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Abstract—The binding affinities of several triplex forming oligonucleotides were determined using a fluorescent intercalator dis-
placement (FID) assay.
# 2003 Elsevier Ltd. All rights reserved.
Since the discovery of triplex DNA in 1957,1 its forma-
tion has been widely used as a means for sequence
selective DNA cleavage,2 gene targeting,3 and gene
repression.4 The canonical DNA triplex is generally
formed between a homopyrimidine oligonucleotide and
a homopurine–homopyrimidine duplex. The triplex
forming oligonucleotide (TFO) aligns parallel to the
purine strand and binds within the major groove of the
DNA by Hoogsteen base pairing (Fig. 1).

A second triple helix motif is possible when the third
TFO strand is rich in purine residues. This results in an
anti-parallel arrangement with respect to the purine
strand and consists of reverse Hoogsteen hydrogen
bonding (Fig. 2).5

There have been many studies carried out in which the
binding affinity of triplex formation with various TFOs
have been established. Some of the methods employed in
the study of the kinetics or quantitative assessments of
triplex formation include UV and CD melting,6 differ-
ential scanning calorimetry,7 affinity cleavage,8 foot-
printing,8a,9 restriction endonuclease protection assay,10

filter-binding assay,11 isothermal titration calorimetry,12

and FRET assays.13 We have recently introduced a tech-
nically non-demanding and non-destructive fluorescent
intercalator displacement (FID) assay for characterizing
small molecule,14�16 hairpin polyamide,17 or protein18

DNA binding affinity, selectivity, and stoichiometry.19

The method may be utilized for the high throughput
screening of libraries of compounds against a single
sequence to select high-affinity binders,15�17 or to screen
a single compound against a library of DNA sequences
to establish DNA binding selectivity.14,15,17 Scatchard
analysis of quantitative titrations of molecules of inter-
est against any single sequence embedded in a hairpin
oligonucleotide provides accurate association constants
and the stoichiometry of binding.14 Herein, we report
the use of this FID assay to establish the stoichiometry
and binding affinity of TFOs. This method is based on
the loss of fluorescence derived from the titration dis-
placement of ethidium bromide from a hairpin DNA
containing the sequence of interest.
Results and Discussion

Below, we report the binding affinities of several triplex
forming oligonucleotides with homopurine homo-
pyrimidine hairpins consisting of either a pure T.AT
and C+.GC triad (hairpins 1 and 2, 9-mer TFOs) or
incorporating both T.AT and C+.GC triads (hairpins 3
and 4, 13-mer TFOs) (Fig. 3).

The results are summarized in Table 1. In each case of
triplex formation, a well defined titration curve was
observed exhibiting the expected 1:1 stoichiometry of
binding and providing association constants consistent
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with expectations. Thus, although the viability of the
technique for monitoring and qualitatively or quantita-
tively assessing triplex formation was not obvious at the
initiation of our studies and numerous reasons for its
potential failure could be imagined, the FID assay pro-
vides an effective and simple method for assaying triplex
formation. This may be attributed to in large measure
to the weak and rapidly equilibrating intercalative
binding of ethidium bromide that is not effectively
competing with triplex formation.

A 9-mer poly[C] TFO (TFO 1) was titrated into a solu-
tion of the hairpin 1 forming triplex A and a loss of
fluorescence was observed as the triplex formed result-
ing from the displacement of prebound ethidium bro-
mide. As anticipated, formation of the C+.GC triplex
was pH dependent and only observed at pH 4.8. As in
all examples where TFO binding was observed, the TFO
complexed to the hairpin with 1:1 stoichiometry. Simi-
larly, triplex formation of a 9-mer poly[T] TFO (triplex
B) with hairpin 2 could be monitored with the FID
assay conducted at pH 7.5. The binding constant for the
T.AT (triplex B) was comparable, but 3 times lower
than that observed for triplex A. When a polypurine
TFO (poly[A]) was used with hairpin 2, no binding was
observed (triplex C).
Figure 1. Representation of the T.AT (top) and C+.GC (bottom)
triplets formed by Hoogsteen base pairing to the corresponding
Watson–Crick base pair of duplex DNA (parallel). The GC triplex
requires protonation of the N3 of cytosine TFO (pH<7.0).
Figure 2. Representation of the A.AT, T.AT and G.GC triplets
formed by reverse Hoogsteen base pairing to the corresponding Wat-
son–Crick base pair of duplex DNA (antiparallel).
Table 1. TFO binding affinities
Hairpin
 TFO
 Mismatches
 K
(�106

M�1)
1a
 50-CCCCCCCCC-30
 (1)
 0 homopyrimidine
 15

2b
 50-TTTTTTTTT-30
 (2)
 0 homopyrimidine
 5.1

2b
 50-AAAAAAAAA-30
 (3)
 0 homopurine
 No

binding

3a
 50-CTTTGTTTCCCAC-30
 (4)
 2 purine
 34

3a
 50-CTTTGTCTCCCTC-30
 (5)
 1 base, 2 purine
 No

binding

4a
 50-CTTTCTTTCCCTC-30
 (6)
 0 homopyrimidine
 224

4a
 50-CTTTCTCTCCCTC-30
 (7)
 1 base
 17
a10 mM NaOAc, 10 mM cacodylate, 0.2M NaCl and 20 mM MgCl2,
pH=4.8.
b10 mM NaOAc, 10 mM cacodylate, 0.2M NaCl and 20 mM MgCl2,
pH=7.5.
Figure 3. The four hairpin DNAs used in the experiments. The first
two triplex incorporate a homopyrimidine TFO and a homopurine–
homopyrimidine hairpin containing the poly C+.GC, poly T.AT
triads (triplex A and B). Triplex C incorporates a polypurine TFO
with reversed Hoogsteen base pairing (A.TA triad). Hairpin 3 contains
a sequence that requires a pyrimidine TFO containing two purine
bases (G and A, triplex D). Hairpin 3 was also treated with a TFO
incorporating the two purine bases and an additional base mismatch
(C.AT, triplex E). Hairpin 4 was treated with two homopyrimidine
TFOs. Triplex F incorporates only matching cytosine and thymine
bases, while triplex G included a C.AT mismatch.
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Triplex D was formed with a homopyrimidine 13-mer
TFO containing two purine bases. The purine bases in
the TFO require an antiparallel (vs parallel) configur-
ation to maximize hydrogen bonding not afforded in the
pyrimidine-rich TFO 4 and results in the decreased
binding affinity observed relative to triplex F. More-
over, further incorporation a base pair C.AT mismatch
(triplex E) resulted in no observable triplex formation.
Thus, the combination of two non-productive parallel
purine residues and a base mismatch preclude triplex
formation.

The highest binding affinities observed were those for a
13-mer homopyrimidine TFO and a homopurine–homo-
pyrimidine duplex containing cytosine and thymine bases
(triplex F). The titration curve shows a stoichiometry of
binding of 1.00 which was experimentally determined by
the intersection of the pre- and postsaturation curves
(Fig. 4). Scatchard analysis of the titration curve pro-
vided the negative slope and the binding constant of
22.4�107 M�1 (Fig. 5) Incorporating a single C.AT
mismatch into this homopyrimidine TFO (TFO 7),
decreased the binding affinity more than an order of
magnitude. The magnitude of this decrease is consistent
with results obtained with a similar 15-mer TFO incor-
porating the same C.AT base mismatch.8a

Thus, the studies above establish that the FID assay pro-
vides a technically simple method for qualitatively or
quantitatively assessing triplex formation. Most impor-
tant of the findings is the ability of the assay and technique
to quantitatively measure the effects of single base-pair
mismatches by a simple titration.

Determination of DNA binding constants

A 3-mL quartz cuvette was loaded with cacodylate buf-
fer (10 mM sodium acetate/10 mM cacodylic acid,
0.2M NaCl, and 20 mM MgCl2, pH 4.8) and ethidium
bromide (1.2�10�5 M final concentration). The fluores-
cence was measured (excitation 545 nm, emission 595
nm, ethidium bromide) and normalized to 0% relative
fluorescence. The hairpin deoxyoligonucleotide was
added (1.5 mM final concentration), and the fluores-
cence measured again and normalized to 100% relative
fluorescence. A solution of the TFO (2 mL, 0.1 mM in
buffer) was added, and the fluorescence measured fol-
lowing 3 min of incubation at 23 �C. Subsequent addi-
tion of 2 mL aliquots of the agent was continued until
the system reached saturation and the fluorescence
remained constant with successive compound additions.

Scatchard analysis of the titration curve

The �F was plotted versus molar equivalents of agent
and the �Fsat was determined mathematically by solving
the simultaneous equations representing the pre- and
postsaturation regions of the titration curve. Utilizing
eqs 1–3, a Scatchard plot was generated where �F/[free
agent] was plotted versus �F. The slope of the region
immediately preceding complete saturation of the sys-
tem provided �K.14
DFx
DFsat

� �
1

X
¼ fraction of DNA� agent complex ð1Þ

1�
DFx

DFsat

� �
1

X

� �
¼ fraction of free agent ð2Þ

DNA½ �T X�
DFx

DFsat

� �
¼ ½free agent� ð3Þ
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