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Abstract—Dimers of the pyrrole amino acid (Paa), 5-(aminomethyl)pyrrole-2-carboxylic acid, and its derivatives having Lys
anchored on N- and C-termini bind in the minor groove of DNA with considerable apparent binding affinities. When the Lys unit
is attached to the C-terminus, the resulting ligand binds to ds-DNA with twice the affinity, of the order of 105, than the one carrying
two positive charges at the same end.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The minor groove of double helical DNA is the site of
noncovalent interactions for a large number of antican-
cer drugs, antibiotics, and antiviral agents.1–5 The ligand
molecules that bind to this minor groove have a curved,
planar aromatic core, and generally have both positively
charged groups and hydrogen-bond donors on the con-
vex edge. In recent years, a great many variations of
these ligands, particularly in the distamycin–netropsin
family, have been made and the structures of several
such complexes have also been solved that reinforce
the idea that shape and functional group complementa-
rities of the ligand and groove are critical features for
binding.1,2 Polyamides composed of N-methylpyrrole
(Py), N-methylimidazole (Im), and large varieties of
analogous five-membered heteroaromatic amino acids
have been designed with predictable sequence selectivity
and many of these designer polyamides bind in the
DNA minor groove with high affinities.3–5 The introduc-
tion of heterocyclic rings into these ligands containing
hydrogen-bond acceptors such as nitrogen as in Im or
Py, was based on the realization that these atoms could
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act as hydrogen-bond acceptors in the minor groove and
therefore oligopeptides containing such unnatural ami-
no acids would be able to distinguish between the four
Watson–Crick base pairs.6–10 It was found that the flexi-
bility of the ligand molecule allowed a substantial reset-
ting of the curvature of the ligand, both with respect to
the twist along the groove and also with respect to
matching the bottom of the groove. Pyrrole amino acid
(Paa), 5-(aminomethyl)pyrrole-2-carboxylic acid 1 is a
new class of building block that has been developed re-
cently and used in peptidomimetic studies as a structur-
ally restricted surrogate of the Gly-DAla dipeptide
isostere.11–13 The flexible methylene spacer between the
amino group and the pyrrole ring in 1 is expected to ren-
der in peptides derived from it the curvature that is nec-
essary to bind in the minor groove of DNA. Herein we
report the synthesis and DNA binding properties of
three Paa dimer-based polyamides 2–4 (Fig. 1).
2. Methods and materials

2.1. Synthesis of peptides 2–4

The peptides 2–4 were synthesized by conventional solu-
tion phase methods using 1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide hydrochloride (EDCI) and
1-hydroxybenzotriazole (HOBt) as coupling agents and
dry CH2Cl2 and/or amine-free dry DMF as solvents.
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Figure 1. Pyrrole amino acid (Paa) 1 and Paa dimer based polyamides

2–4.
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Reaction of Boc-Paa-OH13 with H2N-Paa-OMe under
the conditions mentioned above gave the dimer, Boc-
Paa-Paa-OMe. Boc-deprotection of the protected dimer
using TFA–CH2Cl2 (1:1) furnished compound 2. Cou-
pling of 2 with Boc-Lys(Boc)-OH gave the tripeptide
Boc-Lys(Boc)-Paa-Paa-OMe, which was deprotected
using TFA–CH2Cl2 (1:1) to give compound 3. Saponifi-
cation of Boc-Paa-Paa-OMe with LiOH in THF–
MeOH–H2O (3:1:1) was followed by reaction with the
Lys(Boc)-OMe to give Boc-Paa-Paa-Lys(Boc)-OMe,
which on Boc-deprotection afforded the polyamide 4.
The products were purified by hplc14 and used for
DNA binding studies.

2.2. UV absorption spectrophotometry

Absorbance versus temperature profiles were measured
at 260 nm on an AVIV model 14DS spectrophotometer
(AVIV Associates; Lakewood, NJ) equipped with a
thermoelectrically controlled cell holder and a cell
path-length of 1 cm. The temperature was raised in
0.5 �C increments and the samples were allowed to
equilibrate for 1 min at each temperature setting. The
DNA concentration was 2 mM in duplex, while the
ligand concentration was 0–4 mM.

2.3. Circular dichroism (CD) spectropolarimetry

The conformation of the ligand–DNA complexes was
derived by the simple inspection of their CD spectra.
The CD (JASO 700, Japan) spectra were obtained at
25 �C. Typically, a solution of 50 lM CT-DNA (base
pair) in 10 mM Tris buffer, pH 7.4 was titrated with
the appropriate ligand solution in the same buffer, by
stepwise addition of 3–5 lL aliquots of ligand solutions.
The CD spectrum of each sample was then recorded
from 220 to 420 nm, with an averaging time of 3 s.

2.4. Polyacrylamide gel electrophoresis (PAGE)

Nondenaturing PAGE 25% (1 bisacrylamide/29 acryl-
amide) was conducted at room temperature. Both the
gel and the running buffer contained 100 mM trisborate
(pH 8.0), 10 mM MgCl2, and 2 mM Na2EDTA. For
better resolution, an oligomeric deoxyribonucleic acid
d(GCATGGCCATGC)2 (HPLC purified) was used in
this study. The ligand/DNA base pair ratio was 0.33
with 50 lM duplex concentration. Glycerol was added
[5% (v/v)], and a final sample volume of 18 lL was
loaded onto the gel and subjected to electrophoresis at
12 V/cm. The gels were stained using ethidium bromide,
and images were captured using a BIO-RAD gel docu-
mentation system.

2.5. Ethidium bromide exclusion assay

Ethidium bromide (5 lM) and 10 lM (one ethidium
bromide per base pair) DNA solution were mixed in
10 mM Tris buffer and allowed to incubate at 25 �C
for 10 min. Various amounts of ligand solution were
added to the DNA–ethidium bromide mixture, which
was then incubated for 10 min. Fluorescence intensity
was measured using a spectrofluorometer (FluoroMax-
3, Spex) after diluting to 2 mL with the same buffer.
The excitation (kex) and emission (kem) wavelengths were
480 and 600 nm, respectively. The apparent binding
affinity (Kapp) for all the ligands were extracted from
the change in fluorescence intensity upon addition of
the ligand solutions to the pre-mixed ethidium bro-
mide–DNA solution as described in the literature.15,16

Briefly, DF (DF = F0 � F, where F0 and F are the fluores-
cence intensity of ethidium bromide bound to CT-DNA
in the absence and presence of ligand) was plotted versus
molar equiv of ligand and the DFsat was determined
mathematically by solving the simultaneous equations
representing the pre- and post-saturation regions of
the titration curve. A Scatchard plot was generated
where DF/[free agent] was plotted versus DF. The slope
of the region immediately preceding complete saturation
of the system provided �Kapp.
3. Results and discussion

3.1. UV melting experiment

Small DNA-binding molecules such as distamycin, Hoe-
chst, and spermine derivatives are known to stabilize
duplex DNA and hence increase the double helix-to-
random coil transition (melting) temperature (Tm) of
DNA.17,18 UV melting experiments were conducted in
the absence and presence of ligands to assess the impact,
if any, of the ligand on the thermal stabilities of the CT-
DNA. The resulting melting profiles are shown in Figure 2.

It is to be noted here that as the [total ligand] to [duplex
base pair] ratio (rbp) increases from 0 to 0.33 (one ligand
per three base pairs), the thermal stabilities of CT-DNA
duplexes increase concomitantly. Ligand-to-base pair
duplex ratios above 0.33 result in only marginal
increases in the Tm of CT-DNA, an observation, which
may reflect some nonspecific, secondary binding to the
target duplexes at high polyamide concentrations. The
DTm (Tm in presence of ligand � Tm in absence of
ligand) values are 1, 3, and 6 �C for ligands 2, 3, and
4, respectively. These ligand-induced changes in DNA
thermal stability are consistent with ligand binding to
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Figure 4. (a) Representative fluorescence displacement titration curve
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the DNA. A higher DTm was observed in the case of
ligand 4 indicating that this ligand binds to DNA with
higher affinity than the other two ligands.

3.2. CD spectroscopy study

Circular dichroism spectroscopy has been used to detect
possible conformational changes of DNA upon binding
with ligands. Figure 3 shows the representative CD spec-
tra of the free CT-DNA and ligand bound complexes at
several rbp. The CD spectrum of the free CT-DNA is
typical of a duplex in the B conformation, and addition
of ligand solutions results in a decreased positive peak at
283 nm for all the ligand solutions. A distinct isoelliptic
point at 259 nm was observed in each CD titration,
which clearly indicates that all the ligand molecules are
binding to the duplex DNA.

3.3. Binding affinities

The resulting binding affinities from the analysis of fluo-
rescence titration experiments are 2 · 104, 6 · 104, and
12 · 104 M�1 for 2, 3, and 4, respectively (Fig. 4). The
low binding affinity for ligand 2 indicates that the inter-
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Figure 3. Representative CD spectra of the complexes of 3 with CT-

DNA; trace �1� corresponds to the CD spectrum of free CT-DNA and

traces �2�–�11� correspond to the CD spectrum of CT-DNA after

successive addition of the ligand. Experiments were performed in

10 mM TrisÆHCl buffer (pH 7.4) and each addition of 3 caused an

increase in the [ligand]/[base pair] by 0.032.
action is nonspecific in nature. However, the introduc-
tion of extra charge in the side chain resulted in much
higher binding affinities for compounds 3 and 4. The
most interesting outcome is that ligand 4 with a positive
charge situated at both ends of the polyamide binds to
the duplex DNA with twice the affinity of 3 with two
positive charges at the same end.

3.4. Gel electrophoretic mobility assay

To assess changes in duplex DNA conformation with
ligand binding, electrophoretic mobilities were assessed
for duplex oligonucleotides (see Materials and methods)
in the presence and absence of these three ligands. These
results are illustrated in Figure 5, which reveals that the
addition of ligand molecules to the duplex retards the
migration of the duplex (lanes 2–4) implying that all
three ligands bind to the DNA duplex.

The binding studies of three newly synthesized poly-
amides using a new monomer pyrrole amino acid (Paa),
5-(aminomethyl)pyrrole-2-carboxylic acid with duplex
DNA was followed by UV melting, CD spectroscopy,
an ethidium bromide exclusion experiment followed by
fluorescence spectroscopy along with a gel electropho-
retic mobility assay. Studies showed that all the ligands
are able to bind duplex DNA. In each of these ligands,
the number of building blocks is only two and yet they
showed considerable binding affinities. It was found ear-
lier that the bis-pyrrole peptide did not exhibit any



Figure 5. Electrophoretic mobility shift assay. Nondenaturing 25%

polyacrylamide gels were run in 0.75-1X TBE at 12 V/cm at 25 �C.
Electrophoretic mobility of d(GCATGGCCATGC) (lane 1) and

reduced electrophoretic mobility of DNA–ligand complexes

(rbp = 0.5), lanes 2, 3, and 4 are for ligands 2, 3, and 4, respectively.
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detectable binding with duplex DNA.19 From compara-
tive binding studies on bis-, tri-, tetra-, and penta-pyr-
role peptides of the distamycin analogues with DNA it
was concluded that the minimum number of pyrrole carb-
oxamide units for the onset of DNA binding, in the
absence of the N-terminus amide is three. In our study,
we have observed that ligand 2 is able to bind to
ds-DNA with a considerable apparent binding affinity
(Kapp = 2 · 104 M�1) in spite of the fact that this ligand
contains only two pyrrole-based building blocks. The
improvement in the binding affinity may be due to the
presence of the methylene spacer between the amino
group and the pyrrole ring in the ligand, which makes
the ligand more flexible to fit in the minor groove
of the duplex DNA. Ligand 3 binds to duplex DNA
with three times higher affinity (Kapp = 6 · 104 M�1)
implying that the extra charge on the ligand improves
the binding ability of ligand. Ligand 4 with a positive
charge placed at both ends of the polyamide binds to
duplex DNA with twice the affinity of 3 with two posi-
tive charges at the same end. This result clearly indicates
that the spatial distribution of the charge plays a crucial
role in the binding event of the ligand. In ligand 4 as the
two charges are located at either end of the polyamide,
these charges can neutralize the negative charges of the
DNA phosphate backbone more efficiently giving
increased electrostatic interactions.

In summary we have described the synthesis of poly-
amides using the monomeric building block pyrrole
amino acid (Paa), 5-(aminomethyl)pyrrole-2-carboxylic
acid. The flexible methylene spacer between the amino
group and the pyrrole ring in this monomer was
expected to render the curvature in polyamides derived
from it that is necessary to bind in the minor groove
of DNA. DNA binding studies revealed that polyamides
with two positive charges bind with affinities of the
order of 105. We also observed that the polyamide with
a positive charge placed at either end of the polyamide
binds to the DNA duplex with twice the affinity com-
pared to that with two positive charges at the same
end. These results will help in the more rational design
of new minor grove binding agents.
Acknowledgements

The authors wish to thank Dr. J. S. Yadav and Dr.
Samir K. Brahmachari for their support and encourage-
ment, DST, New Delhi for financial support (T.K.C.)
and CSIR, New Delhi for a research fellowship
(B.K.M.).
References and notes

1. Dervan, P. B. Bioorg. Med. Chem. 2001, 9, 2215–
2235.

2. Neidle, S. Nat. Prod. Rep. 2001, 18, 291–309.
3. Johnson, D. S.; Boger, D. L. In DNA Binding Agents;

Murakami, Y., Ed.; Comprehensive Supramolecular
Chemistry; Elsevier Science: New York, 1996; Vol. 4, p
81.

4. Boger, D. L.; Fink, B. E.; Hedrick, M. P. J. Am. Chem.
Soc. 2000, 122, 6382–6394.

5. Bhattacharya, S.; Thomas, M. Biochem. Biophys. Res.
Commun. 2000, 267, 139–144.

6. Vázquez, M. E.; Caamaño, A. M.; Mascareñas, J. L.
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