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Abstract
Polyamides (PA) are distamycin-type ligands of DNA that bind the minor groove and are capable
of sequence selective recognition. This capability provides a viable route to their development as
therapeutics. Presented here is a simple and convenient fluorescence assay for polyamide-DNA
binding. PAs are titrated into a sample of a hairpin DNA featuring a TAMRA dye attached to an
internal dU near the PA binding site. In a study of 6 polyamides, PA binding leads to a steady,
reproducible decrease in fluorescence intensity that can be used to generate binding isotherms. The
assay works equally well with both short (6–8 ring) and long (14 ring) polyamides, and Kd values
ranging from about 1 nM to at least 140 nM were readily obtained using a simple monochromator
or filter configuration. Competition assays provide a means to assessing possible dye interference,
which can be negligible. The assay can also be used to determine polyamide extinction
coefficients, and to measure binding kinetics, and thus is an accessible and versatile tool for the
study of polyamide properties and polyamide-DNA interactions.
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INTRODUCTION
Polyamides (PA) are distamycin-type ligands of DNA that bind the minor groove and are
capable of sequence selective recognition [1]. Polyamides can be thought of as higher
homologs of Distamycin A and the lexitropsins, and all of these DNA ligands form
hydrogen bonds to functional groups in the minor groove of double-stranded DNA,
providing a range of binding tendencies and selectivities [2; 3]. An amino acid derivative of
N-methylimidazole (Im), which recognizes G, and an analogous derivative of N-
methylpyrrole (Py), which recognizes C, A, or T, form the bulk of polyamide building
blocks. The 2-carboxy-4-amino substitution pattern of these 5-membered heterocycles
confers a shape on the resulting polyamides that matches the curvature of B-form duplex
DNA very closely [1]. Additionally, β-alanine (β) is used in PA design to confer some
conformational flexibility and also can recognize C, A, and T. These are the most common
building blocks found in polyamides, which can be prepared in a number of topologies, from
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linear to circular and hairpin shapes [1]. Hairpin structures are able to form a turn composed
of groups such as γ-aminobutyric acid, which binds mainly to nucleobases classified as W
(either A or T). Typical C-termini of polyamide hairpins mimic the cationic amidine group
found at the same terminus of Distamycin A and are capped with cationic tails prepared
from N,N-dimethylaminopropylamine (Dp) or 3,3’-diamino-N-methyldipropylamine (Ta)
building blocks, both of which bind preferentially to A or T over G and C. The hairpin
structure introduced by Dervan allows each strand of the PA to independently recognize one
strand of duplex DNA. This arrangement makes for highly sequence selective binding [4; 5].
Thus hairpin polyamides have been used effectively for biomedical programs that target
specific DNA sequences, including the control of gene expression and the diminution of
viral titer [6; 7; 8]. In some cases, polyamides have been used successfully both in vitro and
in vivo, and it is hoped that this class of designed DNA ligands will be developed as
therapeutics [8; 9; 10; 11].

Critical to the continued development of polyamides as DNA ligands is a convenient assay
for their DNA-binding behavior. Many drug-DNA interactions have been characterized
using optical techniques [12; 13], and a number are based on the changes in intrinsic
fluorescence of the ligand upon binding DNA. While PAs have limited intrinsic
fluorescence, and PA-DNA binding can be characterized via observation of this weak
fluorescence signal [14], high PA concentrations are required (above 1 uM), well above the
range needed to measure high affinity Kds typical for these molecules [15]. Another option
for studying PA-DNA binding involves the incorporation of a fluorophore into the
polyamide [16; 17; 18]. However, the introduction of such a dye requires additional
synthetic and purification steps and can change uptake for cell-based assays, making the
biological relevance of PA-dye conjugates questionable, unless they are the bioactive
species [19].

The most commonly performed assays of DNA binding by PAs involve calorimetry [20],
surface plasmon resonance (SPR) [20], and footprinting [21]. All of these techniques require
specialized equipment and expertise that do not make them generally accessible.
Fluorescence spectroscopy is a more convenient technique than any of the alternatives
surveyed above, and assays such as the fluorescence of intercalator displacement (FID) have
been applied to the characterization of PA-DNA binding [22]. This approach is technically
easier but reliant on a second (DNA-intercalator) equilibrium, which may or may not be
amenable to a particular concentration regime of interest. Presented here is a simple,
versatile, and convenient fluorescence assay for polyamide-DNA binding. Its utility is
demonstrated for Kd measurements, PA extinction coefficient determinations, and PA-DNA
binding kinetics.

MATERIALS AND METHODS
Chemical Synthesis

Polyamides 1–6 were prepared by automated solid-phase synthesis on Boc-β-alanine-PAM
resin [23]. An ABI 433A peptide synthesizer was used. Compounds were isolated by
reverse-phase HPLC with a MeOH/H2O/0.1% TFA gradient and characterized by mass
spectrometry (HPLC/MS and HRMS, both using ESI+), combustion analysis (CNH), UV/
Vis and 500 MHz 1H NMR. Detailed characterizations for 1–5 are provided in the
supporting information, and 6 was prepared and characterized as previously described [8].
Note that, contrary to previous reports that imidazoles are not protonated in isolated PAs,
elemental analysis indicated that our compounds were isolated from RP-HPLC (MeOH/
Water/0.1% TFA) as tetracations with all imidazoles and the tertiary amine protonated [14;
24]. Stock solutions of 6 in DMSO were quantitated using an ε305 of 113,300 M−1cm−1, a
reference value obtained by NMR spectroscopy [25]. Other polyamide stock concentrations
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were obtained by dissolving a known mass (1–2 mg weighed to at least two significant
figures) of lyophilized and MS-determined samples in either DMSO or H2O, diluted as
needed, and stored at –20°C. If additional stocks were needed, they were quantitated from
the ε at 305 nm (λmax for the peak closest to the visible region) obtained from the mass,
MWT, and the absorbance of a sample in the low micromolar range. For 2, the extinction
coefficient obtained via this method was compared with the value generated by the
fluorescence method as described below.

Fluorescence Spectroscopy
Quantitation of DNA binding was achieved by observing the change in fluorescence
intensity of TAMRA (carboxytetramethyl rhodamine)-labeled oligonucleotide as a function
of PA concentration. 5’-CCT GGA GAG GAA GCC AAG TGT TTT CAC TTG GCT TCC
TCT CCA GG-3’ (HP1) and 5’-GCT AGA TAT ATA GCT TTT TAG CTA TAT ATC
TAG C-3; (HP2) were purchased with HPLC purification from IDT (Coralville, IA) either
unlabeled or labeled with dU-TAMRA (at C5 via NHS ester) at either T34 or T37 for HP1
and at T3 in HP2 as shown in Fig. 1. The DNAs were rinsed twice with Milli-Q water using
a Centricon unit, annealed from boiling water, quantitated using the vendor’s extinction
coefficient, and either used directly or aliquoted, lyophilized and stored at −20 °C until use.

The experiments were performed in acid pre-washed quartz cuvettes in buffer (10 mM
HEPES, 50 mM NaCl, 1 mM EDTA, pH 7.4) on a T-formatted Fluorolog-3 (SPEX)
spectrofluorimeter. The temperature was maintained at 25 °C with a thermostatted cell
holder equipped with a magnetic stirrer. TAMRA-labeled oligonucleotides were excited at
559 nm and the resulting emission was observed through a monochromator set at 580 nm or
passed through a 592 nm bandpass filter (Edmund Optics, Barrington, NJ). In most cases,
the intensity at the emission maximum decreased as PA was added. Intensity values were
obtained in triplicate and averaged.

Intensities were normalized to indicate fraction of DNA bound and then plotted versus PA
concentration and the data fit to equation 1:

(1)

where θ is fraction of duplex bound, [L] is the total PA concentration, and Ka is the
association constant. Reported Kds represent an average of at least three separate
experiments.

Competition Fluorescence Binding Assay
Increasing amounts of unlabeled DNA hairpin PA were added to a fluorescent DNA-PA
complex pre-formed at a concentration 10-fold above the Kd and the resultant intensities
measured and averaged. The resulting data were fit to a system of equations describing both
the labeled DNA-PA equilibrium (known Kd) and the unlabeled DNA-PA equilibrium
(unknown Kd) using Scientist software (MicroMath, Salt Lake City, UT) as previously
described [26; 27; 28].

Dissociation Kinetics (Scheme I)
To observe koff for 2, 75 nM of unlabeled DNA hairpin was added to a 30 nM 1:1 complex
of 2 and TAMRA-labeled DNA hairpin (denoted *DNA) in 10 mM HEPES, 50 mM NaCl, 1
mM EDTA, pH 7.4. Intensities were recorded every 30 sec, normalized and fit to the
expression: fraction bound = 1-e^(kofft) where koff is the dissociation rate constant.
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(Scheme
1)

Kd Determination by Quantitative DNaseI Footprinting using Capillary Electrophoresis (CE)
To generate a 120 bp DNA fragment containing one site for PA 2, two complementary
90mer oligomers were ordered from Integrated DNA Technologies, Inc. (Coralville, Iowa)
(top strand): 5’-TGA TGG AGG TGG AGT TTA ATG AAA TTT CTG CAA GGG TCT
GTA ATA TGT TTT GTA AAT TCT AAC CTG GAG AGG AAG CCA AGT GTT TTT
GGT and (bottom strand) 5’-ACC AAA AAC ACT TGG CTT CCT CTC CAG GTT AGA
ATT TAC AAA ACA TAT TAC AGA CCC TTG CAG AAA TTT CAT TAA ACT CCA
CCT CCA TCA-3’. These were annealed in 10 mM Tris buffer and cooled to room
temperature. Diluted duplex was used as a template and amplified using the forward primer:
5’-ATG TGA TAG GGT AGA TGA TGG AGG TGG AGT TTA ATG AAA T-3’ and the
reverse primer 5’-CTG CTA ATG GTT GTA ACC AAA AAC ACT TGG CTT CCT CTC
C-3’ (underlined sequences overlap with above duplex). The PCR conditions were 55 °C/
1min annealing temperature, 68 °C/min extension temperature with 33 cycles. The fragment
was purified using agarose gel electrophoresis and a Qiagen gel purification kit. This
product was used as a template and further PCR amplified to generate a 120 bp DNA
fragment with the 5’ terminus of the top strand labeled with fluorescent dye 6-Fam. The
PCR conditions were: 54 °C annealing temperature, extension temperature/time: 68 °C/min,
33 cycles. The final product was purified using agarose gel electrophoresis and a Qiagen gel
purification kit.

For quantitative footprinting, this duplex DNA was mixed with polyamide in TKMC buffer
(10 mM Tris, 10 mM KCl, 5 mM MgCl2 and 5 mM CaCl2), incubated at 37 °C for 4 hours
to overnight [21]. The mixture was digested with RQ1 RNase-Free DNase I (Promega,
Madison, WI) for 5 min at 37 °C and quenched by adding 30 µL of 500 mM EDTA.
Typically, 0.01~0.03U DNase I was used to achieve the desired single-hit cleavage kinetics
[29]. The DNase I digested product was purified with Qiagen PCR purification kits (Qiagen,
Valencia, CA) and eluted with 30 µL of buffer. A few µL of the resulting samples were
analyzed using an ABI 3100 16-capillary CE-based sequencer (Carlsbad, California). Data
were processed using Genemarker V1.97 software (Softgenetics LLC, State College, PA).
Peaks in the footprint were normalized to a neighboring peak (one not sensitive to PA
concentration) and plotted as fraction bound vs. PA concentration and fit to the Langmuir
isotherm as described above.

RESULTS AND DISCUSSION
Assay Design

The assay for PA-DNA interactions described here is based on a simple design involving the
attachment of an extrahelical TAMRA dye via a linker at the C5 position of thymidine
analog 2’-deoxyuridine (dU), a modification that is commercially available. The dye was
located either near the binding site of the relevant polyamides’ gamma turn (γ) or a few
nucleotides removed from the expected recognition site for the PA-DNA combination (Fig.
1). In most cases, the fluorescence of the TAMRA dye decreased as a function of added PA
(Fig. 2). Interestingly, with the dye placements used, the percent change in fluorescence
intensity is typically very large, ranging from 5% for 6 to over 30% for 4 (Table 1). Most of
the intensity changes are well above the threshold of reproducibility for fluorescence
intensity (%). This provides excellent signal-to-noise ratios.
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Equilibrium Binding Assay
As shown in Fig. 3 and summarized in Table 1, high quality isotherms are readily obtained
for a number of PAs ranging from 6–14 rings in size. Kds presented here range from 2.3 nM
(Fig. 3A) to nearly 140 nM (Fig. 3B), and it is anticipated that the range of utility extends
beyond these values. For Kds below 1 nM, it is of course necessary for the DNA
concentration to be well below 1 nM for adequate measurements to be made. Under these
circumstances, additional signal would be available using a cutoff or bandpass filter instead
of a monochromator.

The assay is of sufficient sensitivity to discern a small difference in binding affinity (2–3
fold) between the isomers 3 and 4. While benefits of introducing an internal β-alanine have
been noted [30], there is little information regarding the behaviors of PAs that are β isomers
of one another (i.e., β-alanine and Py positions are swapped). In one study of alkylating PAs
[31], the reason for an observed difference in activity between two β-alanine isomers is not
clear and was attributed to conformational effects that are transmitted to alkylation
reactivity. Something similar could be operable here.

Assessing Potential Dye Interference
An obvious possible criticism of this assay is that the dye attached to the DNA hairpin can
interfere with the PA-DNA interaction, thus leading to the measurement of artifact instead
of any relevant Kd. This is manifested most obviously when the classical isotherm trend is
disturbed in ways that are reproducible, rather than due to noise in the data. Indeed, in our
hands, some obvious cases of dye interference were observed. Fig. 4A illustrates a
reproducible anomaly in the isotherm for the binding of 5 to HP1 when the dye was placed
at T37. As shown in Fig. 4B, this artifact was eliminated by “moving” the dye, that is,
working with a DNA hairpin with the dye located elsewhere (T34 in this case). The assay
does not provide structural details regarding why tethering the dye to T37 (which is removed
from the anticipated PA binding site) leads to overt dye interference, while tethering to T34
(which is located at the PA binding site) does not. One possibility is that the dye at T37
interferes directly with the binding of 5 in a way that it does not when 1 or 2 bind at this site.
The principal difference between the HP1 binding of 1 and 2 and that of 5 is that the latter
binds in an opposite orientation, with the cationic tail (rather than the γ turn) being closer to
the dye tether site. TAMRA is connected to dU via a long carbon chain linker (see Fig. S1);
this provides enough length and flexibility for the dye to reach and occupy a number of
locations. While a structure for an oligonucleotide terminally-labeled with rhodamine has
been reported [32], we are unaware of any structural information regarding dye placement
on internally labeled oligonucleotides. Another possible explanation for the importance of
dye position is that the minor groove widening that accompanies PA-DNA binding [33]
leads to conformational adjustment(s) that are transmitted to other parts of the duplex,
affecting dye environment outside the most obvious region of DNA sequence. Perhaps the
binding mode of 5 does this in a unique way relative to 1 and 2.

In contrast to the above example, it is also possible that the dye label can affect affinity
without disturbing the binding trends or generating obvious artifacts. This possibility was
addressed in two ways. The first is a simple competition assay in which a PA-DNA complex
is pre-formed, and then unlabeled DNA is titrated into this sample. Increasing amounts of
PA partition to unlabeled DNA until the PA-bound DNA signal disappears. These data are
then fit to a competition model featuring the known Kd (measured directly with dye-labeled
DNA) and the unknown Kd (for the unlabeled PA-DNA interaction). This is a common
method for assessing dye interference [26; 27; 28].
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A sample competition experiment is shown in Fig. 5; for 2, the data fit easily to yield the Kd
for the unlabeled DNA (1.1 nM) and is very comparable to that of the labeled DNA. The
same is true of 6, which binds the unlabeled DNA with a Kd of 1.8 nM.

In general, competition experiments work best when the two Kds are fairly similar (within
one order of magnitude), although weaker binding competitor DNAs can be accommodated
with higher competitor concentrations. The data shown here illustrate that it is possible for
the dye to make no difference in affinity. If interference is exhibited, it is easily
characterized with this experiment.

To determine if using a DNA hairpin would influence the Kds observed relative to a longer,
conventional double-stranded DNA, the Kd for binding 2 to a perfectly matched site located
in a 120 bp duplex was also determined using quantitative DNase I footprinting and
capillary electrophoresis [34; 35]. The Kd for the sequence recognized by 2 within the long,
linear DNA duplex was the same within experimental error as that observed using the
fluorescence assay and a hairpin DNA substrate (1.1 ± 0.2 nM). Thus, the question of
whether these hairpin designs are similar enough to conventional double stranded DNA to
provide meaningful Kds is answered: there is no significant difference in Kds for this
polyamide determined in our hairpins or in a long duplex.

Other Applications of the Assay
Extinction Coefficient for Ligand—Obtaining reliable extinction coefficients for DNA
binding molecules can sometimes be problematic. This is especially true in the case of
polyamides, which have been shown to exhibit dramatically different extinction coefficients
under different conditions [14; 24]. This fluorescence assay, coupled with the well-
characterized ε’s for DNA, makes it possible to obtain reliable extinction coefficients for
polyamides. To demonstrate this, a provisional ε305 was determined by measuring the
absorbance of a sample in DMSO based on the accurately weighed mass (1–2 mg), known
volume of solution, the mass spectrometry- and elemental analysis-determined MWT, and
Beer’s Law. For 2, this value is 93,000 M−1cm−1. Stocks of 2 quantitated using this value
were used to titrate into a known concentration of labeled HP1 that is well above the Kd for
the interaction (>10-fold). Since PA absorbance and fluorescence emission is well removed
from the fluorescence behavior of TAMRA (over 100 nm), there is no interference in the
TAMRA signal from the PA. This determination is illustrated for HP1 and 2 in Fig. 6A.
Because one is working so far above the Kd (2.3 ± 0.3 nM), all added PA becomes
immediately bound. When PA is added in excess, there is no further change in signal. The
concentration of PA at which these two trends intersect, which is well determined by a
number of points on either side of the transition, gives the true PA concentration in the
mixture. Using this information and the known concentration of DNA, the 2:HP1
stoichiometry is calculated to correct the provisional ε305 value to 103,000 M−1cm−1. In this
case, the adjustment was less than 10%. Thus while determining ε by mass is a reasonable
approach for this compound, the new analysis described here can be used to determine,
verify, and/or correct ε305 values determined via other means. This can be especially helpful
when the conventionally-determined ε, binding constants, or other properties are measured
in different solvents or buffers, because of the wide range of ε values seen for a given PA,
depending on solvent details [14; 24].

Kinetic Binding Constants—In addition to the above applications, the assay presented
here can be used to measure kinetic rate constants for binding, providing an alternative to
SPR. As an illustration, the off-rate constant (koff) for DNA-PA binding was obtained by
adding a large excess of unlabeled HP1 into a pre-formed complex of 2 and labeled HP1 at
a concentration well above the Kd (2.3 ± 0.3 nM) (Scheme 1) and then observing the change
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in fluorescence emission signal as a function of time until a plateau was reached (Fig. 6B).
These data were fit to obtain kobs (koff) of 0.42 min−1. Forward rate constants can also
obtained by varying this observation as a function of PA concentration [36]: kon is the slope
of this dependence. Our method allows determination of on and off rate constants for
binding without extensive experimental design that can be required for techniques such as
SPR to avoid mass transfer limitations or other diffusion-related systematic errors[37].

In conclusion, presented here is a sensitive and versatile fluorescence assay of polyamide-
DNA interactions and polyamide properties that can be used to determine binding constants,
extinction coefficients, and binding kinetics. Given the nature of the assay design, its
application could easily prove useful in the study of other DNA-binding molecules.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Summary of Hairpin Design with Dye Placement
For HP1, TAMRA dye was placed either at T34 or T37 as indicated. Illustrated PAs are
numbered and correspond to Table 1 entries. PA positions are based on expected binding
location as dictated by conventional recognition rules. For HP2, TAMRA dye was placed at
T3 (*). Closed circles = imidazole; open circles = pyrrole; open diamond = β alanine.
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Fig. 2. Fluorescence Emission Spectral Response upon PA Binding
Free DNA (solid) vs. 2-bound DNA (dashed). Conditions: 10 nM HP1, 10 mM HEPES, 50
mM NaCl, 1 mM EDTA, pH 7.4, 25°C.
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Fig. 3. Sample Isotherms for PA Binding
(A) strong (2) and (B) weak (4) binding isotherms illustrate the range of this assay.
Conditions: 0.63 nM and 50 nM HP1, respectively, in 10 mM HEPES, 50 mM NaCl, 1 mM
EDTA, pH 7.4, 25°C.
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Fig. 4. Example of Dye Interference
Binding trends for 5 (A) with dye located at T37; (B) dye located at T34. Conditions: 0. 5 nM
DNA, 10 mM HEPES, 50 mM NaCl, 1 mM EDTA, pH 7.4, 25°C.
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Fig. 5. Competition Fluorescence Spectroscopy
Titration of unlabeled DNA hairpin into 30 nM 2:TAMRA-labled DNA. Conditions: 10 mM
HEPES, 50 mM NaCl, 1 mM EDTA, pH 7.4, 25°C. Data were fit to yield a Kd of 1.1 ± 0.2
nM for the unlabeled DNA.
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Fig. 6.
(A) Extinction coefficient determination for 2. Conditions: 800 nM HP1, 10 mM HEPES,
50 mM NaCl, 1 mM EDTA, pH 7.4, 25°C. ε was determined to be 103,000 M−1cm−1 at 305
nm, and the Kd for the interaction between HP1 and 2 is 2.3 ± 0.3 nM. (B) Dissociation rate
constant determination for 2. 30 nM 1:1 HP1:2 complex and 75 nM unlabeled DNA
competitor. Data were fit to obtain kobs (koff) = 0.42 min−1.
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Table 1

Summary of Polyamide-DNA Interactions Observed by Fluorescence Spectroscopy

# Sequence Site Dye locn % Δ int Kd, nM

1 dImImPyγImPyPyβDp head T37 10 ± 5 7.8 ± 1.6

2 dImImPyPyγPyImPyPyβDp head T37 34 ± 2 2.3 ± 0.3

3 dImImPyImγPyPyβPyβDp tail T37 25 ± 3 50 ± 15

4 dImImβImγPyPyPyPyβDp tail T37 38 ± 3 140 ± 30

5 dImPyPyPyγPyImImPyβDp head T34 22 ± 4 11.4 ± 1

6 dImPyPyβPyPyPyγ-PyPyβPyPyPyPyβTab n/a T3 5.5 ± 1.5 4.8 ± 0.6

a
Im = imidazole, dIm = desamino-imidazole, Py = pyrrole, β= beta alanine, γ= gamma turn, Ta = 3,3’-diamino-N-methyldipropylamine, Dp =

N,N-dimethylaminopropylamine. Site refers to the expected binding location based on recognition rules. Dye locn refers to the position of the
TAMRA dye. % Δ int refers to the percent change in fluorescence intensity between the free DNA and PA-bound DNA. Unless otherwise noted,
DNA binding to all PAs was measured with HP1 in 10 mM HEPES, 50 mM NaCl, pH 7.4, 25°C.

b
Kds were measured with HP2 and 200 µM nt calf thymus DNA, an additive carrier necessary to achieve reliable isotherms with this PA. Such

carriers are used frequently in the literature and are known to decrease non-specific interactions between nucleic acids and proteins or small
molecules [38; 39].
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