-Dp 5 after HPLC purification.

Binding Site Sizes. Binding site sizes were determined by
MPEzFe(II) footprinting of 1–6 on six restriction fragments
from plasmids pJK5 through pJK10, respectively (Fig. 4). Each
restriction fragment contains a match and a single base pair
mismatch site separated by 10 bp. The single base pair
mismatch is generated by a GzC base pair replacing an AzT or
TzA base pair in the center of the binding site. Analysis of the
MPEzFe(II) protection patterns reveals that the sequential
addition of pyrrolecarboxamide moieties to the C termini of
the polyamides increases the preferred DNA binding site size
by 1 bp (Fig. 5). For all six polyamides, the observed
MPEzFe(II) protection patterns are 39-shifted, consistent with
2:1 polyamide-DNA complex formation in the minor groove.

FIG. 1. Structures of the pyrroleimidazole polyamides Im-(Py)2-
Dp, Im-(Py)3-Dp, Im-(Py)4-Dp, Im-(Py)5-Dp, Im-(Py)6-Dp, and Im-
(Py)7-Dp.

FIG. 2. Proposed 2:1 binding models of Im-(Py)2-Dp, Im-(Py)3-Dp,
Im-(Py)4-Dp, Im-(Py)5-Dp, Im-(Py)6-Dp, and Im-(Py)7-Dp binding to
5-, 6-, 7-, 8-, 9-, and 10-bp match sites, respectively. The imidazole and
pyrrole rings are represented as shaded and unshaded spheres, re-
spectively.

FIG. 3. Synthesis of ImPyPyPyPyPyPy-Dp. (a) (i) HBTU, DIEA;
(ii) aminotris(1-methylpyrrole-2-carboxamide), DIEA. (b) TFA. (c)
1-methylimidazole-2-carboxylic acid, hydroxybenzotriazole, dicyclo-
hexylcarbodiimide, DIEA.
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Affinities. The equilibrium association constants for the
match and single base pair mismatch sites for the six poly-
amides were determined by quantitative DNase I footprint
titration experiments (10 mM TriszHCl, pH 7.0y10 mM KCly5
mM MgCl2y5 mM CaCl2; 22°C) in the absence of unlabeled
carrier DNA. The uapp points for each polyamide were steep
and adequately fit by a cooperative binding isotherm, consis-
tent with 2:1 polyamide-DNA complex formation (Fig. 6) (11).
Analysis of the match site data reveals that Im-(Py)2-Dp binds
the 5-bp 59-TGACA-39 site with an equilibrium association
constant, Ka of 1.3 3 105 M21, whereas Im-(Py)3-Dp binds the
6-bp 59-TGTACA-39 site with Ka 5 8.6 3 106 M21, corre-
sponding to a 66-fold enhancement in affinity (Table 1). The
five-ring polyamide Im-(Py)4-Dp binds the seven-bp site 59-
TGTAACA-39 with Ka 5 4.5 3 107 M21, a 5-fold gain in
affinity. Binding affinity levels off with Im-(Py)5-Dp binding
the 8-bp 59-TGTTAACA-39 site (Ka 5 5.3 3 107 M21) and
Im-(Py)6-Dp binding the 9-bp 59-TGTTAAACA-39 site (Ka 5
4.7 3 107 M21) with the same affinity as Im-(Py)4-Dp for a 7-bp
site. Binding affinity drops dramatically for Im-(Py)7-Dp bind-
ing to a 10-bp 59-TGTTTAAACA-39 site (Ka , 2 3 106 M21).

The 66-fold enhancement in affinity for Im-(Py)3-Dp bind-
ing to a 6-bp 59-TGTACA-39 site compared with Im-(Py)2-Dp
binding to a 5-bp 59-TGACA-39 site corresponds to an increase

in the free energy of binding (DDG) of 2.4 kcalymol (22°C).
This increase in the free energy of binding is likely a result of
the additional pyrrolecarboxamideypyrrolecarboxamide pair
in the Im-(Py)3-Dp dimer recognizing the TzA base pair in the
context of the 59-TGTACA-39 sequence. A significant fraction
of the increase in binding affinity for Im-(Py)3-Dp presumably
results from the hydrogen bonds and van der Waals contacts
that likely form when the additional pyrrolecarboxamides in
the ligand bind the additional TzA base pair in the core of the
binding site. The 5-fold enhancement in affinity of Im-
(Py)4-Dp for the 7-bp 59-TGTAACA-39 site over Im-(Py)3-Dp
binding to 59-TGTACA-39 corresponds to an increase in the
free energy of binding of 1.0 kcalymol. This relatively modest
change in binding free energy suggests that the addition of a
pyrrolecarboxamide moiety to the four-ring Im-(Py)3-Dp is
less favorable. The observation that the affinities of Im-

FIG. 4. MPEzFe(II) footprinting experiments of Im-(Py)4-Dp (A)
and Im-(Py)6-Dp (B) on the EcoRIyPvuII restriction fragments from
plasmids pJK7 and pJK10, respectively. Gray scale representations of
storage phosphor autoradiograms of 8% denaturing polyacrylamide
gels. All reactions contain 25 mM TriszAcOH (pH 7.0), 10 mM NaCl,
100 mM bp calf thymus DNA, 5 mM MPEzFe(II), 5 mM DTT, and
20–30 kcpm of 39-32P-labeled restriction fragment. Lanes 1–4 in A and
B correspond to intact DNA, A reaction, G reaction, and a MPEzFe(II)
control to which no polyamide was added, respectively. Lanes 5–7
correspond to 2, 5, and 10 mM Im-(Py)4-Dp (A) and Im-(Py)6-Dp (B),
respectively. Brackets indicate the approximate location of the match
and mismatch sites.

FIG. 5. Histograms of cleavage protection from MPEzFe(II) for
Im-(Py)2-Dp, Im-(Py)3-Dp, Im-(Py)4-Dp, Im-(Py)5-Dp, Im-(Py)6-Dp,
and Im-(Py)7-Dp binding to the EcoRIyPvuII restriction fragments
from plasmids pJK5, pJK6, pJK7, pJK8, pJK9, and pJK10, respectively.
The individual bar heights are proportional to the protection from
MPEzFe(II) cleavage at each nucleotide. The match and mismatch
sites are indicated by boxes.
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(Py)5-Dp and Im-(Py)6-Dp for the 8- and 9-bp 59-TGT-
TAACA-39 and 59-TGTTAAACA-39 sites, respectively, are
the same as Im-(Py)4-Dp binding 59-TGTAACA-39 indicates
that further lengthening of the polyamides from five to seven
rings and the DNA binding site from 7 to 9 bp has little
energetic benefit. The dramatic decrease in affinity of Im-
(Py)7-Dp for the 10-bp 59-TGTTTAAACA-39 site (Ka , 2 3
106 M21) suggests that the presence of an additional pyrrole-
carboxamide in the ligand creates an unfavorable contribution
to the binding free energy of Im-(Py)7-Dp for the 59-
TGTTTAAACA-39 site.

Specificities. Comparison of the equilibrium association
constants for the match and the single base pair mismatch site
for each polyamide demonstrates that the specificity of 2:1
polyamide-DNA complex formation, defined as the ratio of
match site binding affinity to the affinity for the single base
pair mismatch site, generally decreases with increasing poly-
amide length as the polyamide length increases beyond five
rings (Table 1). Im-(Py)2-Dp prefers binding the 59-TGACA-39
site over the 59-TGGCA-39 site by a factor of at least 6.5.
Im-(Py)3-Dp and Im-(Py)4-Dp bind the mismatch sites with 5-
and 6-fold lower affinity, respectively. Im-(Py)5-Dp displays at
least a 3-fold preference for the match site, whereas Im-
(Py)6-Dp binds the mismatch site with 2.7-fold lower affinity.
At concentrations below 1 mM, Im-(Py)7-Dp shows no binding
to DNA. At concentrations of 1 mM and above, equal protec-
tion from cleavage by DNase I of both the match and mismatch

sites is observed, indicating that the specificity as defined here
is approximately 1 (data not shown).

One explanation for these observations is that the three- and
four-ring polyamides Im-(Py)2-Dp and Im-(Py)3-Dp, respec-
tively, are in phase with their DNA binding sites. NMR and
molecular modeling of a related (Im-(Py)2-Dp)2z59-TGACT-39
complex showed that the curvature of the ligand closely
matched the curvature of the minor groove of the 5-bp binding
site (2). Similar observations were made for the four-ring
polyamide ImPyImPy-Dp binding to a 59-AGCGCT-39 se-
quence (10). For the longer polyamides beginning with Im-
(Py)4-Dp, where binding affinities level off at Im-(Py)5-Dp and
ultimately decrease at Im-(Py)7-Dp, the ligands may be falling
out of register with the DNA binding sites. In these 2:1
complexes, the curvature of the polyamides would likely not
match the curvature of the minor groove surfaces of the longer
binding sites. One likely consequence would be that the
energetic benefit of the hydrogen bonds and van der Waals
interactions that stabilize the 2:1 complexes would decrease as
the lack of correspondence between the binding surfaces of the
polyamides and the DNA sites became more pronounced.
Register mismatch in the larger polyamide-DNA complexes
may explain the decrease in sequence specificity observed for
the longer polyamides. (15). In the mismatch sites, a GzC base
pair replaces an AzT or TzA base pair in the core of the binding
site. The 2-amino group of guanine protrudes from the floor
of the minor groove and, therefore, is expected to introduce a
bump on the surface of the binding sites that may interfere with
the hydrogen bonding of the pyrrolecarboxamide NH of the
polyamides to N3 of the guanine base. If the longer polyamides
are out of register with the DNA, then the effect of this
unfavorable interaction on the free energy of binding at the
mismatch site may become less significant. This would lower
the overall free energy difference between binding the match
and mismatch sites and thereby reduce specificity.

Sequence-dependent DNA structural features, such as in-
trinsic minor groove width, minor groove flexibility, and
inherent curvature, may differ between each of the binding
sites and could contribute to the measured difference in the
binding affinities of the six polyamides (14). One possibility is
that as the length of the A,T tract in the binding sites increases,
the minor groove width andyor flexibility may decrease, which
would likely impose an energetic penalty for 2:1 polyamide-
DNA complex formation and lower the apparent affinities for
these sites. These effects may also contribute to the lower
sequence specificity observed for the longer polyamides in the
series. Insertion of GzC base pairs into an AzT tract may
increase the minor groove width andyor flexibility, which may
reduce the difference in binding free energy between the
match and mismatch sites, thereby lowering specificity (14).

FIG. 6. Data for the quantitative DNase I footprint titration
experiments for Im-(Py)2–6-Dp in complex with the 5- to 9-bp match
sites. The curve through each set of data points is the best-fit
cooperative Langmuir binding titration isotherm (n 5 2) obtained
from a nonlinear least-squares algorithm.

Table 1. Equilibrium association constants (M21)*†

Polyamide Rings
Binding site

size, bp Match Mismatch Specificity‡

Im-(Py)2-Dp 3 5 1.3 3 105 (0.3) ,2 3 104§ .6.5¶

Im-(Py)3-Dp 4 6 8.5 3 106 (1.3) 1.6 3 106 (0.2) 5.3 (0.5)
Im-(Py)4-Dp 5 7 4.5 3 107 (1.1) 7.9 3 106 (1.8) 5.7 (0.8)
Im-(Py)5-Dp 6 8 5.3 3 107 (0.5) ,2 3 107§ .2.7¶

Im-(Py)6-Dp 7 9 4.7 3 107 (0.4) 1.7 3 107 (0.7) 2.8 (0.7)
Im-(Py)7-Dp 8 10 ,2 3 106 ,2 3 106§ '1

*Values reported are the mean values from at least three footprint titration experiments. Numbers in
parentheses indicate the standard deviation for each data set.

†The assays were performed at 22°C, pH 7.0, in the presence of 10 mM TriszHCl, 10 mM KCl, 10 mM
MgCl2, and 5 mM CaCl2.

‡Defined as the ratio of the match site affinity to the affinity of the single base pair mismatch site. Numbers
in parentheses indicate the uncertainty calculated using the standard deviations of the measured binding
affinities (19).

§Represents an upper limit for the binding affinity.
¶Represents a lower limit on the specificity.
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These considerations of sequence-dependent DNA structure
suggest that the sequence composition of the DNA target site
may be an important factor in determining polyamide affinity
and specificity in the 2:1 motif.

Implications for Design. The results of this study demon-
strate that DNA sequences up to 9 bp long can be specifically
recognized by pyrroleimidazole polyamides containing three
to seven rings by 2:1 polyamide-DNA complex formation in the
minor groove. Recognition of a 9-bp site defines the new lower
limit of the binding site size that can be recognized by
polyamides containing exclusively imidazole and pyrrolecar-
boxamides. The binding affinity reaches a maximum value for
the five-ring polyamide Im-(Py)4-Dp, and addition of up to two
additional pyrrolecarboxamides has no effect on the observed
binding affinity. These results and the failure of an eight-ring
polyamide to specifically recognize a 10-bp site suggests that a
new class of polyamides is needed for extension of the 2:1
polyamide-DNA motif to sequences longer than 9 bp. Re-
placement of a central pyrrole or imidazole amino acid with a
more flexible spacer amino acid subunit should allow the
antiparallel dimer to reset the register for continued gain in
affinity and specificity (20).
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