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Abstract

We have used DNase I footprinting and fluorescence melting studies to study the interaction of the hairpin polyamide Im-Py-Py-Py-

(R)H2N
g-Im-Py-Py-Py-h-Dp with its preferred binding sites (5V-WGWWCW; W=A or T) and other sequences. DNase I footprinting

confirmed that the ligand binds to the sequence AGAACA at nanomolar concentrations and that changing the terminal A to G causes a

dramatic decrease in affinity, while there was no interaction with the reverse sequence WCWWGW. Fluorescence melting studies with 11-

mer duplexes showed that the polyamide had very different effects on the forward (TGWWCT) and reverse (TCTAGT) sequences. At low

concentrations, the polyamide produced biphasic melting curves with TGATCT, TGTACT and TGAACT, suggesting a strong interaction.

In contrast, the melting profiles with TCTAGT were always monophasic and showed much smaller concentration dependent changes in

Tm. The polyamide also showed weak binding to the sequence TGATCT when one of the central AT pairs was replaced with an AC

mismatch. These melting profiles were compared with those produced by the AT-selective minor groove binding agents distamycin and

Hoechst 33258 at the same sites and at similar sequences containing A5 and (AT)3, which are expected to bind distamycin in the 1:1 and

2:1 modes, respectively. These ligands produced simple monophasic melting curves in which the Tm steadily increased as the ligand

concentration was raised.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction favoured at A targets, due to their narrow minor groove,
Sequence specific recognition of the DNA minor groove

has been achieved by hairpin polyamides that contain

pyrrole (Py) and imidazole (Im) residues [1–4]. These

ligands are based on the natural compounds distamycin

(Fig. 1b) and netropsin which bind to tracts of four or more

consecutive A/T base pairs. These were first shown to bind

as monomers in the minor groove [5], though it was later

shown that distamycin can bind to some sequences as an

antiparallel side-by-side dimer [6]. The 1:1 complex is
0301-4622/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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while the 2:1 complex is favoured at regions of alternating

AT.

The synthetic polyamides exploit this 2:1 binding mode

and recognize specific sequences by the side-by-side pairing

of aromatic amino acids in the minor groove. Pyrrole

opposite imidazole (Py/Im) targets a C.G base pair whereas

Im/Py targets G.C. The Py/Py pair binds both A.T and T.A

base pairs [7–11]. The correct pairings are promoted by

joining the two halves of the dimer, using a 2,4-diamino-

butyric acid linker and the C-terminus usually contains a h-
alanine and a (3-dimethylaminopropyl)amino group. Both

of these groups facilitate recognition of AT residues [7].

Polyamides bind to DNA with very high affinity, and

dissociation constants in the nanomolar range have been



Fig. 1. Structures of (a) Im-Py-Py-Py-(R)H2N
g-Im-Py-Py-Py-h-Dp, (b) distamycin and (c) Hoechst 33258.

P.L. James et al. / Biophysical Chemistry 111 (2004) 205–212206
reported [12,13]. This high affinity allows them to compete

with DNA binding proteins and polyamides have been

shown to inhibit the binding of transcription factors NF-

kB, TF111A, Est-1, LEF-1 and TBP [14–16].

We have recently developed a novel fluorescence tech-

nique for measuring the thermal melting of DNA duplexes

[17]. This uses synthetic oligonucleotides that contain a

fluorophore and quencher, which are in close proximity in

duplex DNA, thereby quenching the fluorescence. When the

duplex melts, the fluorophore and quencher are separated

and there is a large increase in fluorescence. We have used

this technique to study the interaction of the hairpin poly-

amide Im-Py-Py-Py-(R)H2N
g-Im-Py-Py-Py-h-Dp (Fig. 1a)

[13,18] with 11-mer duplexes that contain its cognate target

sites 5VWGWWCW3V(W=A or T). The preferred binding

sites were also confirmed by DNase I footprinting. The

melting curves were compared with the effects of distamy-

cin and Hoechst 33258 (Fig. 1b,c) on sequences containing

the targets AAAAA and ATATAT.
2. Experimental section

2.1. Oligonucleotides

Oligonucleotides were made on the 0.2 Amol scale by

standard solid-phase methods using 2-cyanoethyl di-isopro-
pylaminophosphoramidites. The quencher-containing oligo-

nucleotides were synthesised using a 3V-thymidine synthesis

column then adding either methyl red serinol phosphorami-

dite or pyrenebutyryl L-threoninol phosphoramidite. The full

synthesis of the pyrene monomer will be presented else-

where. All 5V-Fluorescein oligonucleotides were synthesised

using 6-FAM phosphoramidite (isobutyryl-protected fluores-

ceinamidohexyl amidite, Cruachem). All oligonucleotides

were purified by reversed-phase HPLC. The sequences of

these intermolecular duplexes, which contain polyamide and

distamycin binding sites, are shown in Fig. 2. For the

polyamide targets, 11-mer sequences were chosen so as to

generate duplexes with different arrangements of the central

bases in the expected WGWWCW target site, generating the

sites TGATCT, TGTACT and TGAACT. A fourth target

contained this site in the reverse orientation (TCTAGT). A

fifth duplex was also prepared in which one of the central AT

pairs in TGATCT was replaced with an AC mismatch. The

particular GC-rich flanking sequences were chosen so as to

reduce the likelihood of misannealing. The fluorophore was

always located next to the same base (C) so as to minimise

any differences in fluorescence emission.

2.2. Ligands

The polyamide Im-Py-Py-Py-(R)H2N
g-Im-Py-Py-Py-h-

Dp [13,18] was synthesised from 0.6 mmol/g Boc-h-



Fig. 2. Sequences of the intermolecular duplexes used in this work.

Fluorescein (F) and pyrene (Q) were incorporated at the 5V- and 3V-ends of
the two duplex strands, respectively. The polyamide and distamycin binding

sites are shown in bold.
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PAM-resin by solid phase methods [19,20]. Its concentra-

tion was determined by measuring the absorbance at 310 nm

with a Hitachi U-2000 spectrophotometer, using a molar

extinction coefficient of 69520 M� 1 cm� 1. Distamycin and

Hoechst 33258 were purchased from Sigma.

2.3. Fluorescence melting curves of intermolecular duplexes

Fluorescence melting profiles were determined using a

Roche LightCycler as previously described [17]. The

principle of this technique is that the fluorophore and

quencher are in close proximity when a duplex is formed,

and the fluorescence is quenched. On denaturing the

complex, the fluorophore and quencher are separated and

there is a large increase in fluorescence. This technique has

several advantages over conventional UV-melting analysis;

it requires lower concentrations and smaller volumes, has a

high throughput (32 samples in parallel), and it is not

affected by any absorbance from the ligand at 260 nm.

Duplexes were prepared in 10 mM sodium phosphate pH

7.4 containing 200 mM NaCl. Each sample (20 Al)
contained 0.25 AM duplex DNA and 0–40 AM polyamide.

The complexes were denatured by heating to 95 jC at a

rate of 0.1 jC s� 1 and maintained at this temperature for 5

min before cooling to 30 jC at 0.1 jC s� 1. Samples were

then held at 30 jC for 5 min before melting again by

heating to 95 jC at 0.1 jC s� 1. The fluorescence was
recorded during both melting and annealing phases. The

LightCycler excites the samples at 488 nm, and the

emission was measured at 520 nm. Tm values, indicating

the mid-point of the transition at this oligonucleotide

concentration, were determined from the first derivatives

of the melting profiles using the Roche LightCycler

software and were reproducible to within 0.5 jC. Unless
otherwise stated, the Tm values quoted refer to the second

melting profile. For these complexes there was little or no

hysteresis between the melting and annealing curves,

indicating that the system is at thermodynamic equilibrium

during the temperature changes.

2.4. DNase I footprinting

The footprinting substrate was prepared by cloning the

oligonucleotide sequence 5V-GATCCGTTCTCGCTGTTC-
TACGCTCTTGTCGCACTTGC into the BamHI site of

pUC18. A radiolabelled DNA fragment containing this

sequence was prepared by digesting the plasmid with

HindIII and SacI and was labelled at the 3V-end of the

HindIII site using reverse transcriptase and a-32P-dATP.

This fragment contains the correct binding site for the

polyamide (AGAACA) together with a site with one base

difference (AGAACG) and two sites in the reverse orien-

tation (ACAAGA and GCAAGT); these sites are separated

by the sequence CGC. The isolated DNA was dissolved in

10 mM Tris–HCl pH 7.5 containing 0.1 mM EDTA to

give about 10–20 c.p.s. per Al as determined on a hand

held Geiger counter ( < 10 nM). For quantitative footprint-

ing experiments, the absolute DNA concentration is not

important, so long as it is lower than the dissociation

constant of the DNA binding compound [21], since for-

mation of the complexes is limited by the dissociation

constant of the reaction and not the stoichiometric ratio of

ligand to DNA

For footprinting experiments radiolabelled DNA (1.5 Al)
was mixed with 1.5 Al polyamide (dissolved in 10 mM

Tris–HCl, containing 10 mM NaCl) to give a final ligand

concentration of 5 nM–500 AM, and the mixture was left to

equilibrate for at least 2 h. The samples were digested by

adding 2 Al DNase I (typically 0.01 Units ml� 1) dissolved

in 20 mM NaCl containing 2 mM MgCl2 and 2 mM MnCl2.

The reaction was stopped after 1 min by adding 5 Al of 80%
formamide containing 10 mM EDTA, 10 mM NaOH and

0.1% (w/v) bromophenol blue. The products of digestion

were separated on 9% polyacrylamide gels containing 8 M

urea. Samples were heated to 100 jC for 3 min, before

rapidly cooling on ice and loading onto the gel. Polyacryl-

amide gels (40 cm long, 0.3 mm thick) were run at 1500 V

for about 2 h and then fixed in 10% (v/v) acetic acid. These

were transferred to Whatmann 3MM paper and dried under

vacuum at 80 jC. The dried gels were either exposed to

autoradiography at � 70 jC using an intensifying screen, or

were subjected to phosphorimaging using a Molecular

Dynamics STORM phosphorimager.
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The intensity of bands within each footprint was esti-

mated using ImageQuant software. These were normalised

by comparison with a region for which DNase I cleavage

was not affected. Footprinting plots [21] were constructed

from these data and C50 values, indicating the ligand

concentration which reduces the band intensity by 50%,

were calculated by fitting a simple binding curve to the data.
3. Results

3.1. DNase I footprinting

We first confirmed the preferred binding sequence for

this polyamide by DNase I footprinting. According to the

rules for pairing of imidazole and pyrrole, the predicted

binding site for this ligand is WGWWCW. A footprinting

fragment was therefore designed containing one version of

this target (AGAACA), together with three other related
Fig. 3. DNase I footprinting pattern produced by polyamide Im-Py-Py-Py-

(R)H2N
g-Im-Py-Py-Py-h-Dp. The potential binding sites are indicated by

the filled boxes. The track labelled GA is a marker specific for purines. Con

indicates control cleavage in the absence of added ligand. The other lanes

show the cleavage pattern in the presence of the polyamide at

concentrations of 850, 430, 140, 67, 30, 10 and 5 nM.

Fig. 4. Fluorescence melting curves for intermolecular duplexes in the

presence of different concentrations of the polyamide. The sequences of the

duplexes are shown in Fig. 2. The experiments were performed in 10 mM

sodium phosphate pH 7.4, containing 200 mM NaCl and 0.25 AM duplex

DNA. The inserts show the first derivatives of the melting profiles. The

ordinate shows the relative fluorescence of the samples, which has been

normalised to the same final value. The abscissa shows the temperature in

jC. For TGATCT, TGTACT and TGAACT the curves correspond to

polyamide concentrations of 0, 0.2, 0.4, 0.6, 0.8 and 1.0 AM, increasing

from left to right. For TCTAGT the concentrations were 0, 0.4 and 1.0 AM.
sequences. The results of these experiments are shown in

Fig. 3. A clear footprint can be seen at the expected target

site, which persists to nanomolar concentrations. Quantita-

tive analysis of the footprint yielded a C50 value of 16F 7

nM. The site with a single base change at the 3V-end
(AGAACG) is protected from cleavage only at the highest

ligand concentrations (850 nM), demonstrating the selectiv-

ity of the binding reaction. Cleavage at the reverse sequence

(ACAAGA) is only slightly attenuated at highest concen-

tration, while the reverse target with one base modification

(GCAAGT) shows no protection.

3.2. Fluorescence melting studies

We have previously shown that fluorescently labelled

oligonucleotides can be used for determining the thermal

stability of DNA duplexes using a Roche LightCycler [17].

These experiments use fluorescently labelled oligonucleo-

tides in which the fluorophore and quencher are in close

proximity in the duplex, and fluorescence is quenched.

When the duplex melts, the fluorophore and quencher are

separated and there is a large increase in the fluorescence

signal. Fig. 4 presents the fluorescence melting experiments

for four 11-mer duplexes in the presence of varying con-

centration of the polyamide. Three of these sequences

contain good binding sites for this polyamide (TGATCT,

TGTACT, TGAACT) while the fourth contains the reverse
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sequence (TCTAGT). In the absence of polyamide, these

duplexes melt at similar temperatures with Tm values of

53.7, 51.9, 52.9 and 51.5 jC, respectively. On adding the

polyamide, there are clear changes in the melting profiles of

the sequences that contain the correct binding sites. At

ligand concentrations below 1 AM, these melting curves

are biphasic and show two melting transitions, which are

more clearly seen in the first derivative plots shown in the

inset to each panel. A new melting transition appears at

around 65 jC, the proportion of which increases with

increasing ligand concentration. A single transition

corresponding to the ligand–DNA complex is observed at

concentrations above 1 AM. This effect is different to the

melting profiles seen with most DNA binding ligands (see

below) in which the melting curves progressively shift to

higher temperatures on adding more ligand. The two tran-

sitions that we observe presumably correspond to the

uncomplexed duplex DNA, which melts at the original

Tm, and a DNA–polyamide complex with a Tm of around

65 jC. On addition of higher concentrations of the poly-

amide (2–40 AM), the single melting transition shifted to

progressively higher temperatures (not shown). This is

presumably due to much weaker (nonspecific) binding,

and is similar to the profiles seen with other sequences

(see below). These melting experiments cannot be used to

determine minor differences between the three good binding

sites, but it can be seen that each one produces the same

biphasic melting pattern in the presence of the polyamide.

Similar results were obtained when the rate of temperature

change was decreased from 0.1 jC s� 1 to 0.5 jC min� 1,

and there was no significant difference between the melting

and annealing curves. Increasing the incubation of the

complex before the first melt also had no effect on the

melting profiles.

The polyamide has a very different effect on the se-

quence containing the reverse binding site TCTAGT (Fig. 4,

fourth panel). In this case, the changes are more typical of

those seen for other small molecule–DNA interactions.

With this sequence, there is a single melting transition at

all polyamide concentrations, which shifts to higher temper-

atures with increased ligand concentrations. The polyamide
Fig. 5. Fluorescence melting curves for intermolecular duplexes in the presence of

shown in Fig. 2. The experiments were performed in 10 mM sodium phosphate pH

the first derivatives of the melting profiles. The ordinate shows the relative fluoresc

abscissa shows the temperature in jC. For mismatch, the curves correspond to poly

right. For ATATAT, the polyamide concentrations were 0, 2, 5, 10 and 20 AM, w
concentration that produced a half-maximal change in Tm of

the 0.25 AM duplex was 1.8F 0.3 AM. This suggests that

the interaction of the polyamide with the reverse sequence is

weaker and is in much faster dynamic equilibrium.

The experiments described above used a covalently

attached pyrene moiety as the quenching agent, whereas

our previous studies [17] employed methyl red. We there-

fore ensured that the unusual melting profiles did not result

from addition of the fluorophore or quencher. Fluorescence

melting experiments with similar oligonucleotides contain-

ing methyl red instead of pyrene gave similar shaped

profiles in the presence and absence of the polyamide (data

not shown). The only difference was that the Tm values of

duplexes containing pyrene quenchers were about 3 jC
higher than those with methyl red quenchers. It therefore

appears that the pyrene quencher has a small effect on

stabilizing the DNA duplexes. We also performed experi-

ments with similar oligonucleotides that did not contain a

quencher. In this case, there was a much smaller change in

the fluorescence signal on melting the duplex, but the

profiles retained the same shapes, with Tms that were about

4 jC lower. Positioning the fluorophore and quencher at

opposite ends of the duplex also produced melting profiles

with a small fluorescence change with Tm values that were

increased by about 1 jC. Experiments with these different

oligonucleotides show that the fluorophore and quencher

have some small effect on the duplex stability, but this does

not affect the shapes of the profiles or the interaction with

the polyamide ligand.

3.3. Binding to an AC mismatch

Sequence specific recognition by polyamides is largely

due to the two-amino group of guanine, which forms a

hydrogen bond with the imidazole ring, but generates an

unfavourable steric clash with a pyrrole ring. We therefore

investigated whether a Py/Py pair can also bind to an AC

mismatch, using a duplex in which the central T in the lower

strand is replaced by a C (Fig. 2). The results are shown in

Fig. 5. It can be seen that introducing this AC mismatch

lowered the Tm by 16 jC, compared to the same duplex with
different concentrations of the polyamide. The sequences of the duplexes are

7.4, containing 200 mM NaCl and 0.25 AM duplex DNA. The inserts show

ence of the samples, which has been normalised to the same final value. The

amide concentrations of 0, 0.6, 1.0, 2, 10 and 20 AM, increasing from left to

hile for AAAAA the concentrations were 0, 2, 5 and 20 AM.



Table 1

Effects of distamycin, Hoechst 33258 and Im-Py-Py-Py-(R)H2N
g-Im-Py-Py-

Py-h-Dp on the melting temperatures of different AT-containing duplexes

Concentration

(AM)

Distamycin Hoechst

33258

Polyamide

1:1

target

2:1

target

1:1

target

2:1

target

1:1

target

2:1

target

0 49.3 49.8 49.6 48.9 49.9 48.4

0.25 54.7 50.8 52.2 49.6

0.5 55.5 51.7 54.3 50.6

1 58.5 55.7 56.2 52.2 51.3 49.4

2 60.2 57.3 57.2 53.7 52.6 51.0

5 62.5 61.7 60.9 56.5 54.0 52.2

10 64.3 63.7 62.4 58.8 55.5 53.2

20 67.7 66.8 63.8 60.2 58.1 55.0

50 70.0 69.3 65.3 62.9 59.5 57.4

100 71.5 71.8 70.3 70.4

200 73.5 73.7 78.7 78.1

The fluorescence melting experiments were performed in 10 mM sodium

phosphate pH 7.4, containing 200 mM NaCl and 0.25 AM duplex DNA.

Melting temperatures (Tm) are in jC.
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an AT base pair. Addition of the polyamide to this mis-

match-containing duplex produced monophasic melting

curves, in which the Tm steadily increased with increasing

polyamide concentration, with a half-maximal change in Tm
produced with 1.8F 0.6 AM ligand. The effect on this

duplex is similar to that seen with the reverse target site,

and indicates weaker binding.

3.4. Interaction with distamycin and Hoechst 33258

We used similar fluorescence melting experiments to

study the interaction of distamycin and Hoechst 33258

(Fig. 1b,c) with their AT-rich binding sites. The two

duplexes used for these studies are shown in Fig. 2. One

contained the central sequence AAAAA, to which distamy-

cin should bind in a 1:1 mode, while the other contained the

central sequence ATATAT, to which it should bind in the 2:1

mode. Hoechst 33258 binds to all AT-target sites in the 1:1

mode. Fluorescence melting curves for both ligands with

these sequences are shown in Fig. 6. It can be seen that as

expected, both ligands increase the melting temperature of

both duplexes, and produce monophasic melting curves at

all ligand concentrations. The Tm values are listed in Table 1

over a wide range of ligand concentrations. Plotting the DTm
values against ligand concentration reveals that in each case,

there is a steep rise in melting temperature at low micro-
Fig. 6. Fluorescence melting curves for the AT-containing intermolecular

duplexes in the presence of different concentrations of distamycin and

Hoechst 33258. The experiments were performed in 10 mM sodium

phosphate pH 7.4, containing 200 mM NaCl and 0.25 AM duplex DNA.

The inserts show the first derivatives of the melting profiles. The ordinate

shows the relative fluorescence of the samples, which has been normalised

to the same final value. The abscissa shows the temperature in jC. The
curves correspond to polyamide concentrations of 0, 0.5, 1.0, 2, 5 and 10

AM, increasing from left to right.
molar concentrations, which presumably corresponds to

sequence specific binding. This is followed by a slow

increase in Tm at higher concentrations (>100 AM), repre-

senting secondary, nonspecific binding. In each case, the

ligands produce monophasic melting curves at all ligand

concentrations, suggesting that they bind less strongly than

the hairpin polyamide. There is little difference between the

behaviour of the sites designed for 1:1 and 2:1 binding by

distamycin.

We also tested the effects of the hairpin polyamide on

these AT-rich sites. Representative melting curves for these

are shown in Fig. 5, while the Tm values are presented in

Table 1. It can be seen that the hairpin polyamide produces a

steady increase in the melting temperature of these duplexes

at concentrations well above 1 AM. This is very different to

the results with the duplexes that contained its best binding

site. Although the polyamide can bind to these distamycin

sites, it clearly has a lower affinity.

Table 2 shows the effects of distamycin and Hoechst

33258 on melting of the polyamide target sites. From these

it can be seen that the Tm values increase on addition of

large concentrations of the ligands (much higher than are

required to produce changes with the AT-rich binding sites).

Plotting these DTm values against ligand concentration

produces simple hyperbolic curves with C50 values (the

ligand concentration causing a half-maximal change in Tm)

of between 20 and 40 AM for distamycin and around 300

AM for Hoechst 33258.
4. Discussion

This present study has demonstrated that the fluores-

cence-melting technique [17] can be used for examining the

interaction of minor groove-binding ligands with duplex

DNA. These studies have confirmed that the hairpin poly-



Table 2

Effects of Hoechst 33258 and distamycin on melting of the duplexes containing the polyamide binding sites

Concentration

(AM)

Hoechst 33258 Distamycin

TGATCT TGTACT TGAACT TCTAGT TGATCT TGTACT TGAACT TCTAGT

0 53.5 51.4 51.5 51.5 53.8 51.9 53.2 53.3

2 53.5 51.2 52.0 51.8 54.7 52.8 54.0 53.7

5 54.0 51.9 53.8 52.0 57.0 55.0 55.3 54.8

10 56.1 53.5 54.5 53.0 59.4 58.1 57.9 57.8

20 57.4 54.1 56.0 53.9 62.0 60.2 61.1 59.7

50 61.5 60.0 59.9 59.1 64.2 63.7 63.2 62.9

100 68.6 66.5 69.4 66.0 66.5 65.3 66.3 64.2

200 76.7 75.1 76.7 74.0 69.0 67.5 67.6 67.5

The fluorescence melting experiments were performed in 10 mM sodium phosphate pH 7.4, containing 200 mM NaCl and 0.25 AM duplex DNA. Melting

temperatures (Tm) are in jC.
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amide Im-Py-Py-Py-(R)H2N
g-Im-Py-Py-Py-h-Dp binds

tightly to its duplex target WGWWCW. Melting studies

of this ligand with its cognate sequences produced unusual

biphasic melting curves, which indicate strong interaction

between the ligand and its target sequence. There have been

surprisingly few reports of UV-melting studies with the

polyamides, but inspection of the published data also shows

biphasic curves [22,23]. There are a number of possible

explanations for the biphasic nature of DNA melting

curves. McGhee [24] noted that biphasic melting curves

can be produced with polynucleotides by one of three

possible mechanisms: (1) large tightly binding ligands

which are free to transfer between sites, (2) irreversible

binding in which ligands cannot transfer between free and

bound states and (3) cooperative interaction between

ligands. Clearly, the third option is not possible with these

synthetic fragments as each one only contains a single

ligand binding site, precluding any possibility of coopera-

tivity. Although the ligand–DNA interaction is not irre-

versible, the biphasic curves can be explained by

suggesting that the ligand is in very slow exchange with

the free DNA, effectively producing two non-interconvert-

ing species, free and bound DNA, which melt at different

temperatures. The proportion of the bound species will

increase with increasing ligand concentrations. However,

biphasic transitions have previously been noted for the

interaction of ligands with polynucleotides [24–26], and

are explained by suggesting that as the complexes begin to

melt, the concentration of free ligand increases, thereby

further stabilizing the remaining duplex regions. In either

case, it is clear that the biphasic melting curves are

indicative of strong binding. Biphasic curves are not

observed when distamycin and Hoechst 33258 interact with

their preferred AT-rich binding sites, instead the mono-

phasic melting curves shift to progressively higher temper-

atures as the ligand concentration is increased. This

suggests that these molecules bind less tightly in both the

1:1 and 2:1 modes, even though binding constants of 107

M� 1 and greater have been reported for distamycin [28,29].

These data reveal that the polyamide binds much less

well to the reverse sequence WCWWGW. A recent combi-
natorial approach, determining the preferred binding sites

for these ligands from a mixed population of oligonucleo-

tides, revealed significant interaction with some reverse

sequences [27]. The data presented in this paper show that,

although this interaction is stronger than that with non-

cognate sites, it is much weaker than to the forward sites.

Monophasic melting curves, with a steady increase in Tm
with increasing ligand concentrations, are observed with the

reverse target site, suggesting that this complex is much

weaker.

These results show that the hairpin polyamide binds

much less well when an AC mismatch is placed within its

binding site instead of an AT base pair. The monophasic

melting curves with this sequence show that the hairpin

polyamide binds with a similar affinity as to the reverse

binding site. Sequence specific binding of polyamides is

largely determined by the formation of hydrogen bonds

between their imidazole groups and the two-amino groups

of guanines. Indeed, polyamides have been used to recog-

nize both GT and GG mismatches [30]. This weaker binding

to an AT-mismatch, which is nonetheless stronger than to

nonspecific sites, demonstrates that ligand binding must be

influenced by the local DNA structure.
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