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Abstract—Five polyamide derivatives with rationally modified C-terminus moieties were synthesized and their DNA binding spec-
ificity and affinity determined. A convergent approach was employed to synthesize polyamides containing an alkylaminopiperazine
(4 and 5), a truncated piperazine (6), or an alkyldiamino-C-terminus moiety (7 and 8) with two specific objectives: to investigate the
effects of number of potential cationic centers and steric bulk at the C-terminus. CD studies confirmed that compounds 4, 5, 7, and 8
bind in the minor groove of DNA. The alkylpiperazine containing compounds (4 and 5) showed only moderate binding to DNA
with DTm values of 2.8 and 8.3 �C with their cognate sequence, respectively. The alkyldiamino compounds (7 and 8) were more
impressive producing a DTm of >17 and >22 �C, respectively. Compound 6 (truncated piperazine) did not stabilize its cognate
DNA sequence. Footprints were observed for all compounds (except compound 6) with their cognate DNA sequence using DNase
I footprinting, with compound 7 producing a footprint of 0.1 lM at the expected 5 0-ACGCGT-3 0 site. SPR analysis of compound 7
binding to 5 0-ACGCGT-3 0, 5 0-ACCGGT-3 0, and 5 0-AAATTT-3 0 produced binding affinities of 2.2 · 106, 3.3 · 105, and
1 · 105 M�1, respectively, indicating a preference for its cognate sequence of 5 0-ACGCGT-3 0. These results are in good agreement
with the footprinting data. The results indicate that steric crowding at the C-terminus is important with respect to binding. However,
the number of cationic centers within the molecule may also play a role. The alkyldiamino-containing compounds (7 and 8) warrant
further investigation in the field of polyamide research.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The field of polyamide DNA interactive ligands has
been an area of interest since the discovery that distamy-
cin (1, Fig. 1), a naturally occurring polyamide, interacts
with A/T-rich regions of duplex DNA in the minor
groove as an anti-parallel stacked dimer.1 Since that
time many research groups have strived to create more
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selective and specific polyamide molecules in the hope
of recognizing G/C base pairs alongside A/T.2–7

Extensive structural and biophysical studies have identi-
fied three main components that affect the molecular
recognition and binding affinity of triamide molecules
to duplex DNA: the N-terminus moiety, heterocycle
type and order, and the nature of the C-terminus. The
formamido (f-) group at the N-terminus of distamycin
(1) and related triamides has been shown by several
groups, including the authors’ laboratory, to play a ma-
jor role in controlling the staggered binding motif of the
2:1 ligand/DNA complex.8 In addition, binding affinity
is increased 100-fold compared with a non-formamido

mailto:lee@hope.edu


N

NH

O

H
N

N
CH3

H3C H
N

O
N

CH3

O

HN

NH2

NH2

O

H

Distamycin, 1

N

N
CH3

H
N

O

HN

N
OH3C

NH
O

N
N

H3C

NH

H

O

N
CH3

CH3

f-ImPyIm, 2

N
CH3

H
N

O

HN

N
OH3C

NH
O

N
H3C

NH

H

O

N

f-PyPyPy, 3

CH3
H3C

X

N
CH3

H
N

O

HN

N
OH3C

NH

N

N
CH3

O

Y
N

H3C

NH

H

O

N

N
CH3

H
N

O

N

N
OH3C

NH
O

N
N

H3C

NH

H

O

6

N
CH3

4  X = N, Y = N
 5  X = CH, Y = CH

X

N
CH3

H
N

O

HN

N
OH3C

NH
O

Y
N

H3C

NH

H

O

N

NH2

7 X = N, Y = N
8 X = CH, Y = CH

CH3

Figure 1. Structures of distamycin (1), f-ImPyIm (2), f-PyPyPy (3), and synthesized C-terminus modified compounds 4–8.
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equivalent.8,9 This staggered dimeric binding to duplex
DNA enabled a series of binding rules to be devel-
oped.10–14 The order of heterocycles and the ‘core’ of
the triamide unit are important with respect to binding
affinity and selectivity. Work performed in the authors’
laboratory15 on all eight triamides containing the vari-
ous combinations of imidazole and pyrrole showed that
the following rank order of binding could be assigned if
the two central units were considered: Imidaz-
ole(Im)Pyrrole(Py) > PyPy� ImPy � ImIm. As a result
of these findings it was discovered that f-ImPyIm (2,
Fig. 1) has the greatest binding affinity to its respective
cognate sequence of 5 0-T/A CGCG A/T-3 0.15 This mol-
ecule contains an N,N-dimethylaminopropyl C-terminus
moiety which differs from the propanamidine found in
the tripyrrole compound, distamycin (1). In comparison
f-PyPyPy (3, Fig. 1), which also contains an N,N-di-
methylaminopropyl C-terminus moiety, binds to 5 0-
A3T3-3 0 with a lower binding affinity than distamycin
(1), indicating that the amidine moiety offers excellent
DNA interacting properties. Unfortunately, the amidine
group is hygroscopic and is often difficult to handle.
Accordingly, there is a need to develop polyamides with
synthetically feasible C-terminus groups with compara-
ble binding to alkylamidine.16

Compounds reported in this article were synthesized
with the following heterocycle order: f-ImPyIm and
f-PyPyPy, as compounds of this size have been shown
to possess the strongest binding affinity with their
respective cognates according to the ‘core-binding-rules’
study, mentioned above.15 An alkylpiperazine moiety
was chosen to extend the length of the polyamide at
the C-terminus and increase the span of base-pair recog-
nition. The methylpiperazine unit was incorporated into
the target compounds in this study because it was dem-
onstrated to be a pivotal factor in enhancing the DNA
binding affinity in Hoechst 33258.17–19 Moreover, the
methylpiperazine moiety has the potential to become
dicationic (pKas 9.83 and 5.5620) at pH 6.4 used in these
studies. To determine if the length of the C-terminus
group affected the binding affinity, a truncated com-
pound was synthesized in which the methylpiperazine
group was attached directly to the polyamide via the
carboxamide. To further investigate the effect of C-ter-
minus length, compounds were synthesized by incorpo-
rating an N 0N-bis-(3-aminopropyl)-N-methylamine
group. These compounds were designed to resemble
the original dimethylaminoethyl group found in f-Im-
PyIm (2), as they did not contain the bulky piperazine
moiety but should possess two cationic centers felt nec-
essary to retain water solubility.

Five compounds were synthesized employing the three
different C-terminus groups and two combinations of
heterocycles (f-ImPyIm and f-PyPyPy): two alkylpiper-
azine compounds (4, 5, Fig. 1), a truncated piperazine
compound (6, Fig. 1), and two alkyldiamino compounds
(7, 8, Fig. 1). Biophysical and biological data were ob-
tained from circular dichroism (CD), thermal melting
(Tm), surface plasmon resonance (SPR), and DNase I
footprinting. All compounds were tested against two
synthetic DNA hairpins, which contained either the 5 0-
ACGCGT-3 0 or 5 0-A3T3-3 0 sequences. The former is
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the cognate site for all compounds containing the het-
erocycle sequence of f-ImPyIm, and the latter sequence
the non-cognate (Fig. 2). Cognate sequence identity is
reversed in the case of the f-PyPyPy compounds
(Fig. 2). All compounds were compared to f-ImPyIm
(2), f-PyPyPy (3), and distamycin (1).8,15
CH3
O
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Scheme 1. Reagents and conditions: (i) 5% Pd/C, cold MeOH, H2,

�18 h; (ii) 13 or 14 EDCI, DMAP, dry DMF, RT, �96 h.
2. Results and discussion

2.1. Synthesis

Scheme 1 represents the synthesis of the alkylpiperazine
compounds (4 and 5) and the truncated piperazine
compound (6). Compounds 9 and 10 were converted
to the corresponding amino-derivatives, 11 and 12 (cat-
alytic hydrogenation), and reacted with acid 13 or 14
using standard carbodiimide chemistry to produce
alkylpiperazine compounds 4 and 5, respectively. The
truncated piperazine compound (6) was produced in
a similar manner; compound 15 was reduced and sub-
sequent reaction of 16 with acid 13 produced the final
compound 6.

A slightly different strategy was employed for the forma-
tion of the alkyldiamino compounds (7 and 8) and is de-
scribed in Scheme 2. The nitro-groups on compounds 17
and 18 were selectively reduced using PtO2 catalyzed
hydrogenation to produce amino-compounds 19 and
20, respectively. These amines were then coupled with
acids 21 and 22 using a DMAP catalyzed DCC coupling
reaction to form the respective benzyl-protected tri-
amide intermediates which were then de-benzylated via
catalytic hydrogenation using 10% Pd/C to form the
target compounds 7 and 8.

2.2. DNase I footprinting

The sequence specificity of the C-terminus modified
compounds was investigated by DNase I footprinting
studies using a 130 bp 5 0-[32P]-radiolabeled fragment
containing unique sequences 5 0-ACGCGT-3 0 (a),
5 0-ACCGGT-3 0 (b), 5 0-A3T3-3 0 (c), 5 0-ACACCT-3 0 (d),
and 5 0-AGCGCT-3 0 (e) (Fig. 3). Sites (a) and (c) are
the cognate sites for the f-ImPyIm and f-PyPyPy con-
taining compounds, respectively. These studies were per-
formed using f-ImPyIm (2) as control, which gave a
distinct footprint at the 5 0-ACGCGT-3 0 site (a) at a
concentration of 0.05 lM.

Protection of DNase I mediated cleavage (footprint) by
the alkylpiperazine compounds was observed at 1 lM
for compound 4 (f-ImPyIm-alkylpiperazine) with its
cognate sequence (site (a), Fig. 4D); compound 5
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Figure 3. DNA sequence used to perform DNase1 footprinting showing the DNA sites of interest (a–e).
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(f-PyPyPy-alkylpiperazine) showed binding at 5 lM
with its cognate sequence 5 0-A3T3-3 0 (data not shown).
It is interesting to note that despite having the preferred
order of heterocycles, the truncated f-ImPyIm-pipera-
zine compound (6) showed negligible binding to
5 0-ACGCGT-3 0 (site (a), Fig. 4C). This result is not sur-
prising based on the bulky nature of the N-methylpiper-
azine group that inhibits the molecule from binding in
the narrow minor groove, especially as a stacked dimer,
when it is connected directly to the polyamide.21 The re-
sults suggest that having an appropriate linker to pro-
vide flexibility to allow the positively charged
C-terminus group to interact with DNA should be con-
sidered in the design process.

Alkyldiamine compound (7) shows a footprint of
0.1 lM for 5 0-ACGCGT-3 0 (Fig. 4B). Compound 8,
containing the tripyrrole sequence of heterocycles, pro-
duces a footprint of 1 lM with its cognate sequence
(data not shown). These results show that the alkyldia-
mino compounds (7 and 8) bind with comparable affin-
ity to their respective cognate sequences compared to
distamycin (1) and f-PyPyPy (3) (0.5 and 1 lM with
5 0-A3T3-3 015). However, as depicted in the gel shown
in Figure 4A, f-ImPyIm (2) (0.05 lM with 5 0-
ACGCGT-3 0) still binds more strongly to its cognate se-
quence of 5 0-ACGCGT-3 0. Nonetheless, the diam-
inoalkyl C-terminus moiety provides an attractive
alternative to the DNA binding properties of a di-
methylaminoalkyl group, especially with its improved
solubility in water, which could be as a result of the abil-
ity of the diaminoalkyl compound to have two cationic
centers in solution, rather than just one as with the
dimethyl compounds. These binding data highlight that
alongside heterocycle order, the length, flexibility, shape,
and number of cationic centers can also play an influen-
tial role in binding to duplex DNA.

2.3. Circular dichroism

CD spectroscopy was employed (Fig. 5) to evaluate the
binding motif of the polyamides with duplex DNA.
DNA alone produces a CD signal (due to its inherent
chirality), however the non-chiral polyamide com-
pounds produce no response. When polyamide is added
to a solution of DNA containing the appropriate recog-
nition site, a ligand-induced band appears at approxi-
mately 300–330 nm. The observation of an isodichroic
point is indicative of only one binding mode consistent
with minor groove binding.22 All compounds tested
(with the exception of the truncated piperazine com-
pound, 6) showed binding to their cognate sequences,
however differences in the magnitude and saturation
ratios of the induced bands were observed.

The best compound in the series was the f-ImPyIm
alkyldiamino compound 7 as this compound produced
a strong induced band, and saturation was reached at
a ratio of �7:1 (polyamide/cognate DNA). As reported
earlier,15 f-ImPyIm (2) also produced a strong induced
CD band at �300 nm; however, the saturation point
was reached at a 2:1 ratio (polyamide/cognate DNA).
These results are consistent with the footprinting data,
compound 7 demonstrated a weaker signal than that in-
duced by f-ImPyIm (2) (Fig. 4B vs D). It is worth noting
that the amine (N-benzyloxycarbonylaminopropyl-N-
aminopropyl-N-methylamine) alone (23, structure given
in Table 1)23,24 did not produce any induced CD band



Figure 4. DNase1 footprinting data of compounds f-ImPyIm 2 (A); 7

(B); 6 (C) and 4 (D) using a 5 0-[32P]-radiolabeled probe corresponding

to the DNA explained in Figure 2, with the sites of interest labeled a–e.
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Figure 5. Circular dichroism (CD) spectra of alkylpiperazine 4 (A) and

alkyldiamino 7 (B) binding to 5 0-ACGCGT-3 0, and alkylpiperazine 5

(C) binding to 5 0-AAATTT-3 0. Each compound was added to a 9 lM

DNA solution in aliquots of 1 M equivalents until saturation was

achieved.
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up to 12:1 polyamide/DNA (5 0-ACGCGT-3 0). The
inability of compound 23 to bind to the DNA minor
groove indicates that the polyamide moiety within the
molecule drives the binding. The compounds recognize
the sequence they were designed to and the amine moi-
ety is then able to ‘fine-tune’ the interaction; clearly
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when the amine moiety is too bulky, for example 6, the
compound is unable to bind.

2.4. Thermal melting (DTm)

Thermal denaturation experiments were performed to
assess the ability of the polyamides to stabilize the melt-
ing temperature of hairpin DNA at elevated tempera-
ture. The results of these experiments are shown in
Table 1.

Compounds containing the Im-Py-Im order of heterocy-
cles were considered, all compounds (with the exception
of 6) stabilized 5 0-ACGCGT-3 0 more strongly than they
did their non-cognate 5 0-A3T3-3 0 DNA. The most
impressive stabilization was found for the alkyldiamino
compound 7 (DTm = >17 �C, Fig. 6C). Compound 6 did
not stabilize either DNA, in agreement with the
footprinting data, again confirming the inability of the
piperazine moiety to form stacked dimers in the DNA
minor groove (Fig. 6B).
A similar trend was observed for the tripyrrole series.
The alkylpiperazine compound (5) stabilized its cognate
5 0-A3T3-3 0 with a DTm of 8.3 �C, however, the alkyldia-
mino compound (8) stabilized the same sequence with a
DTm of >22 �C even at a lower ratio of polyamide to
DNA (Table 1). Compound f-PyPyPy (3) and distamy-
cin, 1, (DTm = 8.8 and 14 �C, respectively [data not
shown]) do not stabilize the same sequence of DNA as
strongly as the alkyldiamine compounds.

The amine alone (23) produced no measurable stabiliza-
tion at ratios up to 10:1 polyamide/DNA (Table 1).
Again this indicates that the specificity of binding is
driven by the heterocycle order, and that C-terminus
functionality affects the binding affinity, unless the
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group is too bulky or rigid, in which case binding is pre-
vented entirely, as with compound 6.

2.5. Surface plasmon resonance (SPR)

The sensorgrams for interaction of compound 7 with its
cognate sequence 5 0-ACGCGT-3 exhibit a slow ob-
served kinetic pattern (Fig. 7A) as previously seen with
f-ImPyIm (2), which gave a binding affinity of
1.9 · 108 M�1.15 In contrast, much faster observed
kinetics was observed for 5 0-AAATTT-3 0 and 5 0-
ACGCGT-3 0 sequences. The binding isotherms of this
ligand with three DNA hairpins and their fits are shown
in Figure 7B. The alkyldiamino-f-ImPyIm compound 7
retains its positive cooperative binding behavior with
the C/G sites (5 0-ACGCGT-3 0 and 5 0-ACCGGT-3 0).
The binding to the 5 0-AAATTT-3 0 site has a negative
cooperative feature and is remarkably weak. For com-
parison purposes, the average of two binding constants
(K1 * K2)1/2 is reported for all three sequences. The bind-
ing affinities of compound 7 to the 5 0-ACGCGT-3 0, 5 0-
ACCGGT-3 0, and 5 0-AAATTT-3 0 sequences are
2.2 · 106 (M�1), 3.3 · 105 (M�1), and 1 · 105 (M�1),
respectively. The reproducibility error in K is 20% for
the G/C sequences and higher for weak binding to the
A/T sequences. It is clear, however, that the binding
constant for the 5 0-ACGCGT-3 0 site is much greater
than that for the 5 0-AAATTT-3 0. This result is in good
agreement with the footprinting data given in Figure 4
and the thermal melting studies in Table 1.

2.6. Conclusions

Five compounds were synthesized and the DNA binding
ability of these compounds assessed by biochemical and
biophysical techniques. Overall the alkylpiperazine com-
pounds (4 and 5) did show binding to their cognate se-
quence but this was weaker than that shown by the
alkyldiamino compounds (7 and 8). All techniques pre-
sented show the same relationship, with compound 7
producing the strongest binding with a binding constant
of 2.2 · 106 M�1 determined by SPR with its cognate se-
quence. This paper has illustrated that steric bulk, flexi-
bility, and the number of possible protonation sites of
the C-terminus group are important with respect to
binding, however the strong binding of compound 7
could also be due to anchorage of the extended diamine
in the groove. This investigation indicates that work still
needs to be done to surpass the binding affinities exhib-
ited by distamycin (1) and f-ImPyIm (2).
3. Experimental

3.1. Synthesis

Solvents and organic reagents were purchased from
Aldrich or Fisher and in most cases were used without
further purification. DCM (P2O5) and DMF (BaO) were
distilled prior to use. Melting points (mp) were
performed using a Mel-temp instrument and are uncor-
rected. Infrared (IR) spectra were recorded using a Per-
kin-Elmer Paragon 500 FT-IR instrument as films on
NaCl discs, unless otherwise stated. 1H NMR spectra
were obtained using a Varian Unity Inova 500 instru-
ment unless otherwise stated. Chemical shifts (d) are
reported at 20 �C in parts per million (ppm) downfield
from internal tetramethylsilane (Me4Si). High-resolu-
tion mass spectra (HRMS) and low-resolution mass
spectra (LRMS) were provided by the Mass Spectrome-
try Laboratory, University of South Carolina, Colum-
bia. Reaction progress was assessed by thin-layer
chromatography (TLC) using Merck silica gel (60
F254) on aluminum plates unless otherwise stated. Visu-
alization was achieved with UV light at 254 nm and/or
366 nm, I2 vapor staining, and ninhydrin spray.

3.2. General method A: reduction of a nitro-group to an
amino-group

The required nitro-compound (1 mmol equiv) was dis-
solved/suspended in cold MeOH and 5% Pd/C was add-
ed (50% by mass). The reaction mixture was sonicated
briefly to ensure the reaction mixture was homogeneous.
The reaction flask was degassed, purged with hydrogen
(3·) with stirring, and then stirred for �18 h at room
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temperature. The catalyst was removed by filtration
over Celite and washed thoroughly with MeOH. The
solvent was removed, co-evaporated with DCM (3·
2 mL), and used directly.

3.3. General method B: carbodiimide coupling reaction

The required acid (1.2 mmol equiv), EDCI (3 mmol
equiv), and DMAP (0.1 mmol equiv) were dried over
P2O5, under vacuum, for �2 h. The reaction flask was
then flushed with Ar. The required amine (1 mmol
equiv) was dissolved in dry DMF (1.5 mL per 100 mg)
and then added to the dry reagents. Sonication was used
to ensure a homogeneous mixture and the reaction mix-
ture was stirred under Ar, for 4 days. The DMF was re-
moved by using Kügelrohr apparatus (5 mmHg and
100 �C). The residue was purified by silica gel column
chromatography using a gradient system of CHCl3/
MeOH.

3.4. Synthesis of 1-methyl-N-(3-[4-methylpiperazin-1-
yl]propyl)-4-(4-[4-formamido-1-methylimidazole-2-car-
boxamido]-1-methylpyrrole-2-carboxamido)-1-methylimi-
dazole-2-carboxamide (4)

General methods A and B were employed using 1-methyl-
N-(3-[4-methylpiperazin-1-yl]propyl)-4-(4-1-methylpyr-
role-2-carboxamido)-1-methylimidazole-2-carboxamide,
9, and 4-formamido-1-methylimidazole-2-carboxamide
carboxylic acid, 13, to yield 4 as a brown oil (40 mg,
66%): 1H NMR (CDCl3) 1.80 (quin, 2H, J = 9 Hz);
2.17 (m, 4H); 2.38 (s, 3H); 2.55 (t, 2H, J = 6 Hz);
2.62 (m, 4H); 3.46 (quin, 2H, J = 6 Hz); 3.96 (s, 3H);
4.02 (s, 3H); 4.06 (s, 3H); 6.80 (d, 1H, J = 1.5 Hz); 7.30
(d, 1H, J = 3 Hz); 7.41 (s, 1H); 7.44 (s, 1H); 7.89
(s, 1H); 8.35 (s, 2H); 8.95 (s, 1H); IR (neat) m 3393,
3082, 2958, 2916, 2854, 1664, 1643, 1550, 1534, 1467,
1446, 1405, 1259, 1099, 1016, 803 cm�1; MS (ES+)
m/z (rel intensity) 554 ([M+H], 100%); HRMS
[M+H]+ calcd for C25H35N11O4 m/z 554.2951; found
m/z 554.2956.

3.5. Synthesis of 1-methyl-N-(3-[4-methylpiperazin-1-
yl]propyl)-4-(4-[4-formamido-1-methylpyrrole-2-carboxa-
mido]-1-methylpyrrole-2-carboxamido)-1-methylpyr-
role-2-carboxamide (5)

General methods A and B were employed using 1-
methyl-N-(3-[4-methylpiperazin-1-yl]propyl)-4-nitro-(4-1-
methylpyrrole-2-carboxamido)-1-methylpyrrole-2-car-
boxamide, 10, and 4-formamido-1-methylpyrrole-2-
carboxylic acid, 14, followed by typical purification
to yield 5 as a brown oil (53 mg, 56%): 1H NMR
(CDCl3) 1.69 (quin, 2H, J = 5 Hz); 2.56 (m, 4H);
2.51 (m, 4H); 3.14 (q, 2H, J = 6 Hz); 3.19 (t, 2H,
J = 5 Hz); 3.39 (s, 3H); 3.88 (s, 3H); 3.91 (s, 3H);
6.63 (quin, 1H, J = 3.3 Hz); 6.65 (d, 1H, J = 5 Hz);
6.73 (s, 1H, J = 5 Hz); 6.77 (d, J = 1 Hz); 6.79 (d,
1H, J = 5 Hz); 7.10 (s, 1H); 7.12 (d, 1H,
J = 5 Hz); 8.82 (d, 1H, J = 5 Hz); 8.47 (s, 1H);
8.28 (s, 1H); IR (neat) m 3351.9, 2947.2, 2864.2,
2833.0, 2355.7, 1638.2, 1565.6, 1435.8, 1259.4,
1160.8, 1098.6, 1057.1, 673.1 cm�1; MS (ES+) m/z
(rel intensity) 552 ([M+H], 10%); HRMS [M+H]+

calcd for C27H37N9O4 m/z 552.3047; found m/z
552.3041.

3.6. Synthesis of 1-methyl-N-(3-[4-methylpiperazin-1-yl])-
4-(4-[4-formamido-1-methylpyrrole-2-carboxamido]-1-
methylpyrrole-2-carboxamido)-1-methylpyrrole-2-car-
boxamide (6)

General methods A and B were employed using 1-
methyl-N-(3-(4-methylpiperazin-1-yl))-4-(1-methyl-pyr-
role-2-carboxamido)-1-methylimidazole-2-carboxamide,
15, and 4-formamido-1-methylimidazole-2-carboxylic
acid, 13, to yield 6 as a light brown oil (20 mg,
37%): 1H NMR (CDCl3) 2.79 (s, 3H); 2.5 (m, 4H);
3.78 (m, 4H); 3.87 (s, 3H); 3.98 (s, 3H); 4.19 (s,
3H); 6.77 (d, 1H, J= 2.5 Hz); 7.2 (d, 1H, J = 1 Hz);
7.40 (s, 1H); 7.46 (s, 1H); 7.63 (s, 1H); 8.0 (s, 1H);
8.39 (s, 1H); 8.78 (s, 1H); IR (neat) m 3403.8,
3341.5, 2957.5, 2345.3, 1669.3, 1560.3, 1560.4,
1461.8, 1259.4, 1119.3, 1020.8, 792.5, 662.7 cm�1; MS
(ES+) m/z (rel intensity) 497 ([M+H] 10%); HRMS
[M+H]+ calcd for C22H28N10O4 m/z, 497.2373; found
m/z 497.2368.

3.7. Synthesis of N-(3-[N,N-{3-aminopropan-1-yl}meth-
yl]propan-1-yl)-4-(4-[4-formamido-1-methylimidazole-2-
carboxamido]-1-methyl-pyrrole-2-carboxamido)-1-methy-
limidazole-2-carboxamide (7)

General methods A and B were used with N-(3-[N,N-
{3-aminopropan-1-yl}methyl]propan-1-yl)-4-nitro-1-
methyl-1H-imidazole-2-carboxamide 17 and 4-(4-
formamido-1-methylimidazole-2-carboxamido)-1-meth-
ylpyrrole carboxylic acid (21) except DCC (3 mmol e-
quiv) and PtO2 (25% by weight) for �1.5 h were
used, followed by typical purification to yield the
benzyl-protected intermediate as a tan oil (147 mg,
60%); 1H NMR (CDCl3) 1.74 (m, 4H); 2.2 (br t,
2H, J = 2.5 Hz); 2.25 (br t, 2H, J = 2.5 Hz), 2.46
(br s, 3H); 3.28 (q, 2H, J= 3 Hz); 3.55 (q, 2H,
J = 3 Hz); 3.98 (s, 3H); 4.01 (s, 3H); 4.08 (s, 3H);
5.08 (s, 2H); 6.65 (s, 1H); 6.90 (d, 1H, J= 2 Hz);
7.29 (s, 1H); 7.31 (s, 1H); 7.36 (d, 1H, J = 2 Hz);
7.61 (s, 1H); 7.84 (s, 1H); 8.35 (s, 1H), 10.41 (s,
1H); MS (ES+) m/z (rel intensity) 676 ([M+H]
100%).

The benzyl-protecting group was removed using gener-
al method C except 10% Pd/C was used. The residue
was purified by preparative TLC (70:30 v/v, CHCl3/
MeOH) yielding compound 7 as a pale brown solid
(67 mg, 57%), mp 280–285 �C: 1H NMR (CD3OD)
2.04 (quin, 2H, J = 5.0 Hz); 2.09 (quin, 2H,
J = 5.0 Hz) 2.8 (br t, 3H); 3.07 (t, 4H, J = 7.5 Hz);
3.47 (t, 2H; J = 6.5 Hz); 3.95 (s, 3H); 4.58 (s, 3H);
7.31 (d, 1H, J = 2.0 Hz); 7.44 (d, 1H, J = 1.5 Hz);
7.43 (s, 1H); 7.44 (s, 1H); 8.25 (s, 1H); IR (neat) m
3292, 2927, 1655, 1533, 1467, 1441, 1404, 1253,
1207, 1123, 1061, 895, 758, 626 cm�1; MS (ES+) m/z
(rel intensity) 542 ([M+H], 100%); HRMS [M+H]+

calcd for C24H35N11O4 m/z, obsd 542.2951; found
m/z 542.2944.
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3.8. Synthesis of N-(3-[N,N-{3-aminopropan-1-yl}meth-
yl]propan-1-yl)-4-(4-[4-formamido-1-methylpyrrole-2-car-
boxamido]-1-methylpyrrole-2-carboxamido)-1-methylpyr-
role-2-carboxamide (8)

General methods A and B were employed with
N-(3-[N,N-{3-aminopropan-1-yl}methyl]propan-1-yl)-4-
nitro-1-methyl-pyrrole-2-carboxamide (18) and 4-(4-
formamido-1-methylpyrrole-2-carboxamido)-1-methyl-
pyrrole-2-carboxylic 22, except DCC (3 mmol equiv)
and PtO2 (25% by weight) for �1.5 h were used, fol-
lowed by typical purification to yield the intermediate
as a tan oil (126 mg, 53%): 1H NMR (CDCl3) 1.74
(m, 4H); 2.25 (s, 3H); 2.46 (br m, 4H); 3.28 (br t);
3.55 (br t); 3.98 (s, 3H); 4.00 (s, 3H); 4.08 (s, 3H);
5.32 (s, 2H); 6.89 (d, 1H, J = 1.5 Hz) 7.29 (s, 1H);
7.31 (s, 1H); 7.32 (m, 5H); 7.35 (s, 1H); 7.39 (s,
1H); 7.45 (s, 1H); 7.61 (br s, 1H); 7.84 (br s, 1H);
8.35 (s, 1H); IR (neat) m 3283, 3138, 2940, 1639,
1530, 1434, 1259 cm�1; MS (ES+) m/z (rel intensity)
674 ([M+H] 60%); HRMS [M+H]+ calcd for
C34H43N9O6 m/z 674.3417; found 674.3414.

The benzyl protecting group in the intermediate was
removed using general method A except 10% Pd/C
was used to yield 8 as a brown solid (80.4 mg,
84%), mp 270–275 �C: 1H NMR (CD3OD) 1.38 (m,
4H); 2.03 (t, 2H, J = 7 Hz); 2.13 (t, 2H, J = 7 Hz);
2.89 (br s, 3H); 3.07 (t, 2H, J = 7 Hz); 3.44 (t, 2H,
J = 7 Hz); 3.90 (s, 3H) 3.91 (s, 3H); 3.92 (s, 3H);
6.90 (d, 1H, J= 1.5 Hz); 6.92 (d, 1H, J= 1.5 Hz);
6.97 (d, 1H, J = 1.5 Hz); 7.17 (d, 1H, J= 2.0 Hz);
7.18 (d, 1H, J = 1.5 Hz); 7.19 (d, 1H, J = 2 Hz); 8.13
(s, 1H); IR (neat) m 3261, 2947, 1635, 1528, 1433,
1402, 1262 cm�1; MS (ES+) m/z (rel intensity) 540
([M+H] 100%); HRMS [M+H]+ calcd for C26H37

N9O4 m/z 540.3047; found 540.3041.

3.9. Biological evaluation

3.9.1. DNase1 footprinting. Taq polymerase and DNase
I were purchased from Promega, T4 polynucleotide
kinase from Invitrogen. The PCR forward primers:
5 0-CTCCAGAAAGCCGGCACTCAG-3 0, PCR reverse
primers: 5 0-GTCGGTTAGGAGAGCTCCACTTG-3 0,
the templates IM18: 5 0-ATGCTCCAGAAAGCCGGCA
CTCAGTCTACAAACGCGTCATCTTGATCATGC
ATGTTCACAGAAATTTCTCTAGATCTAAGCTA
AACTCTAGTACTAGTCTTCAAGCAAGTGGAGC
TCTCCTAACCGACTTT-3 0 and IM20: 5 0-AAAGTC
GGTTAGGAGAGCTCCACTTGCTTGAAGACTA
GTACTAGAGTTTAGCTTAGATCTAGAGAAATT
TCTGTGAACATGCATGATCAAGATGACGCGTT
TGTAGACTGAGTGCCGGCTTTCTGGAGCAT-3 0

were synthesized by MWG. All other chemicals are ana-
lytical grade reagents.

3.9.2. Preparation of the DNA substrate, radiolabeling,
and purification. A 132 bp fragment was designed and
amplified by PCR. Reverse primer (4 ng) was radioac-
tively labeled by reaction with c-[32P]-ATP (3 lL) and
T4 polynucleotide kinase (1 lL) in 10 lL of forward
reaction buffer (70 mM Tris–HCl, pH 7.6, 10 mM
MgCl2, 100 mM KCl, and 1 mM 2-mercaptoethanol)
for 1 h at 37 �C. PCR was performed in 50 lL ther-
mophilic DNA poly buffer containing dNTPs
(125 lM), MgCl2 (1 mM), Taq polymerase (5 l),
[32P]-labeled forward primer (4 ng), reverse primer
(4 ng), and IM18/IM20 templates (20 ng). The PCR
products were desalted using a P6 biogel spin column
(BIO-RAD) and purified by 3% agarose gel electro-
phoresis. DNA was isolated using MERMAID kit
(Q-Biogene) according to the manufacturer’s
instructions.

3.9.3. DNase I footprinting reaction. DNase I reactions
were conducted in a total volume of 8 lL. The labeled
DNA fragment (2 lL, 200 counts/s) was incubated for
30 min in 4 lL TN binding buffer (10 mM Tris, pH
7.0, 10 mM NaCl) containing the desired drug concen-
tration. DNA cleavage was performed by addition of
2 lL DNase I solution (20 mM NaCl, 2 mM MgCl2,
and 2 mM MnCl2, pH 8.0) adjusted to yield a final en-
zyme concentration of around 0.1 U mL�1 in the reac-
tion mixture. The extent of digestion was limited to less
than 30% of the starting material so as to minimize the
incidence of multiple cuts in any strand. After 8 min,
the digestion was stopped by transferring the tube to
dry ice and the samples were lyophilized. DNA was
resuspended in 4 lL of 80% formamide containing
tracking dye (bromophenol and cyanol blue) and dena-
tured by heating the samples to 90 �C and rapid cool-
ing on ice prior loading in a conventional 6%
denaturing polyacrylamide gel containing 7.5 M urea.
Electrophoresis was performed for 120 min at 2000 V
(around 70 W and 55 �C) in TBE buffer (89 mM Tris
base, 89 mM boric acid, and 2.5 mM Na2EDTA, pH
8.3). Finally the gel was transferred onto Whatman
3 mm paper and dried under vacuum at 80 �C for
2 h. The gel was exposed overnight to X-ray film at
�80 �C.

3.9.4. Biophysical evaluation. All buffer reagents were
obtained from Sigma–Aldrich or Fisher and used with-
out further purification. The synthetic oligonucleotides
were obtained from Operon (Huntsville, AL): 5 0-
ACGCGT-3 0: 5 0-GA ACGCGT CG CTCT
CGACGCGTTC-3 0 and 5 0-A3T3-3 0: 5 0-CG AAATTT
CC CTCT GG AAATTT CG-3 0 and were used in
the thermal denaturation and circular dichroism
experiments without further purification. DNA used
in the footprinting and SPR experiments is described
below. Tm and CD data were obtained using a Var-
ian-Cary 100Bio UV–vis spectrophotometer, equipped
with a Peltier temperature controller and a precision
cuvette-mounted temperature probe and a Jasco
J-710 spectrophotometer, respectively. Phosphate buff-
er: PO40 (10 mM sodium phosphate, 1 mM EDTA,
pH 6.4) was used for CD and Tm experiments. All
data were analyzed using KaleidaGraph (Snergy Soft-
ware, Reading PA), unless otherwise stated. Ligand
stock solutions were prepared in double distilled
water at a concentration of 0.5 mM, unless otherwise
specified.
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3.9.5. Circular dichroism (CD). CD studies were per-
formed using published procedures,8,9 and were con-
ducted at ambient temperature in a 1-mm pathlength
quartz cell using PO40 buffer. Buffer and stock DNA
were added to the cuvette to give a final DNA concen-
tration of 9 lM. Ligand was titrated in aliquots of 0.5
(compound 8) or 1 molar equivalents (all other com-
pounds) until saturation was achieved. The CD response
at the kmax of the induced peak was plotted against the
mole ratio of ligand:DNA.

3.9.6. Thermal melts (Tm). Thermal denaturation studies
were performed using published procedures.8,9 Experi-
ments for compounds 4, 5, and 6 were performed at a
concentration of 5 lM ligand and 1 lM DNA, com-
pounds 7 and 8 were performed at concentrations of
3 lM ligand to 1 lM ligand, and compound 23 was
performed at a concentration of 10 lM ligand to
1 lM DNA. All experiments were run in PO40 buffer.
Oligonucleotide samples were reannealed prior to
denaturation studies by heating at 70 �C for 1 min
then cooling to RT. Heating runs were typically per-
formed between 25 and 95 �C, with a heating rate of
0.5 �C min�1, while continuously monitoring the
absorbance at 260 nm (digitally sampled at 200 ms
intervals). All melts were performed in 10-mm path-
length quartz cells. Tm values were determined as
the maximum of the first derivative.

3.9.7. Surface plasmon resonance (SPR). The biosensor
experiments were conducted in degassed phosphate buffer
(200 mM Na+, 10 mM sodium phosphate, 1 mM EDTA,
and 0.00005 v/v of 10% surfactant P20—BIACORE, pH
6.25) at 25 �C. The 5 0-biotin-labeled DNA hairpins were
purchased from Midland Certified Reagent Company
(Midland, TX) with HPLC purification. The DNA
sequences are 5 0-biotin-GAACGCGTCCTCTGACG
CGTTC-3 0, 5 0-biotin-GAACCGGTCCTCTGACCGG
TTC-3 0, and 5 0-biotin-CGAAATTTCCTCTGAAATTT
CG-3 0 (denoted as ACGCGT, ACCGGT, and
AAATTT, respectively). The experiments were conduct-
ed with a BIACORE 2000 or BIACORE 3000 instrument
(Biacore AB). The DNA hairpins were immobilized on a
streptavidin-derivatized gold chip (SA chip from BIA-
core) by manual injection of 25 nM hairpin DNA solution
with flow rate of 1 lL/min until the response units reach
about 400–500 RUs. Flow cell 1 was left blank while flow
cells 2, 3, and 4 were immobilized with three different
DNA hairpins. Typically, a series of different concentra-
tions of ligand were injected (injected volume = 250 lL)
onto the chip with a flow rate of 10 or 20 lL/min followed
by a dissociation period of 15 or 25 min. The chip surface
was regenerated with a 1/2 min injection of a regenerating
solution (0.4 M NaCl, 20 mM NaOH). The steady-state
responses are converted to a stoichiometry-normalized
binding isotherm and fitted with a two-site model as pre-
viously described.8,15

r ¼ ðK1 � Cfree þ 2� K1 � K2 � C2
freeÞ=ð1þ K1 � Cfree

þ K1 � K2 � C2
freeÞ

Cfree : ligand concentration in the flow solution:
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